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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 Eyegrasses were dried by throu^-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 different

equations were correlated with the experimental variables.

The resxilts 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 hi^ temperatures.

Mathematical models of two types, of drier were developed as an 

aid to design. The models were tested by programming them on a digital 

computer.

The static deep-bed drier model was validated by simulating 

laboratory experiments on hay, barley and wheat.

The rotary drier model was validated by simulating a farm grass

drier.
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t:L):^SV:i>VATTr>7J liY CAlAS^i Dim NO

l.l. ItTitroduction

Man has alivays tried to prosear'c the surplus products 

of his work for a ticio when ho ruay bo in need. For iiiany

centuries, the traditional nothod of crop consorvatioii.

hay-r.ak±n;:, v;ns used without qvicstion* In tho last fift^-

years, liowovcr, new ideas in foddci' consommtion have been

accoptod, albeit to a lirtitod extent, by the i'amiin/r

CO! ) unity.

TIjo hif:h-toi.iporaturc dryinc of youn;: leafy lierba^o was

first introduced in Britain on a couuiiorcial scale in ll>'Jo

.ilthuurh far.iers were sloxv’ to accept this new idea. My 1951

thoix? wore iuotallatiohs produciiii' over 200,UOO tons of
(83)(Iriccl t^rass and ,'_,rocn crojis a year , but as pos

ratioiiin.r was reduced, i;any fan'ors clianf^cd to imported

concontx'atos so that the total production of dried ri’ass in

lybr -iifas only 8o,UUO tons. 90',. of Britain's fodder is still

coizsoi’vofi as Jiay in sj'ito of the advantacca of di'iod crass.

1«2, I’imdgruntals of Fodder Coaservation

All acricnltural materials must bo dried so that they 

can be stored during tlie vjintcr for feeding to livestock or 

for sowing: at a later date. If tho moisture content is too

lilch, tho material will rot. Ideally, forace ::atcrials 

siiould be stored at a moisture content of not creator than 

12‘;j (wex basis).

The easiest way to dry forace materials is by makinc 

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

!
,1
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atr.iospliox'o can ho used. There are, however, many dis­

advantages in fcliis method. It takes several days for the

'.atorial to dry, oven if conditions are favourable, 

s;mli/jiit reduces the content of carotene and other mitrionts

The

in tlio iirass, whilst tho uneven drjinc: of the leaves and

atcf:s shatters the sheaths at tho nodes and sotijo of tho crop

is left in tho fiold as the ha:' is bein^j lifted.

Silaco-maldLnc ovcrconics sonc of those dii i iculfcies, but

tho unjirodictablo natux'o of tho yrocess, tofjctlior with tho

losses incurred, reduces its appeal as a fodder conservation

;:io thod •

Tho Advanta/Tos of a Grass Drying' Svstei:i

In a i,-rass dryinc system, {^rass is cut at intervals

iievoral crops can thus 

Tho G’^^ass is chopped 

as it is cuu, and is fed unwllted into a lii(jh temperature 

Tho i.oisturo content of tho frosJily cut crass can 

be as hicli as yo',» (wot basis) in wet weather, 

this in roilucod to about lU'/.,

varyinc from four to oi^lit wcol:s.

bo taken from a sward in one season.

drier.

In the drier.

Tlie system lias several advantaecs over liaymakinc and 

sila/TO 3)roduction:

(a) Tho content of nutritious materials in tho crass

increases with reci'owth to a liiaxcinmm about four weelts after 

cuttinct i^ad thereafter it decreases. It is thus advantag-

oous to crop prrass after four to six weeks rocrowth. Grass

is also a crop which is vor:' I'osponsive to the apyalication 

of nitrocenous fertilizers. By cut tine fi'oqucntly, tho 

naximuni benefit can be caiaed from the application of

forfcilizors.

4
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(bj The USD of an artificial drier onsux'os tliat the

conacrvncion ]recess is indcpcndont of the weather

IlaiiialdLnci is notor-iously dopcndenl on theconditions.

\.'oathor» 

(c) ha'icd ijx'aaQ is ntucli easier to handle and stoi'c tiiaji

The crude product can be L'Z’ound, wafored orhay or oilaije.

pelletised. It is also iiucJi ti’.ox’e unifortn in quality.

Food concenxratos such aa Kioiassos can ho added to the luoul

Itbefore pelletisinj, to ja'oduce an ovoii better pr*ouuct, 

is easy to blond i ollctisod fprass with such I’ceds as I'ai’lc:. , 

to ('.ivo a balanced diet,

(d) The cx'ca.tost ndvaniato of tjrass drying; is its ability
(•;’)

Boltto preserve the nutrients of the fixsah material.

"Dried {jrass nrust not bo confused with hay. It issa 's :

in no sense of the vjoixl a I'ou^hace feed and should not

therefore bo classified v/ith hay. It is a concentrate.

hifjhly di{;obtiblo, veiry' palatable, rich in px’otein, vitanins

and i.tinorals, and can be substituted in a dairy cov;*s

ration on a nutriment basis".

Tlio hich diiTCstibility and crude pi'otoin content of 

l.oun,': (prass arc maintained .'urine: the dryin^r iirocoss, 

coi.’iparison of losses and foodin^v \'al;ic bctv;een jiayTsaltinc 

and (jrass drying; is showi in the table bolow^"^^^, 

superiority of dried grass is very clear.

Irrespective of tho temperaturp at which the drier is 

operated, tho crude protein digestibility and fjio carotene 

con-uent are maintained at almost the sanso level.

Tho

Tho

4
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Loss of Component as a iei'centaco 
of the Total in tbo Fresh Crop

Component

Dried GrassHay

>Dry-niatter 20 •'I

6Gmdo Protein 20

3Starch Tiquivalont 33

3I’rotoin Kquivalent 30

10100Cai'oteno

4oVitamins 0

1.4, The Disaclvantafros of a Grass Dryinr: System

Grass Driers are expensive to instal and operate. 

iPf'9 a small xmit of tho incumatic cost £10»000.

In

This fif^nro docs not include tho cost of field cutting

t'iacliincry or pollctiainp; and bacfjinc equipment, v;hich can 

ad<l LojuCO to tlio ca}5ital outlay. Labour and fuol laalco

tliC operation of c^'ass driers costly.

Dried Crass can he produced on tho fan;i at about &20 

Of tills fifjure, about 28,C',. is capital deprec­

iation, 44,6',j is fuol, and 8,9/' is labour, 

have experienced difficulties iv'ith tho operation of field

per ton.

Some farms

machinery and pachatrin^j equipnout, but i.inch dcvolopiuent 

v.’orh is beiUG carried out to improve those items. Very

little attention, however, has been paid to accurate dosi{pi 

t;iothod3 which arc needed to reduce the capital and oporatirtij 

costs of tho drier itself.

Tho rate of ^^rowtli of £;rass varies throufdiout tho year 
as shoim in fif^uro 1,1^'^'^^,-

This is a erajih of the yield

j
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o£ ,'rasa, cut. at 3i:<-wcoicly iat:or\'al.s, a^aiust tiiiio of

XL can be yocn fc’oat thoi-e is a peak of rvoMbii 

If the drier can dry at a ':iaxi!;iui!i rate indicated 

by the hox*iaontal lino -bV* there wii.1 bo a wastaj’.o of crass

Tiioi*© ’.(fill bo

cutting.

in ' ay*

in. : ai and a shortage fi'oiu July onwards, 

periods, thoroforo, \.bon the drier is ..orkinc tv/euty-four

and is -ctill unal»le to cope with all the crass, 

and others v.Iicn it v/ill bo v;orkinc only a few days in tlio

hours a day.

woci:»

(U’ass rjriox*s

Throe tipos of pi'ass drier Imve boon produced, 

first typo is the simple tray drier (fic»l»2). 

up to is passed tbrotp f a bed of jrass which is

The i rase is usually arravu.cd in a

Tlie

Hot air.

about ovio foot thick.

uhun t]ic ’ rass has driedtray jmd enclosed in a cabiuc i-.

:-ufiicioucly, it is retuovod and is rej-laced by another

ly'pical evaporative requiroiuents are 2G0U T. tu/lb 

di'v-t latter, but tills fif;ure can bo reduced to 115U Btu/lb

batch•

by rccix'culacion of some of tiie hot aiz’.

In Lho conveyor type (fic«l»3)* the crass is carried 

on a pei'foi-atod continuous bolt fchrouiii a streain of hot

air which flows at riclit-anplos to the direction of i.iotion

Several jiasses of the crass through the 

air may be used to civo a hichez' thermal efficiency and to 

reduce space requirements.

The pneumatic or z'otai'y typo (fif>1.4) is the most 

popular, and there arc nony' desli-ns on the liiarkot, 

is also Lho i.ost exponsivo ty'y-o, thoupii costs are fallinf;.

nf tlie trrass.

This

■i

.1
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The craas is chopped into Icnfrths of about four inches 

and fed into a rotating cylinder tlirou^ii v;hich hot gases 

are passed in the sairro direction as the grass, i.o. it is

The gi'ass is kept falling tlirough the

Tliis

a co—floT; syston,

hot air by liftors on the inside of tho crrlindor. 

action also advances the grass througii tho drier until it 

bocoraos light enough to bo carried out of the drier by tho

Tlio different rates of drying of tho steinsairstroam«•

and tho leaves are t!ms balanced by their different

Vor:/ offoctivo contx'ol systems can borosldcnco times.

ai^pliod to this kind of drier.

Various tj-pcs of fuel ai’e used in grass driers, but

oil is most conrion for rotary driers* Eloctrioitj' and

gas aro somotlmos used in tray and bolt driers*

1.6. Provions v.’ork on Grass PT^^liifr

In order to improve the desi£jn of grass driers it is

necessary to laiov tho drying characteristics of tho grass*

Little research sooins to have boon done in tliis field*

Most workers have been concerned with testing existing 

drioi's, with field drying of herbage, or with comparisons 

between different treatments to tprass to improve its field

drying characteristics*

(C2)
investigated the effect of drying air tem­

perature on tho scorching of tho grass, and on the rate of

Scott

evaporation. Ho confined his experiments,, to mat drying 

and concluded that tho best air supiily tomporaturo for mat 

driers was 300®F and certainly sliould not exceed 350°F,



^ — /

At liif^or tQKiporafciiros very doflnito local scorching

He also ralntalned that the eTficienci'' of a 

carefully dosifpicd low tojtiperaturo drier should be almost

occurred.

equal to that of a hich temperaturo drier.

bliitnoy and Hall^^^^

Liviucston

and ^diitnoy, Agrawal aiid 

dried alfalfa loaves at temperatures up 

to 14oo°F and iiivostlnatof? the effect of stoniatal oponlng.

(82)

They claimed that tlio dryinfj process obeyed the first ordox'

rate equation aitd that the rate constaixt increased

logarithmically with the tom;)eraturo.

(7)Belt discussed the arolativo merits of different

varieties of fprass for dr>'in{;: and concluded tliat tli© most

suitable wore the paujtia'o tiTjes of i>eronnlal ^rrasses. 

also rKxintoined that the hig:h temperature driers are more

Ho

efficient than the loxtf toiniioraturo ones. Dyers and
(11)P.outloy have examined tlio natural drying of alfalfa 

(lucerne) and have interpreted their finddnes in terms of 

the biological structure of the plaixt. (12)
Gashmoro was

disappointed that the quality of dried c^aos was not as 

hich as had boon hoped, but ho pointed out that ai-aas does

not suffei' from case-hard onin{7.

(35)Jones aixd Palmer analysed the uatux?al dryinc: of 

fodder crops v/ith special o-ipliasls on the xmter ujovomen c s
(52)that occur in the livinc plant. Pederson and Bucliole 

lnvosti£atod the driint; of alfalfa hay, particularly

considorintr the effects of i;*echanical treatments, 

Kauip (56)
examined tlio effects of dr>'inG and storage

(‘^.5)
on

tlic food value of dried Bagnailgrass. invos tigated
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the drying; oX the alfalfa sten cuid concluded that the 

prlncii>al inpodiiuont to rapid dryluf; was in the ^jeoiiotry

and stmctvun© of the plant stow,
(52, 29, 28, 44)All rosoarchors acreo that the use

of crushers anrl crii.pora as well as stoar.iinfy and the 

application of chetiicals increase the dryinj:^ rate of fodder

by altorint; the effective stmctixro and Gootiiotrj' of the 

Those troatti.ents, ]io\i?ovox-, add to the cost ofoton.

producing; the crass and noed extra oquipriont •

Although naicli work has boon done into those aspects 

of fodder consoi'vation (field hay n!aklnc, tnochanical 

troatn;onts, drier tostinc), there is a croat shortage of 

accurate design data on tho artificial dryinc of ^rrass.

It was decided tliat research should be undortalcon to obtain

t.:orc of this data in order to facilitate tho dosicn of now,

ciicai^cr and ir.oro roliable dx-iors. It trfas Uoijod tliat the 

results of the v/orh would also enable a niochoniSL'; of dryin^r 

to b'O pi'oposod for ^jrass.

i
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Tin.'OIlY

IlitroUuc lion

noaoarch vvorkcra lii dr>inc have tended to spocialiao 

in invostifjatin;; the theor:. of dryiut;, or in tJie deaicn 

and devolopatent of bettor hardware*

thoori' is based on oxporiiaontal results and not derived 

froEi first principles.

is based on oxporinental observations and on scalo-np

In Many cases• the

All dryin^r tochnoloG:y, hov;ovcr.

teclmlquos* In this chapter, sowo of tlic theories of solid 

dryincr that have boon proposed will bo explained.

2.2, Moisture Hotention. in Solids

blien a r;ioisture~containini; solid is exposed to air, 

it will produce a steady pi'ossure of v;ater vai^our in the

The vapoixr pressiu'o deiicnds on niany factors;air. the

nature of the iiioistta’o and the nature of the solid, the 

touipcraturc and the nioisture content of the sdlid.

Moisture content which produces a j^articulax* vapour prossuro 

at a certain teiaporaturo is linowu as the oquilibxdui i uioisturo 

content for those conditions.

Host solids, however, are not in equilibrium with tlio 

The moisturo content in excess of the

Tlio

air around them.

equilibrium nioisturo content is iaiown as the free moisture 

Some solids are not woll-bohaved duarinc drying; 

extra Lioisture is generated by chaiaical means, for examiiloi 

break-down of water of Ury.3talliaation,

content.

It thou becomes 

difficult to distinguish uioisturo frora the products of the 

decomposition of otlior coiistituonta.

4

i
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There are two wa>s of expressinj; noisture content: 

on a wot basis or on a dr> basis and i ; reapoctivoly).

weirfit of watex- ireuiovod bv tlrvlUf-c to "bono~dr>nie3s”
v;o±Clit of solid loft after drying to ”bono-di-3TiQss“i;> =

(2.1)• • •

(2.2)r-'vi = + '■')

Both in and m . can bo o^iprcssod on either a pcrcontafTO or 

a docl:nal basis.

• • •

2* 3» Pr'vi,n^ Moclianisns

The object of dryint: a solid is to I’ou’.ovc some or all

There aro tliroo ota{;os in tliis 

(i) the inoisturo is moved from the interior of 

tho .solid to a point whoro it can be vaj^orizod, (ii) it 

is vaporinod, and (dil) tho vapour is moved from tho 

vapori:;:ation i>cint to the air.

of tho water from it.

process;

The last part may involve 

movin/^; tho vapour through some of tho dry solid before it

roaches tlio surface.

The manner or mociianism of movoinont of moisturo depends 

on the stato of tho moisture and on the nature and structure 

of the natorial boiiiij dried. liany mechanisms have been 

proposed to explain tho drying phenomena observed in 

different situations.

If tho nature of the mechanism which controls the 

drying is laiown, certain useful conclusions can bo dra^m.

For oxamplo, tho external variables which govom the drjiiig 

rate will bo those which govern tho controlling 

If tiio dr^'liig is contaxjllod by a mechanism inside the solid, 

then tho rate of drying can bo changed by altering the solid

;echani.st:i.

1
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dltr.ouslomi or toii; crcituro, vjhoroas chaiiciu,j tlio properties 

of the air will have no effect.

Son© drj’inf;: tneehanisns are discussed IjcIow.

Diffusion
(ii8)(610 wore the first to suucostSherwood and Newuan

the clrjdLnf; tmchoiiism which has oomo to 'ue laiown Jis the

They jironosod that the rate of 

inovor.ient of the molsturo was a fimction of the liioisture

Tliis can be described

diffusion iiochcu^isiiu

concentration cTradiont in tho solid.

by tho equations;

(2.3)(one dicionsion)at “ ^ • * •

or

= c

operator V = ^2 * ^ ~

(2.!l)(throe dimensions)at • • •

%;hcro the 3::

c = concentration of watox' at time t and position x 

(x» y$ z in three ditiionsions)

=3 spatial co-vjrdinatosx,y,s

t = tiiiiG

D =; Diffusion Coofficiont

A sitnllar equation can bo written if the i.ioisture is

diffusing; as a vapour;

Sc := D V V'p= D (2.5) .at • • «

wlioro

p =s vapour pressure

= vapour diffusioix coefficient.
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2,4,1, Solutions

solved for laany initialllio above equations have beoI^ 

and boimdarj’ conditions and many 

solution is {;onoi*ally in 

series, Tho simplest cases are 

symmetry about a point, lino or piano, 

cqxiationa for a constant

Thesolid Ghai?co. 

tho fon.i of a I'apidly-convoriiinc 

those for which there is

The differential 

diffusion coefficient are of tho

(6)
ccneral form

(d^c n 3c) ^
“ ♦ r = St

(2.6)• • •

whore r is a spatial co-ordinate which is ever^a^hcro

perpendicular to tho bounding surface ojad whose 

oi’ifiin is at tho centre of symmetry*.

0 for planar sj-muotry 

for axial synmetry 

= 2 for spherical symnotiy'.

Assuminc that no slirinlcace occurs, 

uniform initial moisture concentration

surface moisture concentration c^, tho solution for aii 

infinite plate is

u =»

?= 1

that there is a

and a constant

(6)

1 if?^ = ^ ^ (2nVi)- (2.7)exp

whore c & moan utoisturo concentration in the plate

C = dlmcmolonloss moan moisture concentration

®sc -
(2.8)• . •c - c

so

c = moisture concentration at sux’facc.
S3f

X = dimensionless tiiuo = S -JlJt/V 

tS = exposed surface area of solid 

V 5s Voltuao of solid

1
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(6)
The solution for an infinitoly lon^i cylinder is

i:

'1"n

(2.3)• • •o^:p
h

vihoro J^(x) is the Dcaael function of ::Gro order 

aro the roots of JqC^c) = 0

Tho solittion for a splioro is (6)

ir^S =iL 21 (a.10)exp ( - • • a9
^2 n-1

For very largo values of X tho throe equations (2.7)» (2»3)» 

(2,lo) are approximatod by

^ exp ( - (J ) (2.11)C = • • •

(2.11a)are constantswhoro a:id ^ • • •

2.5, Canillaur/ Action

*\nothor '.widely accepted ijujchanisti of drying is 

capillary flow. Coaglsko and llougon 

idea "CO explain tho drying of porous solids and beds of 

granular exxterial In both of which there aro continuous 

notvjorloj of very onuill passages. Xf tho rnatorial is 

saturated wlion drying starts, these are full of water which 

is said to bo in tho capillary state (see fig.2.3). As 

tho water is continually evaporated from the surface of 

each capillary, tho surface tension forces draw laoaro vjater. 

up to tho surface to replace it.

Air Kiovoa in through the larger pores to replace the

As air apaceo appear in the

(13)
introduced this

water that has moved out.

I
if

>4



1

- -
i

vcitcr system* the state chanfjos to the xuuicular state 

in which there is still a continuous network of water 

tlmiuchout the bod*

\/iion the forces due to tho surface tension at tiio 

Tiionisci at tlic top of tho capillaries can no loufjor support 

tlio wolfjht of tlio coluim. of water, it breaks up aiid tho

The water is hold in lons-pcndular state is reached, 

shaped rintjs around tho contact points of tho pai’ticles 

TIxo speed at which tlio x.’ator moves tlirouch tho 

capillaries depends on tJio frictional characteristics of

(51)

tlio bed or iiuitorial.

li.j.l. >?a,thcmatic3

Ccaclsko and Iloueon 

suction or pressure deficiency in throe typos of poi’e space 

in a bed of iinifor.’;i spherical particles* 

tlxo pores doponds on tho wothod of paclcinc tho spliQi-cs.

In a tetraliedral space tho suction is 12,9 'where CT

is tliG surface tension (dyne/cin) and is tho particle 

In a rhouboidal space tho suction is 6,1
P

and in, the riodoid of revolution that occurs in tlio pendular 

state it is 4,1
JL P

The tetrahedral and rhomboidal spaces occur at the 

two extremes of paclcinc efficiency of uniforia spheres.

(13) derived forurulao for the

TIio sliapo of

x^adius.

In practice not all the particles are the sanio sisic or

Tho poros, thoroforo, have a suction v;hosc value .shai'*© •

is between those for tetrahedral and rhomboidal spaces.

The authors predicted the moisture distributions in porous 

beds of solids more accurately than Shon;ood 

their methods wore based on empirical results.

(64)
did, but



I

i:*

],i'oposo{l an cqiiation forCca,';li?ko am! ioslinc 

steady-state 1 iuu’ in porous bods, wiiich was siidlar to

SJiorwood*!. diffusion oqiiatlun;
i; ds (2.12)})V • • •
p ilxZi

X

wliero V, is the velocity iii the x—dircction

k = ;>eri’.eability » «

p density of fluid 

s = suction
P

fo include tlic effect of nravity, the equation is odifiod

to

k
- _ it. (2.13)V . • .

dj:X e
For uusi.eady-statokpis f.oncrall; s\ic tion-do}'ondcu t, 

flow, the atithors cr; rossed the suction as a linear function

of t]io couccnti'ation of v.'atcr

(2.1A)c - a s + b • • •
P

whore a and b arc constants, and used the equation

k a2 n o c
ff>.

wljoro = solid density.

Tills is alnost identical to the diffusloit equation; 

it see:, s lofjrit'al, therofoi'o, to treat diffusion and

Sc (2.13)at - ' • • #

capillai'ity b.' tJie sai io equation. ]io%;evor^ the dependence 

of tiie diffusion and capillarity coefficients on toi'peraturo

. ajid other factors > lay not be the same,- Ccaclsko and

kioslinn also shoxved that the fluid flow in the pores obeyed

J



- 16 -

Darcy's lat;.

1
Varor.r Flit; Diffusion ISeclianlgyijo i'.

.lion rliQ %>’ator has reached the t-urfaco at which

and has hacn e\^poi-ated, 

into the bulii of the dr;, ini^ air«

theevaporation tahoi. place,

Thevapoui' ;:uut ijovo
of the dry solid 

witliin the solid), and that 

in the air surroxmdin;; the solid.

; .echanis-.’i b which it novos in the pores

(if tlio evaporation surface is

arcb. which, it i.:ovos

o.sGontiall:. th.n sa- o.

.failst i;hc resistance tu the evaporation process 

S! .all, the structure of tho air at the

considerable resistance

itself is very

.surface of the solid offers ver' 

to the .;iOVci .ont of the 5iov;ly—roloasod water \aapour» 

has described trie xn'oeoss very fully, 

rho velocity with which tho air floxvs over the stirface

Gilliland

of tl;o solid increases froi-i zero at the surface to a

This distance andi value at so-.-.o distance frot; it.1. .a>;ii MV

tho t;T'C of velocity ^xadiont depend on tho nature of tlio 

stirfacc and on tho proi>crbics and volocit.

;]:lcs of velocity frradients are shown in fiiy.2,2.

tho air t::ovos so that all the

of the air.

hxar

In laii.inar or lai or flox;.

particles travel alon^j stiooth curved tr.ajGCtories and there

Thus ,is no bulb ; ovoinent of air across tlicso trajectorios.

an:- novel lent of xcater vajjour across the flow imist bo by

r;oloculaj' diffusion, and is very slow.

■ lion tho aix- is in turbulent floxc, thoi'c is very

considerable cross-rd-xinfx i»i tlio bulk of tho air so that

tho velocity reaches a taaxiiau'.ii value at a very sinall diatanco
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Thtts, v/lion water vapoui* enters into 

the turbulent :;:onct it is rapidly dissipated* 

ronainst however, a tliin film of air which is in laminar 

flow, near the solid surface, and this offers a considerable 

resistance to the passaf^o of water vapour* 

of the water-vapour acx'oea the turbulent sone is said to be h>>f 

eddy diffusion, whereas in the laminar ^one, it is by 

iiolocular diffusion.

from the surface.

There

The transfoi'

In lixiiinar flow, the traiisfer of water vapour is

described by the equation

dN___ D
"* dt ~ irr . * .d2abs

whore

= rate of ti'ansferdt

= partial pressure of water vapour 

= Diffusivlty (Diffusion Coefficient)

P

D

U = Gas Constant

= Absolute Temperature 

= distance 

The film resistance is given by

Tabs

2

1
(2.15)b • • •

m

where

» film thickness

« film transfer coefficient 

s Mean Diffusivlty 

** Wean partial pressure of air.

Dm

iVhere there is a turbulent zone as well as a Xs^unlnar



1
•> It;

the total rosistaiico is i^ivon byzone t

(2.1o)1
^turb " ^'tux’b * • •D

rsiC

■vdiero

=: resistance offered by the turbulent none.^turb 

It has been found
(27) tliat foi' evaporation of pure

liquids Into an air stream in a vottcd-wall tower

, 0.8t = (903 . 
t: *

(2.17)) bo • • •

whore

= Tower Diaineter

](e = Jle\Tiold*s h'ui;.bor

The rclativo proportions of the resistance duo to

903 : 133/D^

Very often the dr^ int; oi .a saturated solid surface

turbulent ajid laiiinar nones are

can be approxii.a.ted by the evaporation of water from a

(27)
free sui'faco The Imperial Collo{;e fortrula for

evaporation fron. a free liquid surface as verified bj

(33)Hinclilcy and lliiuis

1I\ (2,18)v; = Evaporation Kate = 
is still air 
(ke/ir.2 iir)

• ^ •
30

whore p^ and p are the saturated and. actual vapour pressures 

of the vapour (mm II,

If there is airflow, tlion 

W = (0.031 + 0,Ol35v)(p - p)
3

(2.19)• • •

where

V = velocity of air (in/sec)

■ -5

r
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Tho l o^^cll aiid Gi'iiiitU l onaila 

U« = 2,12 X lu^ (2,20).. p)(l + U.121 J

wlioro

= I^^vr^pora!.lon Hato (r.r:/soc) 

L = Ixan.'jth of surface (ctn)
£S

11 = Breadth of surface (cn).
s

fundaj-.enial approach to tlio problen 

based on Taylor*s tlioory of eddy diffusion

Houovcr, a a .ore 

(6y)by outton

;ives

0.S9 ^u.7P (2.21jV.'OC L • • •ss

rhoro arc variovis cliff lenities with evaporation over

a laryo surface since tlio conciltious are not constant,

but, those can bo overro: o b:* talrinj^ avoraoe values.

2,7, A ■ i-llcations of TheQr^

Tho drying characteristics of t axiy solids have boon

invos ti, atod and it has been found that Llieir dryin/; curves

are ver;. sit.ilar. Tlie dryinr ctirvo can bo divide J into a

nusvibor of sections.

After an initial heatini'^-up period vhich is roprosonted 

ill fi,';,2,l by there is a constant-race period (BC)

duriTifT wliich the resistance to dryinf^ lies entirely in tho

the surface of the solid is very 

uet, or in tho case of hy{^oscopic solids, the moisture 

content is croater than the maxinaim hyf^roscopic moisture 

contor. t.

dr\in([ air. Generally,

After some time, dry patches appear on tho 

surface (or the moisture content In some reeyions start to 

drop below the maximum hygroscopic moisture content).

Phis i.arhs tho start of tho first falling rate pox'lod (cb).

1

1
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The drjdliu: rate decreases linearly \i±th r.:oisture content

this ix>riod and the niovotnont of liquid water controlsdurinc

the drying rate,

^dicn the surface is coiupletely dry, the second fallin^^ 

rate period (DE) starts, and the dryini; face retreats into

Water vapour must diffuse throu(di the dry solid 

before it reaches the surface, but the liquid has a shorter

The drying:

the solid.

distance to travel to the evaporation surface, 

rate continues to di'op, but t;enorally not linearly with

Kioisturo content.

The throe periods (constarit rate, first fallint; rate 

and second falling rate) may be doscid.bod by the same {;onoral

equation;

dtj , f -.n- — = k {m - m^) (2.22)- . . .

where

n = !iioisturo content, dri* basis, i.o. waterlatio.

k, n^,

n = 0 for the constant rate period, and the equation

and n are constants.

bocotaes

- (2.23)= kdt . •.o

n = 1 for the first fallincr rate period, giving

= k (ni - >1!^) (2,24)dt • • •

n>l for the second falling rate period.

Sorao, or all of these periods are observed during 

the drj’lng of all solid materials.

and

i
I

- .A

L



21

2.7*1* Moclianiain

havo used tho diffusion tneclianism, withhany •workers 

its various assui'iptions and sinplifications, to exi>lain

tho drying of solids* 

Wang and Hall
(3)(76) that thoagreed with I3abbitt 

is tho L’Uiln driving force for tho luoveiiient•vapour pressure

of tnoiaturo in the dr>'ing of grain, 

tho direction of tho moisture content g-radiont was often

babbitt found that

Usingopposite to that in which the movement occurrod. 

the equations

dm (2.2:,)= D7t • • •
dx.^

and
_ - k & -
3‘ ■ ^

^v 9ni 
c ^t

3t (2.26)• • •
P

vdioro

T = Tonporaturo

L = Latent heat of -vanorisation of \tfater
V

Cp = Specific heat

= Thoriiial conductivity of tho liiaterial.

Wang and Hall (loc.cit.) predicted the drying rates of com 

and-compared those with tho data of Rodriguez-Aidas^^.

The theory and ©xporimont agreed to within 10'/^.

considered the maize l<omcl as 

a brick and assumed the liquid diffusion equation, 

obtained good agreement by using the solution of tills equation

J oimst(iri^*^^

(50)I’abia and Henderson

'They

to predict tho drying of unshollod maize. Chen and

introduced the concept of tertiary moisture content for 

hygroscopic materials. This is tho moisture content at

which the first falling rate period stops and 

falling rate period starts.

the second

1 Por moist'ure contents above
•i
.1
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n:oistiiro oonte*it- they used the ShcrtJoo^Jtlio tertiary

equation:

ts
Zr*'

di.i (2.27)= D • • •

Dolov; tlio tertiary inoisturo content they pro]JOsed the

equation

Zj)an (fprad n)*'= D 7^ (2.28) i'
g'■n + IJIii • • #
I

to taJio care of the simultaneous diffusion of liquid and

s]^o’..'0{l tl'.at the fii^st equation (2,27) couldN-apour. Tlioy

yield the crqiorii-iontally deter:lined constant rate and first 

inlliui; rate cquatlnus, and they assumed that the second 

equation (2,28) would predict the second fallinf; rate

erryression, but tlioy did not verify their assumption.

i’oekor^^^ Tiroposod, for ByTrjMetrical bodies, tlic 

equation (2,h) above, Froi; solutions of this equation, 

ho concluded that the becinnin,y of the dvyxni: curve could 

bo described by a series expi’ession and the reuiaiiidor by 

an exponential exproasion. He applied his results tq the 

dryin/r of the 'lihoat kernel and obtained t"ood atyreonont,

folloviod on 33ockor*s woi'k but 

obtained rather i.orc conplox solutions by considering; 

variable diffusivity. Like many other v;orkers they 

ajjpliod these to the dryinfi- of shelled com and came to 

the sax;:e conclusion - that and oxqjonontial-tiqjo equation 

described the dryluf. of the material in its latter statxjs," 

but v;ith a varying diffusi^d-ty,

also decided that the initial part of the

(17)Chii and llustrulid

(2)Allen

I
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had to be Lreatoci aoiiaratel.-, but that t-hodrying, curve

equations for both parts of the curve were essoatially

si;:(joth Lransit.ion froi.j one 

definite cliance-ovor point.

the saitc, and that there vas a 

part to the other without a

Those, oJid ufclior workers a{jrco 

solution of the siDiple diffusion equation docs appro:ci:;;atc

tJiat althou;;;}! the

cxporiiicntf it does not 

:Jor.:o wor!:crs have aLtc!..jited to xMpi'ovo

to the dr; inj curve obtained h: 

perfectly natcli it, 

on this V)y usiny; a varia’olo diffusion coefficient, and

others by considering '.vapour diffusion with liquid diffusion, 

file controversy over static and d;nai:d.c cqnilibriu::i r.ioisturo

linked with th.o chanciny character ofcontent is clotol..

t'ac (Jryin,', cur\'c.

2,7,2, knuilibrlui.; boisturo Content

L'quilibx'iun koisture Content is the tortii applied to

tlio r.oistnro content which a cjatcrial v/ill attain if it is

placed in contact with air of constant toi:ii5oraturo and

The oquilibrlur; moisture content is a function 

of the air temi'oratiirc and Jiut. idit} . 

a short-terni and lony-torio histoz*: effect.

If the equilibrium li.oisturo content

temperatures, a 

different sot of curves (isothcnis) is obtained depoudinf; 

on vjhothor the material Gained or lost moistux'e wliilst

The absorjition isotherms are 

obtained if the equilibriuti; moisture content is approached 

from a lower tuoisturo content, aixd the desorption isotherms 

are obtained if the equilibrium moisture content is 

approached from a liiGhor moisture content.

hurddit •.

Jfowover, there is

The foi'i;;or is

a hvstorosis effect.

is ijlottod ayainst iiumidity for different

cov:inG to oquilibriuj::.

i

'i
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.;Cjistnro coutout rloi’ondsIn addition, the oquilibriur.s t

moisture content of tlio material, and on the
on the initial

speed with which oquilibriiuii is approached, oecauso dr:-ini;

irreversible cheudcal cJianco as well as a v'bi--«icalcauses an

cJianf:o«

Two tci’i:s jxavo thus arisen - the dxnaT.iic oqulliliriu! 

noisturo contenc (d.o.m.c.) and tJxc static oquilibriu:!

The forner applies to the:iioisturo content (s.o.f^.c.) •

\-aluo of the equili’ riuM moisture content obtained h:

Tlie latterextrapolation from the results of drying tests, 

applies to the value obtained when the matcii-al is allowed 

to cone very slowly to equilibrium vjitli the air.

Cxpcrimontal results coufir;ii that while an afrricultural 

r;atorial is belnn dried, the dynatiic equilibrium moisture

Thus it is iripossiblo for a jmre 

exponential equation to describe the drying chai’acteristics.

content clianfjos*

Ko satisfactory explanation of the roltationsliip between

the d.c.i^.c. and the s.e.m.c drying inechanistn and clicniical• t

clian^o lias yet boon tiven.

2.8. Heat Transfer

Dryinc is a process of lioat and mass transfer, Imt

somotinos the heat transfer aspect is nofjlocted.

Ifont is a form of enor;yj' in transit from one place to 

The transfer can he accomplishod by three 

conduction, convection and radiation.

another.

methods: In cui\-

application, each mav be in uso in varyiiqj proportions* 

Vdiilst conduction and radiation transfer x'atos ai'c fairl:

1
ii
I
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easily calculatedt convection heat transfer raLos iiust 

usuall} he ostiriatod froi^i oiupirice.l relationships*

For drying purposes* all three .uoUos of heat transfer 

treated together and the rate of heat transfer is 

o-xpreased by

« “ **o,\

are

(2.20)• • •

•whore

Q = hate Of Heat Transfer

h . e overall heat transfer coefficient
oA

= Area available for heat transferAht
= Temporatiu'o Difference.

The heat transfer coefficient h^^ is dopondont on 

iiiany variables and has to bo oxfierir.entally detoruiinod fox'

each situation.

2.5. i'ropoaal of a r.ochanisii of Dryin,'*;

wlion proposing a iicchaniai;! it is nocossax'y to treat

both heat and r.ass transfer. The riuida;;;cntal ocpiationo

Tliey arc tlion plotted to see if 

they predict, at least qualitatively', what happens in

Finally, quantitative prediction is tested. 

Very often, it will be found tl:at several r.ioclmnissas

are sot up and solved.

practice.

can

explain a given set of exporiinoutal observations and it 

is necessary to extond the range of observations to 

oliuinato the less suital>le inechanisns.

-I
'
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APi^-UCATUS EXi-i-ia>a:^T-U^

3*1* Inirotkiction

Tho dryini' rate of a i;;aierial depends on n;ani- factors

the Kioisturc content and physicalor varlahles, such as 

structure of tho material and the tonporaturo of tho dr:.inii

In order to detomiinc how tho dryinr rate is 

influenced l^y tlio- variables, tlioy are all hold constaiit 

except one, and attention is focussed on this one. 

Alteniativoly, all the variables jnay bo \^ricd sinultaiieously. 

The data obtained by this technique are . ore difficult to 

analyoo than those obtained by tho first technique, but 

r-.oro j’ouoral conclusions can he reached,

llio roiaturo content of a tiiatcrlal, however, cannot bo 

hold constant duriru, a dryin,'; tost, since it »:iust chani-c

The practice in dryinc tests is to

inediun!.

if dryin/; is to occur, 

hold all the variables^ except tho noisturo con ten tj cons tart t, 

and to iJotorndno the equation which describes the relation­

ship botwoen tho dry inc rate and - tho nioisturo content , 

liy varyinfj tho other \'ariables in further tests, it is 

possible to find out how thes' influence tlie constants (if 

any) in the equation.

It is uioi^ difficult to detormino the dryini": character­

istics of oreanic ciatorials such as f^nxsa, than of inorganic 

The physical i>ropertics of fjrass depend on the 

staco of {^o\<rth, tho time of the year, the soil in wliich the 

Grass is Growing and the amount of fertiiiiiGr it

The soEjplo of Gi'ass wliich is darled must bo larce

materials.

received.

I
■
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variation in the rhysical proportlos to be

must not bo too lar{je#

will affect

onoucb for tlio

The sample* however* 

othcrwlso the structure of the layer of fprass 

the drying: characteristics of the saiiiplo.

balanced.

3,2, Toclmlqiios of Moasurer.ient of Wel/dit Chmijiq

'file woicht of a sample of being dried may olther

be measured while the sample is in the drying environiiient,

The advantageor the sainjilc tiay be removed for weighing#

of weighing the sample in the drying environment ia tliat

The disadvantage isthe drying procesjs ia not interrupted.

of the air blowing against the sarnial© (if itthat the force

is in a vertical alrstrcaia) acts as a negative woiglit, li 

the resistance to airflow changes as the material dries, 

the negative weight force will not bo constant. Removing 

the sample for weighing overcomes this disadvantage, but it

can only be done when the drying rate is so slow that the 

drying process is not significantly affected by the removal. 

If the sample is suspended in a horizontal alrstroain, there 

is no appreciable vertical force exerted on the sample by 

the air, hut the stabilizing effect of gravity is also

absent.

3.3. Tbo Apparatus

The experisaental work was carried out on a number of 

spocialised x^ioces of apparatus since the air temperature 

and humidity were to be varied, widely. Tlioso were:

(1) Medium Totiiierature Rig for the air temperature 

4o°C to l4o®C.

range

There was no hwiildity control on this

.4
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plcco of apparatus in which 50 sainples of crass

dried in layers half an inch thick.

Low Temr^raturo Rig for the air tcr.iporaturo ranee 0°C 

A hiunidity control was available on tiiis 

rict in which 10 cram samploa of crass wore dried, 

liich Temperature Ric for the air temperature ranee 

100to 4oo'^c:.

were

(2)

to 80°C.

(3)

There was no humidity control on

this riCf in %-»hlch 10 cram aamploo of crass were dried. 

The hiyii tomporaturo ric was built specially for this 

work, but the first two pieces of apparatus mentioned above

Only the first onowore oxiatinc pieces of equipment.

Inquired modification for the purpose of the grass tests.

Rach piece of apparatus and its operation procedure 

is described separately below*

3.4. The Data Locker

Most of the laoasurenionts taken during the experiments

wore recorded by a Data loccor. The model used had a

capacity of twenty input channels. Voltages generated by 

moasurinc oquipnjont (to correspond to the experimental

variables being sampled) were fed into those channels and 

the appropriate ranee of voltage for each channel was 

selected by means of a plugboard•

The data loccor incorporated a digltlzor eo that the 

values could be recorded on punched S-hole tape or printed 

on a continuous paper atrip* 

used to scan a number of channels just 

possible, usinc the plugboawl, to pass voltaces from 

selected channels throueh a llnoarizer before they

The lociper could also be

once• It was

were

. .f

I
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fcho voltapos copror-consi Lnnt.'in then loconi -Oii

(with t!io roforonco junction at u^C) to tenths of a dofp^'co 

Conki^rrade.

The loccor could be operated in a number of tnodes, 

but durinf: the tests only two modes wore used to any grcQ.t

converted

extent;

(a) Sinclo Channel Ilodo and (b) Slncrlo Scan Mode.

In the Sinclo Channel mode, the voltace input to any 

ono channel could bo recorded at a frequency ranglnc from

1/3 second to lu minutes.

In the Sinclc Scan mode, the voltace inputs to certain

channels could be scanned at a frequency rantrinc from 10

The frequency of sampUnc within eachseconds to 1 liour.

scan could also bo selected, but was subject to boinc

cor.ipatiblo with the scannlnc froqtiency. For example,

channels 0, 1, 2, 3 and 4 could be scanned every 10 minutes

with a one second cap between each channel, 

of tir'.o (in hours and rdnutos) ^ras optional.

The recorcliuc

3«5* I-odium Teimoraturo

rue apparatus is aho\m lii ficuros 3.1, 3.2 axid 3.3.

Air v;a3 suppliod by a fan fitted with an iris flow roculator. 

fho airflow could bo vai’ied from 0 to 35 ft^/ain (o to 

0.o44 Ib/scc), The flow rate was measured by a ij” diameter

B.P . orifico place in a six inch diameter pipe with d 

d/2 tappincs, and iucliuod tube

and

manometer* The air was

heated by eliree finned electric heaters, 

capacity and one of ^ Iot.

two of one kilowatt 

Ono of these vjas fed throucli a
' f
: j

i
i

M
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of ail' temperaturesvariable trannfon.ior so that a ranee 

could be attained, 4o°C to l4o°C.

The air was passed vertically upwartls tfaroueb a stool 

The tube was pachod with papertube of oao foot diamotor*

honeycomb to strai^^^liton the airflow and to damp out varia-

just above the honeycomb a

The trass to bo dried 

Finally, the air was oxliausted to

tions in the air toniiijoraturo. 

perforated motal tray was suspended%

Tifos jjlaced in tliis*

The tray could bo reached by a doox' in the

The whole unit was insulated xyitU {'lass

atnosi>!iore. 

tube (fid*3»3*)«

wool.

The ti'ay was suspended frori the underhook of a balance 

v;hich stood on a riffid stool shelf abovo tho drier tube.

The woii;ht of tho sample beinc dried could thus bo i.;onitorecl. 

A device was dcsloiod, however, to automatically record the 

i/oicht of the sample (so© fi£;.3*2.). A displacomout ti'ans-

ducor was set up so that tho vertical movement of the top 

pan of tlio balance x^^as Imparted to tho slue of tho trans-

Tho tremsducor coil was held in a fixed positionducor.

over the balance. Tho transducer was fad with an A.C.

signal from a transducer-convertor and tho mag.n±tudo of

tho return sifjixal depended on the diatanco tho slug pi'otruded

'rhis signal was converted to D.C. and fed 

to one channel of tho data logger.

The transducer-convertor could bo adjusted so that the 

output signal was 100 for a 100 grani loading, 

that tho output of the transducer was a linear function of 

the applied to the balance (flg.3.4.).

into the coil.

Tests showed

An almost

. ;

/
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contijiuoiia rocorti of the oxpojTinontal variables? could be

Tofflpoi'aturoe woro snoasurod by copper—
i:

thus obtained.

consta’itan themocouplos,
! ?

The apparatus; lacked many sopliistications * but the 

groatoBt disadvanta^To v;as the lack of an autoniatic touiporaturo 

The rir; also needed lon^; liont-up perioda. 

IIouGvor* those disarivantagos voro quiclaly rtlniinined and an 

dialysis of the tor;n)eraturos recorded, duriufj the expoid.mcuts

The standartl

controller.

ohoivoci that tho variation was accoptablo. 

deviation of tho tonporaturo of the drying air durin/; a 

rim was about i U.5**C.

\fhon tho, apparatus had warmed up to the desired toiiporaturo 

at tlio required airflow, tho wei/^iinc system was calibrated.

A sample of the crass was wolchod and placed on tho tray

which was then loaded into the drier. The data loc£;or was

Thereafter, tho oxpordmeut needed no operatorstarted.

intcirvontion otiior than to reduce tho scannliiG; rate as the 

drying rate decreasoil. •Usually, a inn started with one scan

every tea seconds, and this was procrossively reduced to one

every twenty seconds, and then one per irdnubo. 

torndnatod whoa tho drying rate had dx'opped to less than
t

0.1 .crain/iidnuto, or after one liour.

The mm was

Tho wolsiilng system was recalibrated before each 

to eliminate lontT-term toDi|)orature effects.

run,

'file tioisture

content of the grass was dot©rr,dned after each run by drjdng 

a sainplo in an ovon at 105^*0 for 16 hours.

3*^* bow Temperature Ki^r

The apparatus for drying under closely controlled

'5
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(3u)and hurjidil-y had boon built 

vory sinilar to those of the

f }

conditions of air teinporattiro
r :
i' -

Its y)riticii)le of operation v?aa 

inodiur.! and hieh toiuporaturc rigs*

Air was supplied by a fan and the flowrate was measured 

inch cliar.ioter orifice plate in a four inch drai.ieter 

Tlio dosirod air condition (as dflfincd

by a one

pipot and manorsotor. 

by tho dry-bulb and dow-point toniporaturos of the air) x;as

t'
t

fobtained by passing tho air through a glass tube packed with

Uater was allowed to pass dov.ai theglass Raschig I'inga. 

tTibc in the opposite direction to the air so that the air

The water was maintained at the roquii'cdwas hnt.;idifiod •

A refrigeration unit wasdewpoint teinx^craturo of the air# 

used to cool tho water below room tomperaturo so that vor* 

lovj dew-point tompuraturos could bo obtained (for higli 

buiixditios at low toi.jperaturos).

i

The air was saturated

by the time it loft tho top of tho tower*

The dry-bulb toniporatur© of tho air was raised bo the 

roquirod value by passing it over mineral-coated electric 

heating elomenta (7 lew).

tho air remained at the temperature of the v/ator in the

Tlie dew-point temperaturo of

tower, since no raoisture was added to the air by heating.

Tho duct on either side of tho heaters vas insulated to

prevent condensation inside the duct. In addition, tho 

duct upstream cf the heaters was wanuod by heating coils 

which wore wrapped around tho outside of tho cjuct. The

moistened hot air was then passed through mixers into a 

TIio i>lentiiii was attached to the drying tray and 

the assembly was suspended from tho undorhook of an electronic

plenum.

• 1
4
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Ti:o drying ^ray vas iilaced ou the plonuui tliroufjhbalance•
\
!

a door in the cover.

The nja3;iinut!i wexf^lit capacity oi' the balance was one 

thousand {;ra:ns and in addition buo i^rai is could bo tarod out • 

Throo principal "weight ranges -wore available:

The Welcht could be read by analogue 

on a gavifro, or by other weans if a recording or monitoring

; ?
■i

i

10 eras;; •

100 £prai;:, 1000 gram.
i

The data logcor -viasdevice was connected to the balance.

The balance also iiossossod theused for this purpose.

ad-vantago that the vertical dlsplaconont of the pan vjaa very

(A defloctiou of about o,U03" was measurod for a

An oilsoal was placed at the base of the

small.

1000 gran load), 

yilonim to ensure that all t!io air entering the plenum passed 

through the grass sanplo.

TIic tomporaturos of the vjatei’ in tho tarb. and of the 

air entering the plenum were controlled by U\»yr^:istorb

Those wore very accurate, as 

shotm by t)io steadiness of tho tor;peraturos (fig.3.15) •

airflow (13 = 0.0511 Ib/scc-ft*") was used

Tomporaturos wore once again measured by 

coppKjr-constmxtan thormocouplos.

Tho procedure was as follows: Tho dosired air temperature 

and humidity wore obtained by adjusting tho controllers, 

blien stoady-stat© conditions wore reached, tho prepared 

grass sample was weigiied and inserted into the darlor, 

balance was switched on, tarod and set, and the data logger

i

1

)

1

J
*1

aoti"vatod control units. ! 1
is !i !|ftt

! ‘

{

Only one

on this rig.
!I

1

(i:
I

(*The

■1

was started.

Ttio length of tho tests on this rig "varied with the 

drying air conditions, and ranged from twenty minutes to
i

,Jl
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three JioTsrs. Al- the end of the iim, t!ic c.'^asL^ ^-as

ronoved nnr! weirhod. TIic final -.o5.£:turc cent on t ^vas

dotors-’lnod by ovovi-drylnG*

3»7» Hi/-h Tcinporaturo Ki^r

This i»ioco of apparatus ims dos±(piod to achiovo a 

nix' toniporafcuro.
i 1

It is shov/n in ficruroa 3*5 3.0 • ••»

3.7. Juid 3.B,

Once .acain, air was su]>pliod by a fan and tho flowrate 

was ineasurod by a l-.i'’ dlaj.iotor orifice plato in a 2’*

Tho air was passed over ninoral-coated 

electric lioater olei.ionts (six sots of tliroo Icilowatto oucJi) 

fitted into a one foot diainctox* tnild steel duct.

diaiuotor pipe.
:■

■ A

ii
t,One

il
heater was fed through a variable transformer. Tlie heated

air was agitated in a spiral nixor to achieve a uniforui air

iiteiiiperaturo, cuid finally tho flow was straigntenod in a bank

flio air was passed horizontally 

througli on expanded metal mesh container, (fig.3.7.) in 

which lu graLis of grass was placed.

of .j" dia;.ictor tubes.
fs
1I

The container con­

sisted of tx;o discs of cxfiandod metal, one foot dlainoter.

Tho grass v;as placed between tlio discs wJiich woro then

The disc was aeld by guides in a strip 

of aluminium (bent to for;;i a U) which vms auspendod fx’om

fastened togothex*.

tho underliook ox the electronic balance doscribed above (3.6), 

Tho containor systom was hold in a tvio inch gap in the 

duct so that tho aix' passed Uix'ough it horizontally, 

air was orJiaustcd to atmosphere after passing through tho

To prevent tho containor system from

i■1!The- i

weigliing section.

!
5:
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awlnf.duc uiul roCafciut; in the airflow (and thus fovtliUi’: the 

aides uf the duct) the U was fastouod to the duct walls on

The vor> si lall vertical
■i

the ui.streaiu side hy thi'oe wires.

displacoMcnt of the 1 alanco pan onsured that tiic wires did 

not affect nljc xesponso of the balance to tJjo woi{vht chauL.os*

The weichin^j section was sealed to prevent air novctsont in

affectin,: the i'oadin/;s ( f i,';. U. 6, ) .the lahoi'atui':, fi'o : i

To! .poratui*cs v;ore : oasiircd l>;,' conpor-constantaji thor: :o-

coui los i'ittcd \.’iLli radiation sJiiolds. The duct was

insulated i.ineral ’.;ool.

The required air to:loraturo was obtained I'y switcbirif.

on the a|ii>ro;riato hcatiup clci.ents and adjusting'; the

i.hou s bead.-state conditions had beeu I’eached,ti'ansf or;..ei-.

tlio Lalonco \ia.s adjusted and a j'/rass sa* ;]»lc was prepared and

wol. jjed • In order to protect the balance whilst the t'p’ass

contalnoT* was ro ovod, a dui.it.y weif-ht was placed on the top

Two push-buttons started the dataTsajv of the balaitcc.

loi.iTcr anci rn::oved tJits dui.iry wcichl 'yy Means of a solenoid

{fi,:.3.>':.). As tjjo pi'ass ja; rile t.’as placed in the U., tlie

buttons v/erc 2'^cssc<I anc! recording: started. In tills way.

OTilj a ver-,. s:.;all i>art of the dryin,; curve was lost wliils t

the balance and rocordiru; equipMont were sot in operation.

The oniiorii iental runs v.ore sliort, ran{;;inc: frots 15 seconds 

With this rip.i the data lop:f,or v;as 

opoi'atcd n-ainl}- in the single channel ir.odc, with the sainplinf; 

frequency varyinf; fro! 1/3 second to 2 seconds, 

of the noi, the (prass sanplo was woipiiod aGoin and its

to five :;inutos.

At the end

Moisture content was detorrdned in the usual manner by dryinp,

1U5*^{: for 16 hours.it i)i an oven at

I
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3• ^• Sui.t-abj.litV or the Aiipnxatus ,<*■

A nui'ihei' of cliocKs vero : aOo ’:o dotGi':;iiio Lho suitability 

of tbo apparatus for the work, 

nuclei' five hcadi'aj^s: 

balance kesioaso;

i

t'liose will bo discussed beloxv

.\ir ivcsistaucc;Air si'oed cmd toi .i>craturo;

lioistui'n ContontSteadiTioss of I’alancoj

liii V on .iua i. ion •
i !
i i

3,&*1, Air i-.pood aud reiiiuoralaire

It v;as dosix'ablo tliat the velocity and toi ijioraturc of 

tho air would be uniforu; across the duct and vould not vary

during’: the inin.

In each rin* air was suyipliod by a fan driven by a throe- • \

p]iaso electric liotoi'. The air flow rate was steady fdirouj !;

out all tho runs as Aerified by roadint:s taken at intervals !

during; cJr\in/r runs. llie baffles and floAv-stralchtencrs i

onsurod th.iu tbo airflow was unifom across the ciuct.

llio coppor-constantan thcr*locouplea used to r;onsure tbo 

totq'oratures x.’ex'o all correct r.o Avithin i
J
fiRadiation

shields xcro fictotJ at hiyh air teiu.>eraturos but the readini^vs 

from tlien ;ocou]>lo.‘j xtfith and v;iLhotit shields wore not sifyiif-
R

Icantly different, indicating that there was not much radiation

heat transfer, probably tiuo to the baffles and 'lixers.

The tciiporaturo varied across tho airstroaii by about 5“c 

in the i odiu<>. temperature ri£j, and by 2o°t; in the hlijli

The temperature profile in tlio IiIgIi toL-p-

The teiuperattxre variation 

i'hc approni.-.iato st2uidard

1 tciuijerature

rit: xms i U,b“c, in the low-temperature ric - 0.23°C and in

i
i

teitporaturo ri^. i

orature ri/y is shovm in i'±cm3mi) m 3

during: a iaui was voz'y J>r.iall.

deviations of the air toiuioraturo in the mcdiui

I

ii
ti

I
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Liio tc! ijici'aturc ric - 3“c.

couaidorcd acco^tablo.

liiono values vorc

3 • d,2. Air Uosistauco

A free-! od} »lia{^ran oX the contairiei' aud i^5 shoum

for Iho two ty. us of ri-; in lir..3.10. 

for the I’.i/^j

effect, due uai'tly to t’lo

It can bo soon tiiat

to uox'aturo ri,". air resistance had al;;osl; no

For thes: ;all nan diajilacen ont.

low rmd ; odiu;; to ]>oratiii'o ri,;s, however, the air resistance

was sif -iiricon t. It tondod to ive a low roadin;:; on the

balance or data 10i;yor, however, since the x^oic’its .■ casurod

were relative weights rather tlian absolute woicl‘fcs, the aiz'

rosistaueo was xmii.iportant unless it varied.

It Isas l^oeu snr, estod that the z'osistancc offered to air

ir foz'ap.o .latorials -Iccroasos as the prass di-ios, duo to

shriuba; .o. In the present worb, liowovor, it was not lilcolv

tJiat i-bt? . bi’inl-.ap'O woultl have well effect on the resistance

sisxce ti e ,■ z'ass ‘was vor: looael., arranprod, To confir;' this,

expori; or’tal rnus were razn'dcd out notin{^ the initial and

final weiphts of r.ho sa;?7-le wn a lahorator}' balance and on

rise results arc shown in table 3.1,the data lo;,L,er. It

that idio chaUi'Tc in xv'oirht is rccoxtlod substan-can bo soon

tiall;- 00X0*00 tly by ihc (Jata loj^pcr. If the resistance had

cliancGti si.'iificantiy, the weipht c’lan.yos would have been

different for each caso.

3.0.3, Falcuzco Response

TJicx-e was no question of the balance used on tJie inediu . 

or loll/ teLqjoraturc ricts boinp; tmal.le to record the chan/jes
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in accurately duo

the;' uoicliod correctly, 

toiuperaturo v±i:, tlioro

to inertia. Tonts sliowcd that

However, ill tiio ease of the hich~ 

was a possibility of tlio balance beine; 

unable to rocurd the chanp;os in woi{jht cori'ocily, because of 

the fast drying: rate.

Tests wore ronductod to oxa .ino tho characteristics of 

A stop ini,ut was fed co Dio balance by placinc

Tlie out]nit both of tho

Tlio output of

an ultra-violet i‘ecordci’ (paiier 

speed = 2 inches/second) and the output of the data locr.or

the balance.

a lu b'3^a:i t.ass on tho t o n pan.

balance and of tho data was moaaurod,

tho balance was recorded on

was recorded on punched paper tajio (3 readings per second), 

iho response mb.8 identical in all teats and on each I'ocoixlin/v 

device, and indicated a first—or second— order systor.i (see 

fi<r;.3.ii.). The roadin'TS are set out in table 3.2.

Tor a stop iniait of sis:o a, the response of a first

oi'der systo!: of tir.o constant T is plven by 

y a (1 - e::p(-t/^ ))

For a socond-ordor, critically daini>ed system, tho response

(3.1)• • •

is

y = a (1 - (1 + t/t) oxp(-t/'t ))

(The dori\'ations of those fonailao are {.;ivon in Appendix

i or a value of a = 10, tho res-onse y was [ilottod 

against time t and it was found that equation (3.2) with 

T= 0,3 second fitted tho exporiuiental data perfectly.

The first oixler expression (3.1) did not fit

(3.2)• • t

12,1).

see

lie.3.12.

tho data.

Tlie x'Gsponse of a second-order critically da,i.!]X5d system
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to an exponential ininit of the for;.

X = a (1 - o;cp(-ktt)) 

is civen by
(3.3)• • •

-h't
1 - ^ )il -y = a 2 - (1

(i<*T - 1)

“Vt)J

k«x - 1 j.« r “ 1 I

oxp( (3.4)• • •

Tills equation was plotted for 

ill the oxi>erii.iontal (sec iiGa.3.13 and

found that lor values of k« less than 1 

the inimt and outj-ut curves wore alliest idcatdical. 

the ,:roatost value of i; encountered in i,>ractico i;as u.i 

it was coucliidod that the balance response was fast onou{;h 

foi* this woi'I;,

=0*3 and \aluos of k* iound

It \;ar.
-I -b.(= f.U I.Insec

tjiiico

sec,

I<:
5;

Tests sliowod tliai; the ? alanco was also able to record

The apTiaratus wexs set up with dry 

blotting: jiaper in the container, to si; ulate >;rass, 

fan xv*as sot in operation.

the correct xfoii^its.

and the

■'asses of 5 iTa:. and 10 ,'vra!;i \^oro 

placed on the top pan of the ‘.alance, after it liad boon

tarod to nero. In each case, the balance recorded the true

weipht. ! ^

3.ii.4. ■Steadiness of the .jglancc

In order to deteri-dnc the steadiness of the li^oro settinf'
1on the electronic Jialancc, on the lii^'h toiiiieraturo ri^-.

roadin(;s wore taken every tv;o seconds usinc the data lotjfrcr. 

The container, oidxty, was in position.
.1

v/lth the fan in 

operation, the standard de-viation over 5 iiirnitos was +0,317 

(jraii. and witli the fan off it vias “0,915 o-ra;-,
!

ii
i:i

I



- 4o -

3*0,5. i-ilisturo concont- dotonn:} nnti an 

all i’oistuix) contents 

santplcs in an oven at lo^^^C for 16 liours. 

bo introduced from a nutisbor of sourcoa*

li tlio aaniplo used to estir.iato the ;.ioisturo content 

of the iprass in tlie field 

this Moistui'© con tout could 2iavc boon in 

i.ioisturo content of the jraos would have boon in orroi' if

were dcten;inod by drying tlie

lirj’ors could

!

was not a truly random sai.iplo.

The final terror#

:.iolstviro bad boon absorbod by tho scuiiplc from ontsido before 

it was woijbed. To avoid this, tlio oven-dried sair.ples

wore either weighed directly fron tho oven or thoy wero 

coolod in a do;;sicator in the 

fclio;- wore weiched.

prosonco of silica cel before 

The sariplos iron all oxporiiuontal 

wero ^Joif;i^cd ii.iirodiatoly aftoi' tbo ran and therefore thero 

was not ex'ror liLoly in thoir noisturc couOout,

runs

!

|J

i
ii;
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CIL\lTi;!i TV

a),U^]:cvioy OF data

Introducfclnn

Tlio cxporisrionts wore carried out diirin{j throo

Tho [^'Qvlnr; season of p^rass extended froti April 

to October and oxporinental v/orh could be done only in tliis 

period•

seasons•

Attonpts wore nado to preserve the fprass by 

freozinc so that oxporiinonfcs could bo done dnrinc the v.’inicr, 

but the cprass was lacerated by tho froozinfr and was unsuitable

for dryin;^ testa. Th» throe rif^s described above v;crc usetl

in tho tests.

h,2, Ibcnoritnontal Doairn

Expei'iinont.s desimod to defcorrdno tho effect of one or

several factors on a neasurablo quantity iraist bo conducted 

so tliat tlic variations in baebt^ronnd conditions (conditions 

which are not of direct interest) will not affect tho results 

If a particular bacl^^ound condition can be held 

constant, tho oxperi:;onter nay Ignore it.

obtained.

If it cannot bo

controlled, however, tho oxiierinonts should be conducted in

a randoiti order so that chances in tho condition v/ill bo

uniformly distributed throU{:^i tho results. A random order

is advisable generally, in case thor^ may bo unsoon bach-

Cxx>und conditions.

The factors of interest should also bo varied randomly 

anoncst themselves so that any interaction botv/eon then v;ill

In the present work, however, it was not 

possible to apply all the niceties of statistical exporltnental

bo dotoctablo.
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Tho nature of the apparatus was such that the 

operatdaiG conditions could not bo rapidly chantod. 

there vms only a short tiMo iu which to do the oxperii :onta, 

not all tile combinations of factors could be ucod» nor 

could the possible combinations be performed in randoiu 

order* . Since the exact ty^jo of rolationshiiJ between UIio 

different factors was not laiown, tho results of tlio exper­

iments would havo been very difficult to analyse if tho 

operatintj values of tho factors had not been suitably chosen.

dcalGn.

IAs

Grass .Samplinr: and 'collection

'Ih^o S;.eclos of ip'ass were used - Italian Ilye Grass and 

i cronnial liyo Grass, .Italian Rye was used in the najority 

Grass was obtained from five soui'cos, all at 

f ockle lark Faru, Northumboi’iand• (see Table 4,1). 

of 42 cuts or batches of grass wore taken over a wide range

It was difficult to preserve tho grass for 

more than a short tlaio aftei' it had been cut.

of runs•

A total

of maturity.
! ■

Usually a

sauiplo of sufficient siac for a day*3 tests was cut early 

in the moniing and was used in experiuionts during tho day

After thirty-six hours storage, oven 

at a temperature of 2°C, tho condition of tho grass had 

changed (it bec^e liniij and discoloured) and it had lost a 

lot of moisture by respiration.

i
.I'l

on which it was cut.

Two properties of each batch of grass were detenainod - i

s;
1tlio i.iaturity and moisturo content. The matiurit^ was

measured by the loaf to stem ratio (by weight).
!

Although

this nay not have boon the most accurate or useful it!measure

of luatui'ity, it v;as tho laost easily detenainod. Other y;
I
liii
Ni!

it
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noasiii'os of liiatuxdty whicli could have boon used wgi'g the

coarse fibre content ajirl tlie leaf area index (ratio of loaf 

area to {n^otmd area),

time of z’ccrmvth as shown in fifrui'o 'ul. 

the leaf to ster.i ratio was r.ioasui'od by talcinc a samplet 

soparatinc the loaves from the stet-s and v/oiching iiiioiii*

The moisture content, as in the field, of each batch 

of ^ass was nioasurod by taklntj a random sample frouj the

The loaf to stoia ratio varied wltli i

l‘'or most batches
i

5

batch and drylnj; this sample in an oven for sixteen hours 

at 105^6. The weight of the sample at the end of that time 

was asstu.ied to bo the "bone-dry” v/oi^ht, 

various crass batches in sliown in table 4.2.

The data on tlie

>

1

4.4, heasuronent of the Variables

i' !•
Tor each experimental imn the followlnc variables 

measured and recorded;

(d.) Air tennorature

The air torncrature was tioasurcd usinc coppor-constanton
I

thermocouples, fitted with radiation shlolds where appropriate.

wore

![i!

The reference junctions of all the thornjocouplos wore Icept 

at 0°C. The tcLsporaturc was recorded usinc a irniltlpoint 

recorder, or the data loccer described in section 3.2. 

iroiltlpoint recorder weis used in all runs on the hicJi temper­

ature ric and in the first twenty-oicht runs on the iiicdiiui!

IThe
i:

:ir

i
I

f.The voltaces were road from the chart 

ar^ converted to to!-peraturos usinc tables.

V/]ion the data locco^r v/as operated in the sinclo-scan 

mode, five channels scanned, on the lovj and medium tomiioraturo

temperature ric*
t

-4
1*
1
I
■I

1

IP

i,
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the air tcnpcratiiro was I'ccorriod through one of the 

channels (Ko.4 on tho r.odlnr. toujicrnturc rifj and No.l on 

the low toniporatnra ric).

Tho uata looTer was opoj'atod in tho single channel 

triodo on souo runs on tho low toiuporaturo rig:, and in tiiose 

cases f tho five channels wei-o saiijplod by a ainclo scan 

boforo and after tho nm.

(b) Air Flow hate

i
i

! i

i

f

t

Tlio air flow rate was tnoasurod by nioans of tho orifice 

platoc and tnanotiotors described in. chapter 3* 

drop across tho orifice plate was recorded in inches of

Tho prossure

1

water, and tho air flow rate was calculated according to 

British btaitdard 1042^-^^,
i

A sample calculation is {^iven j

!
in .ippendix 12•2.

(c) TfUKiidlty of tho Air
1

ii 5

Tho huirddity of tho air was calculated from tiioasuromonts
tn-

of tho wot and dry bulb temperatures of tho inlet air to

I,^ 1the fan, or the dry-bulb and doxv-point tempoi’atures of the i a
if
}iiheated air* DuriniT tho liich teiisperaturc runs and the first
'I"tx;onty-oicht runs on tho nodiuni temporaturo rig:, the wot and 

drj'-l'ulb temperatu3?GS of tho air entering; tho fan vjoro 

recorded on tho cjultix)Olnt recorder from copijer-constantan 

thesmiocouplcs •

i

i

!
ii

The x\rot-bulb temperature was sensed by 

’jlacinc a thermocouple in the tiilddlc of a wet wick over which
if j
1-

■V

- i

In all tlio drying: rlg:s, the iiuniidity • 

of the air at the sample boint^ dried Mas the sai c as that

tlio air was passed* ii I
I

,1. J<
'i!

i
1

of the air just ujjstroai.: of tho heaters since no water was
I
1added by tho Iioatin^;* idien the data logcer was operated {

r
i'l Ji.

II

i

1
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in the sinj-lo Gcan node on the ntediuTu tenperaturo ritr

those t;ct and di'v bulb toinporatureo v:cre recorded alonf 

\;ith the tenpornturo of tho heated alz'.
5
t

Tho Imviidity of tho air on tlic lov toirperaturo ric

was calculated frori tho dr>' bulb tonperaturo of tho heated
I
i

The latter was calculatedair and its dew point tonperature.

fi’on the moan of the v;ot ajid dry hulb tenporatures of the

air at the top of the hur.iidification tower, since thoj' were 

airiest equal, indicatiuij 100,> relative humiditj'. Those

tenporatures wore recorded in tho soiie way ac the air 

toriporaturo*

(d) Final Hoisturo Content of tho Sample

1.
i

The final noiature content of the £prass at the end of 

a run vms detorninod by driini, it at i05°C for sixt lon

1/hou considerable cliarrinc of the sanplo occurred.hours. t:

the final laoisture content was not doterr-dnod and tho wciijht V
V

of drj'-iviattor v/aa calculated frou tho initial moisture
i: r

content•
m(c) other Data

ItFor most run;^,the f^rass batch uumbex*, ^rass state 

(leaves* stems ox' unseparatod ,'jraas), ijrass variety and
i t

\
approximate lenijth of chop were recorded. Tho initial ; !1' :

[and final weifihta of the aatii>le v/cro dotori.dixed for all the i
,i; i,lit I1iruns on tho hicb and low teriporature i-ic by wei^jhinc tho 

sample on a laboratory balance,

A sample data shoot is shown in fig,4,2,

f:
J;!
!■ CI
{:

'i

4.5. Experimental Tests
I

Initially, tests wore carried out to dotensdne how ii!!
7i

7
Ii



- ■lio - i'

tmicli vai'iatlon in dryin{j cliaractoria tics could be expected 

within a civon batch of sraos, i.e* cho ropoatibilifcy of

This was done by dx*yin£; sainploa ofthe drying runs, 

under the auric conditions,

Most of the other toots wore conducted in order to 

observe the effect of air t o tape rat urc» liutnidity and velocity.

i
j
i

!

t

.L
i-N.- •

*
i

and of ijraas i:n.turity, state, variety and length of chop on

The nui:jbcr of toots whichthe drying charactorlotics. 

could bo ccmductod on any one batch of grass was liciited 

since the {^rasn deteriorated if it v;as stored for long

Novertholoas, nearly 5oo runs wore(see section ^U3)»

carried out. i

4.5.1. HoTJoatibility tests f

Those tests wore conducted on the i.:odiuri teniporaturo i !
X

i

rig, using the grass fron batches 1 to 8, (run munbors 5

All the variables except grass maturity wore hold

1

'i
to 58).

constant, in order to detomino if the drying characteristics

! !

varied i.tuch from batch to batch or within each batch.

The layout of tho

J
; :• ■

- ! I

Leaves and stems xv'ore dried separately, 

runs is given in tables 4.3 to 4.10.

The maturity of the grass ranged from (leaf to stem

i

\
. j;

• i

i

■t:

The depth of tho layer was also variedratio) 0.5 to 1.9* 

randomly, and tho air tenrporature was held constant for 

most of the runs at about 100®C.

■ \'''

if

.. i

Tho a±r velocity was held '•t i
'I

2
at 0*06 Ib/soc-ft • i

II:

4,5,2, godiisa tourjorature rij': teats i'

■ii' 'b
The grass from batches 9 to 24 was dried in runs 59 : SI!.

i;.

r 7
fj

I
!

i
3 t;

■!

i
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i

to 237. Tlio air tetipcratiiro and volocifcy and f^rasa

Tlio layout of those rrns is shown 

For each batcli, leaves and stems

t ;a fcui'l t y ve re varicd • 

in tables ^,11 to 4.26, 

wore drier! separately at about luo*^'!. 3aj;;ples of tlio
■i

three to oicTht airunsepnrated prass wore dried at froi 

tomjieraturos, fror 4o*^C to l4o*^C,
O

air velocity wore used ranyinp fi-or' 0,0287 Ib/soc-ft'*' to 

0 .0‘84 Ib/soc-ft^,

Ii

I

Up to six values of

The air temperature and velocity were

naintalnod at about the eai.c values in the different prasa

Tbobatchoo so that the batches could be easily compared, 

maturity can varied from 3 to S weeks rof^rowth (loaf to stem rc^V'vo

i .

from 0,5 to 4,5), The prass from batches U to 19 and 23

v.as subjected k ainly to tci.porature -variations, and the i^rass 

fx'on batchca 20 to 22 was dried under a wide ran^TO of both

to; ;}>oratui'C ar-d velocity conditions.

4,5,3. Low Tc;:inerature Ri/r Tests

lhais 301 to 315 ■‘•ere conducted on the low toiuporaturo 

The air tcniperaturo was set at approximately 20*^0. 

4o*^*C, 60and cO°C (four values), and the relative humidity 

20>, 40Vu, 60V' and 80‘,o (five values), 

coinbiuationr. of air tei:;poraturo and relative humidity could 

not bo obtained since the devjpoint xvas too hlch or too low

i

' t-rii-y.

iilat about lO: Some ; f-

1;i

:■

in some cases, l.o. beyond the capacity of the water heaters 

and rofrip-crator unit, 

table 4,27 and in flfr.4.3.

Grass was used on this rip; (no,25), and only one run

• i
; b

The layout of the runs is shovm in

f.Only one batch of Italian !iyo I ■

i

^^as conducted usinc Perennial Ilyo Grass, ; IThe air i ^!

•i■J

H’i f:
; I

■'i

j

1.'

I ■111
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velocity v;as held constant at U*Q51 Ib/soc-ft*".

Ilifrh tor.ipGi’atiiro i*ir tests

liuns 316 to ^sCo and 501 to 5fif> were carried out on 

cvrass hatches 129 to h2 on the hiG?i tenperaturo ri{j:. 

layout of the runs in {riven in Tablos 4,28 to 4.4l,

Tho air velocity uas

The

A

suMiiiary of the nris is civon below, 

held constant at 0.072 Ib/sec-ft*'.

Oei'los I (liuns 31^^ to 377 and 402 to 4lo).

Italian Ryo Grass, v;ith five woolis ro(jrowth, froin

The runs canbatches 29 to 32 was di'icd in this sorios.

bo subdivided into tiiose usin{::

(i) Unseparated Italian Rye Cri'ass

(ii) Italian Ryo loaves

(iii) Italian Ryo stens

(iv) Unseparated i’oromiial Rye Grans,

Racli tjrpc of sample was dried at six oqtially spaced 

air tenporatui-’es, and each run was done in triplicate. 

Series II (Runs 37S to 4ol).

In this series, Italian Ryo Grass from batch 31t five 

■s.'oolcs reorowth, \»'as dried at six equally-spaced air temper- 

At each tonperaturo, saiwplos of Grass chopped into 

lenGths of 1", 2", 3" and 4” \Joro di-icd.

Series xn (Runs 4ll to 48o),

In tliis sorios, the r.5atm’iTy of Italian Ryo Grass was 

varied frou two \;eol:s i-cGrowth to six weelcs r-eGX'owth,

In each case tijo grass was

1
I '

!

!:
aturo. i

Four r.aturities wore exaiidncd, 

dried at five oqually-spaced air tompoi'aturea, and oach rmi
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j

The nmo can be subdivided asvas done in triplicate, 

follows J

(i) Two wooltB re^^rovjfcb (Runs 4ll to 42?)

(±±) Tliroc wooks regrowth (Runs 42S to 444)

(lii)Four woolcs regrowth (ihuis to 46o)

(±v) Six wooks rogrowth (Runs 46l to 48o)

Series IV (Runs 501 to 5^8)

In this series the n:atuxd.ty of Italian Rye Grass was

; /, .*

(Batch 33) 

(Batch 3^0 

(Batch 35) 

(Batch 3<^)

!

I

i!

I

varied from about fotir woclcs re growth (from the start of 

growing season) to sovon woolcs r©groi»th, loaf to stern ratio

The nurlror

the

Five tnaturitiee wore examined.from 0.6 to 2,7,
I

VRioloof air temperatures used varied from two to eight, 

grass of oacli maturity was dried, and each i*un was done in 

Loaves and stonss wore dr±o<l separately for two 

The runs can be subdivided as follows: 

Uholo Italian Ryo Gx’ass dried at two

I

duplicate.

of the maturities. i

I

(i) Batch 37.

temperatures, four weolcs growth from the start of the 

(Runs 501 to 504)

vmolo Italian Ryo Grass dried at three 

five weelcs trrowth, (Runs 505 to 509) •

i

season,

(ii) Batch jB, 

toniporatures,

(iii) Batch 39. 

tor.pcraturos, five wooks growth, (Runs 510 to 5^0),

.I'
1 ;

Idiole Italian Rye Grass dried at five
i'

»
Unseparatod grass, leaves and stems, dried(iv) Batch ^+0,

at oii^t air tempoi'atui’os, six weelcs regrowth, (Runs
!

■: !-

i
521 to 548).

(v) Batch 4l,
at ono air temperature, seven weelcs growth, (Runs 549

to 568).

Unseparated grass, leaves and stems dried 1
i■•1

1.

i

- i «'• •
i

\ ■■

'i •i

v’

ii Ii
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CIIA.] T-:j{ V

(;-\i cuj^\Tio!:s .v-jp i^julto

5«1« Introduction

nio recorded data were analysed In order to dotom iino 

the iHjlatlonship between the di'yint; rate of the crnss and

In each run, all the variables 

except noiaturo content wore hold constant.

the other pararietors.

Tlio rotriainisir;

In all tho nuiG,variahlos were clinncod in different runs, 

a continuous loss of weicht was observed, i.o. a decrease

Tho rate of decrease of neisturoin noisturo content.

content, tho drying rate, however, was not constant in all 

It was desirable, therefore, as a first stop in the 

analyaio, to obtain a graphical relationship between tho 

drying rate and tho noisturo content for each run, so that 

tlio natviro of the change in tho dri^g rate could bo

runs.

ascertained.

5,.?, Calculation of I.oisture Pontcp-ts

Tho nointuro r-ontonts at different tinios '.'ox'o calculated

Tho v/oight offrom tho woights recorded at 

dry-n;atto.r iias calculated frot the ijiitial or final moisturo

?;ao.-o tii;es.

content of the saijplo aud the initial or final sample 

v;cii^at, i,c,

r.ioioture content (dry basis) _ wcigjbit at time t 
at tii ;o t

(1 + iixitial oi,c,d,b») — 1

initial weight

(5.1)• • •

or

moisture convent (dry basis) _ weight at time i 
at tii:!C t “ final weight

(1 + final t:;,c,d.b,) - 1 

Tlio derivations of these foriailao ax'o in

• • »

hi
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Appoiidijc 12,3,

Ouo or other of tlicac rornailac vaa vised, dopcudlac

At hicli air tc:.:perativres,the touiporaturo of tiio drying air. 

thei'o was a considerable loss of dry-iaatter (charring of the

{praas was ovidoiit in some runs) aivd the wcitjat of tlio dry- 

Liattor culculatod frovi the filial uolstux'o couceut was

iho initial luoisture content wasthorofor© in ox*roz-. 

deten;iinod frora a i’andora savii-le frou tiie batch of >:,rass.

It was found that a siGtiificont variation occurred in the 

moistirre content in each batch of iprass, tuvd tho value of 

the noisture content dotczr-iiiuod for a random sample was only 

ostimato of tho initial moistux'o coutout of tho sampleun

Table 5.55 shows thoof ^’ass dried in tho experiments, 

variation in vioisturo content obtained by tal'iin£; several

idicn tho air teiiiporacurc wassaiaplos fox- a batch of fprass. 

hich, Iiowevcr, the error in the di'y-matter wei/jht calculated 

fror.i the initial moisture content of tho sample, assnned to

was less than if itbe equal to that of the random aaviplo,

calculated frou cho final moisture content. Therefore,wore

tho second fonnila was used for I'uns carried out on tho Low 

and Medium Tomporaturo Rics, aivd the first formula was used 

for runs czirricd out on tho Hicb Temperatvxro Ri{;.
!, •

5.3. Molhods of Calculabinf: Dryinr? Ratos

A typical scatter' plot of moisture content against

Tho points do not lie on a
I

time is shown in fig.5*1• 

smooth curv'e, due to both capcritrontal error and to the 

buffet ting 01 tho air against Idmo sample in. the drier.

’ I
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Tlioro arc ucvci-al v;ayo of calculafcin,'j tlio dryinc rate at . r

various points on tlio curve.

(a) Graphical ilothoci

A atiootli curve is drawn by oyo throu^jli tho scatter plot

TauKonts aro drawn toof raoisturo content afjainst tiiae.

tho cumre at a nuiuber of points and the slopes of tho taiti.onts

Tho drying rate Is then ,rivenaro r.ioasurcd (see fi£j.5»2).

by:

(5.3)dryinc rate = - slope of tancont

(b) bofrtfiontation y’othod

This nothod considers the moisture content-time curve 

to bo tiode up of a scries of straicht linos conncctinc 

atljaconi j-ointo in the scatter plot (soo flc.5.3). 

slope of each scfpiient civos tho averaco dryinc rate (= - slo]:e) 

over tho inler\'al, and this is approxinatoly tho dryinc rate 

at tho mid-point of tho interval.

(c) rol^Tionial Approximation

A third way to calculate tho dryinc rates is to fit a

• • •

The

polynomial to tho scatter plot of moisture content atrainst

i.e. the moisture content (m) is oxi>ressod by a scries 

in time (t) as

I

tiuiOt

. 4.24- a,t + a„t + 
o 1 *-

,,.a aro constants, the coefficients of 
n

Tho cui*ve-rit Line may be done using a

+ a {5.h) !n: = a t • •II

where a^, a.,, 

the Tjoly.iorrlal« 

least sruaros technique, 

differentiated to oxyressioii for tho drying rate as

Th^o j>oliTio::iial obtained is then

a function of ti'p:

ii-l (5.5)na t• • • n

: ! :
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Tho dryiuc I'atQs at various tirsos can be found by 

subatitutini; tueae ti-.i© values into tho a’oovc caprossion. 

'Piijuro 5»^ shoTJS tho pol^Tioiijial of eii.;bth order fitted to

This liiothod can bo useda sot of expoririontal points. 

succoKsfnlly if thoro arc no sudden chances in tho t-iois bui'c

content - tii;o relationship or in its first derivative.

5*^t, Calculation of Dryin.'^ hates

Tho ijoints obtained by i)lottinc noistirre content

'j'Jio errors inacadnst tituo do not lie on a snooth curve, 

tho values of i:oisturo content are not lorce. but if they

aro not corrected, considex'ablo ori'oi'S ai)ixiar in tlio drying

Tho /prap]iical i.iothod 

renoves a lot of the scatter, but it is not accurate, it is 

toilioun, and the user is likely to bo biassed in tho 

di-awincj of the tanijenta.

Tho soiT^aontation j.iethod does not roniovo any of the 

scatter, and unless it is uodifiotl, it is not a very 

successful liiotiiod.

Tlie polynomial approximation nethod is u Good tochniquo 

for snjoothlnG out errors, but tho polynomial is not valid 

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

cannot bo used to calculate moisture contents or drying 

rates at times lonser than xhe oxporimontal drying time.

In addition, tho dryinc rate at tlio very becinninc and end 

of the oui*vc tends to deviate from tho actual drying rate.

If thoro are •..■^any oxpci'imontal points, the scat tor can 

bo reduced by talcing the means of groups of points, i.e.

rates calculated from this data.

vex?'
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li o values.of i.oisturc contents ancl the corroo] onditii: / ■

iirst iivc i.oj.nts, of t’lo second live 

.cntatiuri can tlion oc

(ooo lii

the i ca:is of tlioc • i, •

;!oint3, and so on,

ai’i'licd to rue nev; set of points.

Ai >’..cnd ix 1.1

The pol imoi:;ial a]) roxi^iation

after i.ro'aj and avcrai_,inp,- the I'oints, v;o3’c used

rabies I>, i / and b in Apnendii: H. ^ 

aho\v elm dr. in; rates calculated for a set of data •:

The so.

and

juid the SC;,! .on tatiuno thud

:;!0 t!iod «

on all sets ol data.

varions

: otiiods,

•InaIvois of the Ti-.in; Cnrvo»-

rate a.'-ainst roistiiro content isThe . rai'h ol dr: in;

ahovni in fi, ,s.Toi e ercai : les arecalled the dr:in,- curve.

Tiicsc ia’e really scatter ’ lots, hut trio11 to 5.-1o.

case Ol tie rlriin,:: ratesscatter is very Si :all in the
\ ■ ;

polyno..ial ai jiroxi: ation ; oihod, and the••alcuiated 1 :• cJio

plot is al. ost a continuous curve. 

It v.as found that tliere v.’ero
:■ I

tlirec t. ; es of (iryiny

cur\ o:

(a) The dryin,-; rate was constant, i.o.

dni (5.6)Iv • • •
(It U

!
i

is a constant.whore 

(b-) The dr. inc rate decreased linoai'l: v;itli noisturo contciifc

i.o, tlic curve could be■^'oriod ](after .an initial iieat-ui j «

described V'y

dll (5.7)a + bi.. • • «
dt

! ‘I

l!
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TJic oqualiioii could also beuhoi'c a- aiu: h arc cor.stanty. .. /

written as

= k (r; dt ''
• • •

c'

= -a/l' and 1..vdioi'G k and r, are constants, 1; o
(c) The dryiufj curve was ..ado up of cwo or vliroo lineal'

)
o

sections (sec fi,'* '•?)» 

linoarlv i:ith noisturc content until a critical -loisturo

was readied, the x-ato of decroaso of drying, rale

the dr; in,, rate decreased1.0.

content i;----------- cl
chanGOcl and a second linear section becan, but with a 

si,:allci' slope (b). j'liis contiiuicd in so:, o cases until a

, whenoi.slurc co’iteni; was reached, :second critical c2

iheset)ic slope of the dr; iup curve appaiii decreased, 

corpositc curves could bo described b;,

" dt " ‘"1
(3.3a}) m • •‘elcl

d.. (3.3b)
i.i ■ « a

dtcl

d::. (3.3c)= (i:: - ;; • • •/c3dt }

hxprossioris (3.b), (3.b), and (5.3) can be inicpratod, 

with the initial condition

(3.10)t =1), ri = • » •

t o t;ivc 

froM (3»o) (5.11)- k tV] rs ! • • •
O o ! '

i
fi!'

!.i - I.i -kte (5.12)frou (3*b) G . . *
ri eo

t
I : !■;

i: . '
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frov: (5.9)
- i.i ,oi (5.13a)= t] •« •i;i ,clf;

; i 0 ‘ol

i' - i.i oe2 = crvj'>( ~L^( i<‘t:.
I ■ cl ~ -‘c2

'e') - 6,,;,)) (3.13c)= o
- 11t:i

c3c2

tiii’c at t: =and t^.-, = ‘^’c2*v;liorc t , = ti‘:o at =: nclc J.

The dorivafciona 01 tlieso roriiiulao and others is f;ivcii.

in Ajipoiidi:: .12.p. 

v.'hicli equation fitted the data.

rajif.o of validity of the equations can bo stated thus;

T > 200°C
a ^

8o°0<f^ ^ 2oo“cCl

T,^ ^ Su'^C

doten'.!in,Qci"he air tor.porature,

As a ,ycnoral tpjidei the

liquations (3.^) (5*11}

Liquations (5*^) ond (5*1^) 

iiquations (3.9) and (5.13)

oalcniation of doustants

The va.luos of the constants in an equation fitted to
1

a set of data are very often taken as those values wliicli

of th.e squares of tiie tievlations of"ivo the s!*allost sijii

the points fror; the curve descritiod by the equation.

can be reduced io linear oqvsations hy suitable

Many

equations

transforii-ations of the variables and the least-squares

Tho co)is tai'ifs inliocix'CdTossion -.ctliod caji be a j-

(3,8) and (3*9) can dotcr;;dLncil asequations (3•b}» 

doscribcil bclov;.
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be obtained byTho constants in equation (5*5) 

fittinc a straiebU lino to tlio scattor-plot of ;:ioisturo

con

content aijainst titao usinc. a least squares technique, or 

by a graphical method.

Tho constants in equation (5«S) bo determined bycan

tuo methods:

(a) a straii^ht line is fitted to tho scatter plot of di^yinc

moisture content usiup a least squares technique.

the sot obtained b\' 

.cLhod and tlie sot obtained by 

Tho di-yinc rates

rate a.,ainst

This was done for two sots of points, 

the pol:mo: .ial a]jpi'o:ii; ation 

uhc grouping and sog".'ontatioji i iotliod. 

wore calculated fro . equation (5.5) for all the experimental

1

a liadafter the v'altico of the constants a^, a^ 

been determined, ai\ci plotted against tlie actual

TIio drying rates calcx:latod fi’O'.'

. ...curvos n
: :ois txiro

contents at those tiir.os. 

tho segii'eutation and ..TOu]>ing method were plotto<l afrainst 

lolsfeurc contents of tho intervals, soo figs.the avoi-agc i.

• h and 5.7.

A suocial case of equation (5.b) is xdiere tho term 

is zero, and the ot[uation becomes

-1 = -
then equation (5.1~) bcco :os

(5.1^0• • •

-kt (5.15)« • •o. = ;/> o
\

Tho values of h and in (5»15) can be found by 

using the least squares technique on a plot of log^m 

agaln-st t since

-be * • ft
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the initial iioisturcrhc value oi i.; should be the sa;:io as o

ibis value can. bo forced on the fitted lino ifcontent•

1o<j:^(m/i.!^} is plotted acaiust t and a straiijht line fitted, 

but forced to pass throu^.h the oi'ici^^*

The constants in oqviatiou can bof-'t tjo obtained

i;raphically.

3,7. (btoico of the host Suitable Cnuation

In a ]>rovioua section, the approximate li;J.i.s of

The choice oi thevalidity of cacli oquation wore sot out,

•:iost suitable oquation lor a sot of data must bo covemod In

criterion. Tho correlation coofficient, standard error 

of ostir.i.ato and avorajyo absolute deviation arc sometimes 

used as critoi'ia to coi.pare tho fvcodnoss of lit of oquations.

soiao

3,7,1, Correlation coofiiciouL

A measure of the scatter of a sot of values about their 

is i.,ivon by tlic vai'iai-ico s^,

the .‘it and aiTl d o a t i on ,

The square root of tlioI can

V.I1GU thevariance is luiown as 

trend in a scatter of j-oints, obtained by plotting a set of

y values aL'ainst a corrospon.iinc set of x values, is suriisar-

tb.c y-varionce is duo p;irtly toiscd by a sti’aiyht line, 

tho straight litio trend and pcu'tiy to tiic scatter of the

i’ho square root of thepoints about tlic strai{,ht line, 

fraction of the variance uliut is duo to tho stralcjht line

trend is called tho correlation coefficient, r.

The cori'elation coofficient is calculated froia

- ^)(y - y)
(5.17)r = • • •(n - 1) sy



. /
- 2:2c 2: y ____ __

i[n - {r>:)‘=J [nZy* - (iyrj
(5..U>)

v;iiore
=; Tho i .oau \fuluo of x

y = fhe iucan \'alno of y

Standard deviation of tho x v'alnoo»

s = Standard deviation of tho y valuoHy

u = I.'unber of pairs of x a.nd y values.

Tho correlation coefficient r:oasuroo the linear 

correlation botwocn two variables, i.e. tho do,'ireo to which 

a straicht lino rolatintr and y caii sunitiarloo tho trend in

Even if X and y aretho scatter plot of y a^^ainot x. 

related non-linearly, the cori’olation coefficient indicates

the extent to v;hich tho data can bo described by a strait^itt

The coi'rolatiou coefficient always haslino relationship.

a value between U and 1.

Vorj- often non-linear rolationsiiips between vai'inbles 

bo reduced to linear relationships hy talcing: suital)lc

Various uon-linoar 3rolations]iips

can

fujictious of the variables.

Tho corarclationbo tested to see which is liost suitable.can

coefficients arc doton;dned for tlio linear relationships to

In special situations, tho rolation-v/hich they are reduced, 

ship wliich civos tlio hiniiost correlation coofficiont can bo

Soi.iotii;!OS the scatter in thechosen as tho nost suitable, 

points nay be so larfjc that tho correlation coefficients 

iron different non-linear relationships nay no:; bo

3i£,nificantly different.
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5*1»*^* Statidarfl Krror of Eatii.iato

nic square I'oot of the part of tlie y-varianoe wliicli

called tliois unexplained by the ntraic^^t~line ti-ond is 

standard error of ostinato cmd is calculated frotrj

2.Z n - 1 , 2
“y/x “ O,. - X ■■

uhcro b = slope of the straij-ht lino

= standard ein'or of ostiuate.^/x

5»7*3» Avert^;^o Absol\ito Doviatiou

TIio avorafxe deviation in die y-directioTi of a sot oi 

liOints from a line, (all deviations bcinn considered 

positive) • t;hic]x sunmariscs the trend in the points is a 

measure uhich is useful for co; parin^j different relation—

t!ic correlation coefficients cannot be conpared.

•.■ioasures the aver a/to deviation,

shi' S v.’horc

This dot'lation, however, 

and the devrLation of the jioints fron. the lino i :ay bo croater

Por exainplo, if the trendat one location than anotljor. 

in a sot of ]>oints is inarabolic, and a strai^Tit lino is

fitted, the correlation coefficient r^ay bo hicb, and the 

absolute dot'iation and standard error of estimate 

may be lev;, bxit the straicht lino will fit better at the 

ends than in the i'.iddlo.

avora/TC

5,7,4, (]raph
In order to decide upon the i.sost suitable equation,

a fitted equation should bo supcriini^osod on tlio scatter

then be scon which equation fits best, andIt canplot,
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t
also the scatto3' of tho i>oints varies alon^ the lino.

Pi(jtiro 6.6. shows sonie eqviatioiis fit Loci to a set of 

cxpcrli.icntal points by various noans siipori; ;poscd on tho 

orit;iiial points.

5*7»5» Choice of Criterion

Tho correlation coefficient x- was used to coiiparo 

tho equatiiMis fitted to tho results, Inat the cx'aphical 

method was also used to oxai.iiue how well tho equations

fitted.

5.8, Coiriputor Pro/’a’annuo

A coMiJuOer pi'e^raiiaiic was written to analyse tho data. 

All tiio data was stored in a standard form on maLTiotic tape

Tlio data for each inin could bein ono-di:.ionsional bloclcs.

i-of or. ;cd in tho core of the coi ;putor, and the calculations 

All t!io diffoi'cnt input for;.s of tho data woi-cporf oriiicd •

converted into a standaartJ lor;:: \<.'hon the data was holnc

written onto tlic i.acnetic tape, and sinultemeously other 

calculations were perfort:od such as calculatinc the liumidity 

data fron tho roatiincs taicon, convortin{; millivolt roacUn£js 

to tomporaturos, and doterminiuf/ the air flow rate from tho

jircssurc drop r’.oasuroinoats.

Tile proiirai;ii:!0 to3:t, bloclc dia/praui anci a set of sample

A sample calculationresults aro tjivon in Append 5^: 13»1* 

is {jiven in Apxjendirc l^i •

Tlio action of tlio propranime is deserribed briefly

bolow:
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and doclarinc(1) After initialisilnc the clovdcos 

variables, the first tvo blocks of data, containin^'^ inf or..

/ •

the location and amoimt of the data for tlioation on

various runs, were road from the iiacnatic tape. 

(2) A nunibor v.as road fro:? tho paper tape. If this

the nur.’boi'—1, then the profii'amno tor: diiaied, othen-;iso,

vjhose data was to bo
was

was taken as the nuiiber of tho nn 

processed and tho .ctio . went to (3)

(3) 'file location and 

data for the run to bo processed v/as ro

Oise of the block containinfT tho

trioved froM tho two 

The macnotic tape was ixnspooloU to the 

appropriate point and all tho data i/as road in fron the

directory blocks.

apictic tape and stored.

{h) If tho lain had boon carried out on tho Ilicli Tociper- 

Lho Low Teinpoi'aturo UltT, tho weic^^ts v;cro 

factor of O.Ul to allow for the scalo

Tlion a tare wclcbt was

i;i

aturc Ilic or on 

multiplied by a 

sottine on tho electronic balance.

subtracted fror: all tho i/ci{:ht6.

(3) The wolebt of dry-iiatter in tho sample was calculated

final moisture content (see above).
I

from tho initial or

(6) ilio tnoisturo contents at different tir.ies w'ere

the T«’oi(jhts, anti ftho position of the firstcalctilated from

njoisturc content was noted, "newp”.

fitted to the ii.oisturo content -
non-positive

(7) A stralGiit lino was

time points, to »ncwp” points.

fitted to tho moisture content(R) A straiebt lino was

to (”nfewp"/2) points, i.o. the early parttime points, up

of the dry inf; curve.

i



- 53 -

calculated•(9) I'ho liix’oupint; Iroquoncyi

(10) TiiO ;;oiaturc content a:^d time valuoa verc

i.-aas,

t alien

in .:;roups of s and avoragod.

(11) The average drying rate and average noiatiire 

contents v7ore oalcxilatod for the intervals*

(12) A straight lino war. fitted to the - lot of average

drying rate against moiatiu'e content*

(13) The values of the averaged tii:cs 

contents, aiid of the avox’ago drying r-atos and their coi'ros- 

ponding tioisture contents were printed out.

(1^0 The values of log^(ia/m^) 

moistirro contents gi'oatcr than u.3« 

fitted to the plot of q) against tine*

(13) The sog:.;outat±on method vias applied to the original 

- time points, calculating average dx-ying

and moisture

calculated for allwere

A straight lino was

•iioisturo content

rates and r.»ois ture contents*

(16) A straight lino was fitted to the plot of avoi-ago

r;oisturo content.drying rate against average

(17) ilie values of the avoi-age moisture contents and

drying rates were pri-nted out.average

(Ic) A pol^Tiotnial of the eighth order was fitted to the

moisture content — time points*

(19) The drying rates tvorc calculated for all tlio times, 

tlic coefficients of the po3.>'nomial.

(20) The values of time, moisture coutout and drying 

rates were printed out for selected points*

(21) A straiglit line was fitted to the drying i-ate - 

coutout points, ignoring the first aiid last quarters

from

moisture

of the points*
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(22) niocollaiicouB data aad the t;:aiu result a -wore 

uriatod out,

(23) The co-oxxlinatos of the curve 

constants detorednod in stops (12) 1 (2l) ajid (14) 

calculated and printed out at tAtfcnty oqnallj si^aced tii.io 

values.

calculated by the

WGi-e

(24) Hie ii;aiit results uero punched onto paper tape.

3,9, r.osulta of Calculatioiis

Tlia results of the calculations are .jiven in tabular

and {graphical fom.

5.9.1. l'a>>les

wore determinedI'or all runs, the values of k and 

l)v linear recfossion on the dryJait; rates calculated by both 

the jjolyiuj! lial notliod and the set;T'cntation and (jroupinf;

'Hio avora^^o drylni' rate, was doteri dried for

conducted on the hlf::!i tonperaturo i-ifi.

are showi in tables 3.1 to 3.24 for tlie

trictliod •
Idleall the runs 

values of k and n 

luedlu:.; tciijperaturo oxpcrir.iouts, in table 5.29 for the low

and ktoDiporaturo exporinonts» and tdio values of k, 

for tho tor.porature experinonts are shown in tables

For those runs which shoi.’cd r,;oi'o bixan one

o

3.31 to 5.^4-

drying; period* the values of k^^* ‘ ei* *‘‘e2* ‘*o3’

dotorinined graphically and they eire givenBi - wore“■•cl*

in table 5.2S for the nediutn tenporaturo exporiwenta, and

in table 5.30 for the low temporatiu'o exporinionts. Tho

nui.iber of T>oriods in tiio drying curve depended on the

and hui:ddity of the drying air, bub generallyteiaporaturo
for tor.poraturcs ar.'OVC nO^C: only one period of drying was 

observcel.
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5.9*2. C^raiMx:-:

TIio valaos of k aa'e plotted atralnst air tcuijjoraturo 

in fics.3.1u to 300 for the tuediun toiipcratui'o cxperiuiontiJ,

3.'t9 for the hii,di ic-.'.porntnro creperi: lont-a. 

plotted afjniiist tc. iporaturc in .lit;i^.

3*3u to 3.32 for tho nicdiuri toittporatiiro oxporir.'.ents.

Tho valixoo of 1: obtained for tlia different ijoi'ty oi the 

drying- ciutvb foi' the io*.; tcr.jijorature nuis are plotted ai;;ainsfc 

tciuporatiiro in fi;;.301 aad the correspondinc values of 1.^

and in fi;:s.5.37 to

Tho values of ai*o
0

circ plotted afi:ainst tenipci-aturo in £ic.3*53*

k is plotted acainst loaf to stc:r. ratio (l^) in fib'iu'os 

3.67 to 5.69 for luO'^C for whole {prass, loaves and sterjs, 

k is plotted acainst air velocity for different 

in Ties.5.34 to 3.3b for batches 2J, 21 and 22,tcv-poraturcs,

^ is plotted acainst air touporaturo for tho hich 

tor.ipoi'aturc runs in fics.3.3‘^ to 5.66.

k

5,10. Correlation of tho Itesuly.s

The relationship between, tho dryinc parawotors and the 

operatinc pai*ai:;otors is ,';ivon in the foi'n of equations below.

3.10.1. 1: and Air TcMit-oraturoT.^

It can be soon from tho plots of 1. against air temperature,

A jilot of loculi acainst 

T , however, is almost linear, and fchorofore, tho followinc 

equAtion is pi*oposcti:

loc^k =

tliat tiic relationshii? is not linear.

■^a * 4, '^a
(5.19).• • •

!:
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Tiio values

ol thc^o arc ^ivcn for tliG dirfei'c

in tables W.U,U.7 and toecthor with the correlation

whore h are constcuita.an ia* "b ; /

run Qorios

coeff icier, tc .

r>• lU • K and lir Velocity, v

r.hc rola'ionsljip I’otwcon and tlie A'-olocity of the air 

was detcnrdneci only ior cxperiuients on tlio nediu'.; tei;:peraturo 

The results ca;i bo api>x'oxi”.!atod bj' 

lo.- k

riij.

i; + uSi
cc

/ .

.'\rc constants.

inccriiolatG tho results, hox^cver, since the air tcunierature
Cor4ST*,H'i'

v;as not hold absolutely^while varyiiij’: the velocity, the 

followinf eqviation was fitted to the data by nrultlple linear 

rCiri'csaion;

'"ik • *'*• • •

wlicrc K , II, and K * (-
O Cl c

Hathor than

lor k = K + + K V
■ C i.

h,.* exp(K^^r) exp(K^v)

Gxp(iv )) are constaixts.

(5.21)1. • • •

=-j b

values of tliose constants are {:ivou in tables 5*^8 and

Note that the constEuit ajid the constant are

Thewhere Ld*

5.^5.

coi:ipai*able.

5.1U.3. Ii and the Ixsaf to. Stor; xatio,

TJie relationship betv;ecii k and loaf to stei-i ratio at

constant tei-peraturc and velocity is approxiriatod by

(5.22)F + i; 1^ n 3V • • •r:
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values ox’ these 

51 for 100°G.

iclioro autl are constauts, 

cuiistonta arc nivon iu table 

of sbowiucr tlio do;'.onrlciicy on IcJOf to a tor; ratio is to 

relate the couatants in equation (5*19) *

a xa »-a s

r!io

.iiaotlicr Kay5.

1.0 .

(5.23)1. • • •

(5.2-'0I “lb ■*■ “2b • « •1,

Tlic values ofarc constants.andwhere 1 '
2a* “lb

tliose Constanta are *,-ivcn in table 5*52.
2b

5.10.^1. n and Air Totnneratnro and Iluirldity^
•-*^1 • -m-»jr-ii.n-B •rfniL HI IL I. iT. 11 L

•ycratxu'o^ is dependent on both the air to 

The- relationship can be expressed by

/s;
Tlio i)arat;!ctcr n

and hunidity.

(5.25}+ i::a q TG a

is the absolute hur.:iility 

arc civen in tabic 5.^t^'

are constants and q a
aiid K

where a and h
P

The values of ICof t!iQ uii".

'it constant liuiddity, the dependency of i;:^ 

toi.iporntnro can also be i;iven by

I«

qp
on tlio air

(5.26)7' + i'- • • •I.i t w ac

llio values of ii. aanl 1.., arc
"C kV

are constants.%diero and 3.^^ 

(;iven in table 5.^S.

and A±r Toninoraturo5.10.5. The constant dryin,;: rate

Tlie constant dr>'±ne rate is related to the air 

touperature by

(5.27)Vak • • •ro

axe constants• The values of those constantswlicro K and K r s
arc civen in table 5.53.

•1

Ii.j
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3.10.6. k and tho Maturitv. 1
""Or ■ L . m .1. . g

The constants iii equation (5..'i6) ai’c rola.tcd to the 

loaf to sto:; ratio by

^r = ^-Ir ' (3.28)1 • • •'2r a
tUill

(3.2?)i: ^*ls "2f> sI • » •s

arn cons tani: s , v;aich arc {jivenwi.oro 3:,,^,. r,u,3

in table 3»3^i»

3.10 • 7 • Tho bffoct of ChoT> Lcu^’•th

Fro:-! the plots of and k^ a-'^ainst tho tciisjcratMi'e, 

in ri,:s.3.37 and 3.3’^f it can bo soon that tho chon loiq;th 

has no cifinifican I. erfocit oa t!io drying; -yi'opo^rtics in tho 

ran,';c 1” to 4".

3.11. 3nt.-i !arv

200°C Lho dryiTi{v of i.’holo ,-yraos can bo describedAbove

by
dtii

" dt " ’S

= - 1.50'O + 0»o2hV7 o ^
TaldLuy all tlio results,

k = - O.IS396 + 0.02468 r_,. o ^
Belov; 20o°C, the dryiuc equation is 

dt ”

where k

loaves and stems inclvidod,

1- '>-

= 0.02363 cxp(0.01937 i\}

= 32924 - 0.22433

Belov; 80°C, tho equation consists of up to throe

whore k

*1
o
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parts, oacli of tlio fort;:

dm

ajid . are related to Lho air uoK’.jeratiirc and

ci^d I

nhore I:"■± ox
Imiiidity ly (5.19) and (9.25). 

equations are civeii in tables 9.-‘7 and 5.50.

The constants in tlioso



- 70

oiL-U‘'n:u vx
PjnSCU^^lOrT OF IICCULrS

6,1. ilic Piolo.-:v of Orass

In order l:3iat the rosulto r-^y bo d.iscuosed in toriiis 

oi’ the titriTcture of tlio {^rass, a chert dcecriiition of sotie 

of thic rcle\'ant topics is {jivon.

6,1,1, Anatoar^’' of Grass

A iTi’asQ plant is r.ado up of roots, loaves and stoi s.

The roots are usually nu; .Qrous and fine and thoir i'.Einy

br;uichca form a donoo liT>rous isuss.

Tho stei.ia fire cylindrical and liollov;, o:n:copt at tho

nodes 'wlioro they oru solid, Tho leaves arc arranf^od on

the sten in two ultomatinc rows and consist of two distinct

parts - the shoatli whicli is attached to tJao stent at a node

and enclosoo tho youncor folded loaves, and the blade whicli

Tho leaf blades i .ay vary considerably in s±:z,cis free.

and shajje, but they aro usually lone: and narrow, 

blade may also bo folded, rolled,expanded or very . ucli

Tiio loaf

and it is often covered with ribs or rid/jos.tliichonetl,

The slioath in a tubulfir structure v;hich nay bo split or

entire.

6.1.2. The Uollular Structuro

All piaiits are nieido up of colls, units consisting of 

outer v/all enclosing' an inner sijace. The siuo, shape ' 

ajid contents of ceils varies considerably froivs plant to 

plant and within tho plant according to the function they

an
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Tlio roll walls consist .ai:ily of collnloso

Thoro is also a coiiplex systo?: of 

iatorfibrillar si-acos v;hlch ai^o vory narrow ami act as fine 

irrorular capillarios.

id air, tbose spaces arc filled x^fitli v.'ator and water also 

lies on the ontsido of Lr.o coll walls adjoining; liio inLoi'- 

i.ollnlar syacos (see l-olov;) , 

j'cr.eablo to water and solutes.

porf or:..

aa'ranyed in labors.

iant is exposed to vory.lion the :)!

The coll walls arc very

part of the cell is the protoplast andrho liidtn;-

The rytoplasr:corsis ts of the r; tojilas. and the nucleus.

Vs a collIs a viscous fluici and tiio nucleus rests in it.

pi'ov.s older, it heco on larycr, hut the trytoplasn is yreatly 

ret .iced in sli^.o until it for. s a lininc around the inside of

the wall, frov which it is so] aratod hy a 're’.i.hrane called

file s;iaco previously occupied t>; thethe plas •ale;

(.; coplas Js taiion up by ti'.c vacuole. 

larp;e central rorion and is filled with a watery fluid

This occupies the

The vacuole is separated Iroir tliocalled tlio coll r.a]>.

the vacuolar • e!;;l,'r:ine or touoplast.c; to]jlas: '

r'i/..nrc 6,1. siiot;s a cross-section of a loaf of Italian
(lb /

i 1 \

e Grass as seen nidcr a r icroscoj'o Tlio follov/itif: 

should bo noted (t.'io letters refer to iipnire 6.1):

• \

1 eat\:ros

These are ny.ward.A. The ribs*

The v.ascular bundles or veins lie in jiarallel linesI’.,

mnnlUi'r fro:: the base of le loaf to Its anox and are

connected cross-x^iso at irro; iilar intervals. i'hey

usually lie betx%'eon the ribs and each h'undle is

surrounded by a sclerotic slioatlu
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C. Tho epidcri.:al cells arc re<,ularly shaped and lie Just

below the cuticle (d), which is wax> aiad very iopoi'\^ous 

i'oGethor, those act as a coveriu.j for the

t ■'

to vjater.

interior o: the loaC.

a .Mass of soft spon^i: colls . akoo up .:.ost

■ ost of the livinj'

k. i'hc i csoj)Ii:. 11,

of the Interior of tlic loaf.

ri!0 iicsoi-hylltlio flant take place iioro.•^rocossos of

is characteristically i;rQen duo to tJio presence of the

There are also air spaces 

called intercollulai' spaces (?) .

riirou^-'.j these

sul'Stance chlor»jjihyll.

throu, .iior.t the . osonh.yl3

tho stODiata.i. tlio base of the ril s arc

andthe T)lant rocoives carh'oii dioxide and oxyf;en,

L'hore are : ;any stoi ;ata on areleases i;alor vapoui'.

to 300 ].'or square . illii otcr, and they are1 Icxnt, 50

well coutrollccl in 03'dor to x-ocfilato tho paasacover^

vapours and cases throu{;h tliet^.of

ihe i.:oi3turocells surround cacJi stoina.][. ik/o ; at arc

content of i.aoso cells cliancos Avith the im^idity of 

the atriosphero.

1 y water diffusing; to an adjacent coll, the /:uard colls 

t.'GCO. c less curt';id, or stiff, and n'ola::.

•..hen tho ..oisturo content decreases.

L'lio ato!.;a

.oisturo is r.rovcutod.is thereby closed, Jind loss of

oisturo content of thoriie I'overso happens If tlio

These ipnortl colls and otlier no tor 

coils arc responsible for tho leaf rolliiq; ui» to xirovont

cells increases.

loss oi' ..oisturo.

i icurc 6,2, is a cross-section of a shoot, and it can 

it is liade up of a nur.ber of rolled :.oun/jbo soon that
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Fi^iuro 6.3 is a schouatic cross-socSion of a stem 

showinij Lho vasctilar bimdlos which carry tho water uiicl 

rduoralo to tho various parts of tlio plant.

loaves.

6,2, Transpiration and IlosT^iration 

^.'ator accounts for 

up to 01',i in SUMO plantst and is ahsolutclj' essential foi 

However, a plant needs elements for healthy

growth, and it obtains tlieac fror; salts clissolvoiJ in watex’

TIio solutions are absoi’bed almost

most of the :;;attcr i-n a livin^^

lif c.

around ito roots, 

continuously by tlio roots and pass to all parts uf tho plant.

ot tho n;ator tahen in by tho roots is lost in trans- 

T)irat.ion fror: tho loaves, for oxariplo, 9SV' in i.iaiao plants.

A St .all mortion of the roi .aindcr \diich is retained conblncs

host

chemically viiJi carbon diouidc, which is absux'bed through 

tho sLo!;ata on tho leaves, by j lio tosyxxtiioais, to form sucaro

In the iiair.o portionant! o t I'jor carb oh yd rales.

is about 0.2'/. of the v/atei* tnhon in by Lho roots, 

carbohj'drates whicl; ax’O formed co:;bino with the mineral

The

salts to foiri now coll v;alls and othoi* proto]>lasi:iic sub- 

I’lauts also rosjiiro liho tuximals, therebystancoa.

roleasin^; carbon diu;:idc and c:iGrj;y frori the caruohj’xlratos •

j-hotosynthosisHcspii'ation is tho revox'su of jjio tos\-ithosii..

I'oquiros solar OTior^’y and occuxfj only in dayli^jht, when the

effects of the respiration procoos aro coi-jilotelj'^ «mskcd

bv those of the pliotostTithosis pi'ocoss

Tho soil solutions piss thx'oufiii tho x'oots to the various

pai'ts of the plants thx’oufji vessels or cUtsmols r.>ri;:ed by 

tlic walls of tho nylc.'., collected to fox'., vascular* bundles.
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the processes of evaporation

r.iolQcnlea of
Transpiration involves

Under suitable conditions,

ojcposod coll surfaces adjoinin{7

inside the loaves, and they diffuse

and diffusion.

\mtor dotacli thonisolves fror.i

the intercellular spaces
Most of the waterthroufvh the stomata to the outside air.

althou^jh diffusion throu/rh theis lost throiirii the stotiata 

walls of the opidori^al colls, cuticular transpiration, also

tttomatal tronspii'ation to cuticularThe ratio ofoccurs,
louo: 1transpiration rajiccs froi: ^:1 in thiu-lcaved plants to

in thick-leaved succulents.

The most important o;:0cmal factor coutrollin,': trans­

piration in a well-watered plant, in still air and sunlight,

lont as the vapouris the hui;idity of tJio atmosphere, i.o, so

of the ■Jv’ator in tlic inter cellular space is f.reator

’■rossm'c in the outside air diffusion throuc*i
press lire

than the vapour ’

The I'ate of diffusionstomata will Ual.c place.

stomata is o?:tromoly hi^h for their size and a

tlio 05)C7\

tlii'ouph the

stor.ata can lose as uaich water as aleaf with, fully-opon 

free water surface

TI;e rate of water loss can be expressed by
(58)

(/vftor Browne & Bscombo)

u (Pi - % *v (6.1)i;;s » « «
L_ +M.’

n;s 2

— Volutje of water vapour lost per hour
ftVl8f hr.

f jwlioro Mv
= Diffusion constantsn
= I'artial I'rossuro of water vapour in the

lb:0^ft^
i’i

intercellular space.
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// •r: i-artial I’rcssuro of Water vapour In tlio
2

atnosphoro.

=* Nupibor of stomata por unit surface area ofns

leaf.

= Mean area of a otoma4ns
L = Meaii Ion,'fell of a stomatal tube ft.

ns
ft.= Moan radius of a stomars

V.'ator is continuously' i^iovinti tiiroucb tho jilant by

V.'lioi\ it readies an invor-diffusion fi’oi.i cell to coll*

collniar space it is vai)oriscci and is carried out throu^b

The water r.ovcs by diffusion under a noLativo 

It can bo shoiai that evaporation of water

idle storaua.

]iressure force.

fron a porous pot produces exactly the saj.ie negative j^rossurc

(35) list the natural forceseffect, Jones and Palrior

responsible for the passage of water tlirough living stems

(2) UsMotic j'l'essure; (3) The "Ihillas (1) Ca.nillarity; 

of Transpiration",

riio Form of the Drying hquatioiiu . 3,

It is not possible to say precisely at what stage one

typo of equation ceases to describe the drying of fprass and

This is because often at leastanotlior one takes over.

For example.two typos of equation can fit a set of data* 

an oxiionontial equation with a very small rate constant, k.

and a very uegativo asymptote can fit a sot of data obtainod 

at high toiiiperatures just as well as a straight line (see

fig*6.6}• Tltc point at wliich an exponential oquatioji ^ves
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way to a linear equation, is, therefore * rather va£7uo»

Neither is the cliango from a two or throe-period exponential 

equation to a sinfjlo-exponential equation clearly defined.

The a])proxiiiiato Unite of validity for oacli typo of equation, 

howevox', can bo stated ast 

T^^200"c - = k (6.2)• • •dt o

_ iili8o°G^'^^2oo\' e>14 = l-(dt ' i;i —

dill = (6.4a)'"cl dt

T ^30°C n dt = ■ 'Vi>

■ dt “ '‘3^'“ " '‘'e3^ (fi.'ic)

PI'=‘c2^ cl

TIio choice of these litaits is based on an examination

of the dryin{; curves, althoucb it is arbitrary.

,\n oxajiination of the plots of k afjainst tetmoraturo

shows that the scatter in a plot increases as the tonperature

This is because the dryinj'; rate is constant atincreases.

hifh tot..neraturo3, so that k has no real nioanin/^. Tlie

value of 1:. should, in fact, be zero:

dm (6.3)= O.n + k^ dt o • • •

hue to oxpox-inental error, however, the dr^iintr cuxrve is not 

a perfectly horizontal lino, t^iviix^; k = O, and consequently 

k can asstrno a wide ran^jo of values, dopendinf; on the scattor.

!
1

oven to tho extent of Uecoiiiufj ae(jativo.

6,4, Tho Constant Rato Kguation — Effect of Ill^rh Temperatures

Equation (6,2) indicates a constant di-yinfj rate.



/XhisinUopoiiclcnt of the uioiature couteut ol tiie 

plionot.enou is uyuahly ayaociatod witli cvajioi'atiou froi 

froc-v.’atez' surface, and it iiiplies that the coutrolliiii: 

rosistaiico to iioisturc niovoi.icnt does not lio within tho

'J'ho constant rate was only xoujicl at toMporaturos

/ ■

:i a

[:;rass,

above 2{jO*^C and t!ie s'ato was found to depend on tho air

tcr.ipei'atvu'c as follows:

Kr (6.6)k • • •
o

When crass is driedwhere K and K are constants, 
r s

artificially, it is subjected to Much liicher teiaporaturos

than it is in tho field and the rate of water loss by di-yinc

binco tliois I iuch {jroater thasi the loss by transijiratiou.

is still alive for sof.o tii:io after it has been cut,crass

tho autouatic reflexes of tho puard colls will close the

stonata as the air toiiijorature is raised so that trajispiration

cannot take place, 

hiph air temperatures tho drying rate of alfalfa was affected

A closer oxardu-

(82) claimed t]iat at very\djitncy ot al

by the decree of oj>oninc of tlio stoi ata, 

ation of their results, hov;ever, shows that tho decree of

aperture has little effect, and, if anything open stomata 

tend to ipLve a lower drying I'ate than closed sfcoi:iata. 

addition, the decree of aperture of the stomata is very 

unlikely to remain at the Aralue at which it is measured prior

In

to dryinc.

An. increase in the tonporature of the dryinc air 

increases the rate of loss of water from a plant very itiuch. 

This could be explained by tho increase in the diffusion
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which is usually expx'ossGilcoofi'icicnt with tci.yooraturc 

by an Arrhenius typo of equation

1) = o:<p(-I>/T^„P

= Diffusion Coefficientwhere D

D and B ai'c constantso
Absolute Teniperaturo.^abs

This Incroaso would result in a decrease in the cuticular

Tiio liifrh air tonporaturot however, probablyroaistonco*
(72)

produces a fundai::ontal phj'eical chantjo in the grass

exposed alfalfa stems to ste2ii. and(11)Dyers aitd Rout ley

They found iudica-tlion oxaninod thex! under a microscope*

In addition, the drying rate wastious of nolted wax*

increased considerably by the steaming, 

of the cuticular waxes is about 80^C, but the grass toinixor—

The i.iolfcing i)oint

aturo ijroljably remains below fne air tomporature durin{; 

di-yiiiC because of ovai:orativa cooling.

will i)robably not liolt imtil tho air tomperaturo is raised 

considerably above 8u°C»
Tho work of Thaine^^^^ i>roved that the removal of tho 

cuticular waxes increased tho rate of drying, 

the v/axes by itiiticrsion of the plant in petroleum vapour, 

and co!ii>arcd tho drying rate of treated and untreated grass. 

A considerable improveuient in tho drying rat© xvas observed 

after tz'oatiiient, and tho dr\ing rate was alinost constant

The renoval of the

Tho wax, therefore,

ile rciuovod

during tho first stages of drying, 

cuticular waxcos also reduced the resistance to heat transfer.

so that the loaf lieated up iioi’o quiclcly and to a higher 1
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Thia c2:plainoci part of tho increase in the 

Tile I'C'.iQval of tho cutioular v/aijces iiust also 

reduce the resistance to r.jass ti'onsfci' i^i the plant to less

riiG air

tcuiporaturo.

drying; rate*

vhon the resistance in the suri'oundxuf; air. 

rosiatanco thou bccoi.ios tho controlline resistance and a

constant drying rate results.

Tlio Kxponontial Ikiuation - Diffusion

ijquation (6,3) above is tho sa-ie as that proposed by

, binnonds. Ward and Ilcihven 

to doscribo the dryiixf, of thin

(63)(32)Allen^^^ , Henderson and Pabis
(8)(^9)O'Cillatrban and IloycG

Tho equation postulates that tho drying 

rate is directly proportional to the difforonco botxvcen tho 

oisturo content (dry basin) of the {yrass axid a liinitinc

This iusplieo that tho

controllln/T rosistaixco to dryin,-; lies within the rcrass.

layers of

valtio of tho t'loisturo content.

Tho

limiting value of tho noisturc content is known as the

In ordei* to havo a physicalequilibrium r.oisture content, 

intoi’iii'otatiou, the cquAlibriuiu -.ioisturo content should be 

liositivo, unless there is a loss of dry-matter. It follows

that if tliGi'c is a loss 01 dry-niattor tho equilibrium moisture

This loss of dry-matter docs occurcontent i say bo nctativo.

at hich air temperatures, as slioxvn by tho charring of tlio
(79. 80, 81, 82)Idiitnoy ot al descritiededcos of the {jraas. 

tho dr:,'inG of alfalfa loaves at hifii tonpoi'aturos, uj) to

Soo°0 by tJie equation

{0.7)- Ici:i • • «dt
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=: 0 antiTliio is a special ease of (<j*3) i.'ifch i:;^

that thci'c is no dry-uattor loss at liich to.’ipcratnrcs.

thci'oforo equation (6.7) 

At about 100°C,

There is, howeveri a loss, and 

is not suitable for hiyli toi:ipcraturos• 

the value of is aero,

In addition, an o3;a::dnation of V.liitncy*s data

tliat either (6.2), (6.3) or (6.7)

and then equation (6,7) is valid.

(710 shows a

coitsidorable scatter so

covild equally well have boon fitted to tlioiii. 

like this, wliorc i:;any equations can be fitted to one sot of 

data, tlio aiiiplost equation should be chosen luiloss there

In cases

are strov^c reasons for choosinc another one.

also be obtained by pootulatinc thatliquation (6.3) can 

the dr;,inG' rate is proportional to the difference between 

the saturated vapour prossurc of the material and the vaxiour

of %i?atcr in tho dryinj; air, i.o.,pressure

(6,8)_ ^ = I; A ,
dt c "‘t

• • •
tz

overall t^ss transfer coefficient, ft/lbf hr.whore k
^ 2 

\ = Area tlirough which i.iass transfer takes n3.aco, ft
r.it

= Saturated water vaijour pressure of the 

iriatorial, Ibf/ft^
2= v;ator vapour pressure of the air, Ibf/ft 

= Distcincc tlirough which mass transfer takes 

place, ft.

This is a diffusion equation.

Tlio r.ioisturo content of the ::;aterial v/hich is in 

oquilib»rium with air of vapour pressure is ui^, and m is 

the moisture content which is in equilibrium with air whoso

• 3

A2
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Lhiis Uxo oqviatiou (6,o)xvator vaiioux* ixrcssui-o iu
O

reduces to (6.13).

The drying constant lx xvas related to tlio air temperature

(6.9)• • •1: na
This is the same form 

^ ^ for the h in (6.7).

hov;ovor, showed that

are constants.where aatd

os that found by IHiitnoy et al
(S) and Henderson and Pabisiloyco

for thin-layer crai^^ drying

(6,10)

is the absolute air temporaturc. 

liowcver, that (6.lo) did not describe the tomporaturo 

dox'endoncy of !c for grass.

At low ter.iporaturos, on

foxind that the dx’yinc constant k was affoctod by

♦ • •k =

It was pi'ovod ,xv'hero Tabs

the medium totipei'aturo rig.

i t \iCl3

The far-'i of the relationshipthe velocity of the air.

was
(6.11)= cxr(K^v)k • • •

at constant toHsporature

constants and v is the i:ia3s volocitj*xvhoro K^* £3nd
2of the ail' {lb/m.in .ft ). 

a foriii that it was easicx' to fit a composite equation of the

arc

Tlxe data hoxv’ovor, xvas in such

form
H(6.12)= K^.» 03tp(KjV)Ic • • • •M

The velocity of theand K. are constants.where t

air should not have affoctod the drying chai'actcristics of
J

!
!j

if the Controlling resistance to drying lay witlxinthe gx'ass
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tUe thlclaiess of tlic 

too tlixck for 

conditions to bo 

the lonfj heat-up jtcriods in

It may havo boon that 

layer of fjrass in tho oxporiuonts, a"» 

the assumptions of thin-layer

tho crass#
was

This woxild also account for

some of tho runs.

tho equilibrium ir.oisturo 

tho toniporaturo of the air, 

Mebwen and 

proposed the relationship

Tho parauetor ;;i^# known as 

content, was found to depend on

and to a lesser extent on tho humidity.

(•il)
and Iloyco0*Callachan

(a.13)• • •!t + h
Pe

is the absoluteare constants, and x 
qand Kwhere K 

huirddity of tho air.
(31) proposedliondcraon

nl (6.14)• • •1U
“^^2 "^abs o

l^olativo huiiiidity of tlio air, decimal.whore rh =

nl and n2 are constants 

A siiiplor relationship is

e p q ‘3.

the effect of humidity.

(6.15)• • •l.l

which icnoros

All of these relationships were fitted, but (6.13)

found to clve tho best fit by a small marcln.was

6,6. Tbc Low-Tomperaturo Eqxiations
found that at air teiuporaturea below 8o°C, 

shovjcd as many as three distinct periods of 

each I'oriod boinc described by an exponential

the •It was

dryinc curve

dryinc*
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tlte / '
equation (-j*'; t-eu A aO

airrci'iou and tLo

re3.utioushii‘

each2, 3} if*' •I'ato cuustiriu k i a i,

tcr.iperatui'f' \<aa ol the furci (u.y;» :uiu t!.c

3}(i - 1. 2,iotwoea the asi i.iitoto in oaeli period, 

oiu] liho air to i oratux'C and hui-idat:, the loir; iii'..as of

and iiUi-iiditythe corrclatioji hotwoea

critical r..oisturo contcr.t,
(6,13)• ;ov;c vor,r

ihe second\,-as very
Vtwiahlos, hut tlioro v..;iu

did not SCO • to Le rolaLcc to any

for the lowand :.LOV ho tueena coi’relatiou oi .■ cl

tc q.'uratuj'o xanis.

tho ’-hreo j-oriods ol' dryinguac v.’a} of in Loriae tin,'_,

atei in a liviiq; plant oxi-tts in Jdireo

huirii^ distineuishod hy the case

;.Len the iirass is

is as follows;

tliifcrcut j ori.s , each I'oii. 

with which it eaxi ho 

dried, uaLor is rcuioved at 

it is hold .ost loosely.

rc'i.ovoc Oj dr>ivid»

those rcci-ons where 

'water store is depleted.

A-rst fru>..

ho tne

and the dryinL' ratedryi’ip increases

critical i oisturc content

the resistance to

t3*c i-o.sistauco t-o
is reached..hen adocroasos.

the second ruyiun also 

oval in the first 

nov »i -mr. .lar£;ci' <iHa*itat> Oj.

loses v.-ator, as

There isiutd socuiidi i'C'dioiis i.' equal.

'water 'wliicli can bo rci.ovcd.
reiii

Ther.ii'.c. i’atc does not drop oil so steeply, 

to rcuval does, however, increase as norc and

and the drying rate decreases fuxthor.

is reached, the

Llm uso thiau

resistance

•water is re*-ovod , 

second critical

to re;; oval of water in the first two rocions is

i;;orc

i;oisturc content i t c2hlien a

rcsisttuico

that in the third and this also loses water.

of the dryiiiij rate is lo;-.'crcd further

equal t o 

The rate of decre-se



v.'honavailable ±or roiioval.

is readied* the clryinc

still as uioro Mater beconioe

the cquilibriuM ; oisturo content 

ceases* as oacii region la

One '.'lay conjectux'o as to wliat

A possible explanation is*

(a) Liquid \tfatQr exists on 

walls adjoininK the intercollnlar spaces and on

at eqnllibriur.i with the air.

the three lornis of

water are.

the outsides of the cell

the external

surface of the loaf•
solutions in the(b) Water is xirescnt in %.’oaL aqueous

vacuoles.
solutions in(c; Water ie present in stroiur aqueous 

the cytonlasn.
fcho initial usoisturo contentTile relationship botwoen

ci'itical molafcuro content sufTGQSts that thereand the first

a certain aj ounc of [.’.oisturc vniicli is easily

ar.iount of wiiich is independent of tho moisture 

TJiis afpreos with the postulation of 

the intercellular aix' s]jacGS and on the

When crass is dried, 

v.iiori it has all

is in ixrass

roi.iOVGd ctnd the

content of the crass.

water oxistinc i^^

surface of tne- plant, a^voii above.

water is tlio first to be roloasnd.this
bho first critical moisture content isbeen driven off *

w’hicii is left undisturbed will jjrobably 

of this loosely Iteld ijater, and hence will 

first critical r.oisturo content, if it is

Grassrcachoti.

alv.’ayc have so io

always have a

dried•

.Yt hichoi’ temperatures, this critical -loisturo content 

not evident, probably because the removal of the

that tho event was

was

loosely held water took place so quickly
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botv-oen the initial 

critical luoitituix) content 

held in tliia loose otate*

iirst

iu>t deioc Vhe ctifforoncD

uoictiu'O oonLout ai^d tlic Xii’st

roprooouts tbe a«i»onnt of water 

Suppose that tLc evaas is dried to beyond its

then left undisturbed forcritical uioistturo coutent and

dryixiii is started acaint anotlicz'

TIio moistiiro

removed while it is 

v.’i{prates from the roiiions

irijon tlica while.

critical molstui'o coaLcnt will bo ohsorved. 

conteni; ^jradients within the '-rass 

left uridistva’bcd, •md aorso water 

wlioro i-vi is J.oid moru tightly, into the intox’collular axr

showed that by suapendin^i the dryiUt;

are

Jlfuidallspaces.

the Molstui'c coate^it t?-'adio*it in the ^prass was 

re3Uiai>tion of the dryin^t the initial 

much iiitiior tiian the rate uhoti the di'yinn

pi'oeoso t

I'omoved ( and upon

dryint; i-ato v/as 

was stoi'pod.

In A2>poudir 12,6 

throe~i art cujrro is tjivon.

a mathoi.iatical treatment of the• t

6.7. tiffcct of Grass liiysicol .nronortios 

{voucral conclusions on -the effects of the crassThe

physical pro]-.ertioe may be sumtuarised as:

leaves dried twice ax3 fast as steins(a) on averace.

of Ituiiaii liyo Grass.

(b) Youniior LXasG dried sliciitly faster than older 

including leaves and stenis alone.crass.
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/nnaffocted Ir.(c) The drying charactoriatics %vero

lonfjths from 1” to 4".

(d) i'oronnial Rye Grass dried about twice as fast

clioppinf. the f:raos into

as Italian Ryo Grass.

These conclusions aro svibstantiated an Gxaudnation

of tliG i>lr'sical proportios of the (p’ass.

Leaves dry l oro rav>idly than ste.ns for two reasons 

an.ci cuticle of a stoni arc about j

leaf and (b) the water has furtlior 

flian in a loaf • 

tliafc the axial diffusion

fiir.QS(a] tlie epidernis

thicl.or than those of a

to travel to the surface in a sten 

(‘U5) has slioimPa;7iall

of alfalfa is ten tlj.cs f.roatei' than

tho I'adial diffusion coofflclonti eind 1000 tivios {preator

;t lai';;c pro-

coofficient of stop’s

chan Che ej'idori'al diffusion coefficient, 

portion of the dip'xny takes ]>laco through the cylindrical 

sides, however, since the end area is very sicall relative

to tho area of

short; lengths.

tho sif?os unless the stons ai’C chopped into
(44) show^ thatiseax's and Robertsvery

unless the stoi

S/d ~ l)i which is about l/lO" for I’ye iprass, not 

nucJi improve'!cnt in dryin;. can be expected,

expected that leaves v/hicli are ohopy-cd into very si;iall 

will dry faster since tlto '.oisturo will be able to 

thx'ouch tlio open sides as t/ell as through tlie

lcn£;th is reduced to near tho stor; diameter

(i .c.

It is also

to be

pieces

escape

id or. is an<] cuticle.op
prows older, it becoc:cs touylier and the 

ox tho epidcr'mis increases.

As pxass

Younper prassthiclcnoss
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therefore dries uiore quiclcly than older ^rasa.

I'oronnial Rye Grass (generally dirios 

Italian Rye Grass.

leaves and lo\vor loaf to stois ratio#

I’oronnial Rj’c Grass.

twice as fast as

to the SMallor 

which is a property of

This is probably due

:.ont thin the i lant■ o is 1.11 ro .".ovo^6.B. dochanisii of

<lricd will always > ove 

Pince I'esistanco in 

different in distribution :uul

the path alon/;,

lioin-^The \.’aLci' in tlic prasn 

aio.’id the paLli of least I'csis tance» 

"blio loaves and stcuo is

the different struct re,! riiy. 11ude, due to 

which the water .ovos 

tc; ''oraturos water in the s'^cris 

and in a raiiial direction.

At lowwill bo different in each.

: ioves in an. axial direction

VJhon tho whole cx'ass is dried, 

tho leaves fi’O!’. the Sucsis,tlio water i.ovos intotiOi-e ol

to water ronoval is lower in the loaf' 

In tho loaves, water is probably lost 

stor ata at low toi iiicraturos (uji to 00°c) and

a tocotlior at hicher

the resistancesince

than in tlio ster 

through ti.o 

thronph the or-ider!.d.s and sto. at

I «

to* I'oi'aturos •
{66) that the rate ofdla t: orIt has t'oen noted oj' 

Moisture flow under nort.ial conditions aloui; the coll walls 

through the cell walls (sec Ii{j.6.^)*

tho

is fifty times that 

Although tho resistance in tho coll v/alls is lev;.

tho inside offers a considerable resistance

Tho wator probably ciovos alone 

overall concentration difference (m

cytoplas;. on 

to the inovfjrnont of i^ator. 

its path under tlie 

or (p^ -* P^)*
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the c:rass it 

to 10U0°C for short tines. 

The loss of lioat from

In hi^ii tet.ipox'aturo nnoun-atic clriors, 

subjected to tciaporaturos up

but voi'y little of it is burnt, 

the {jraso due to evaporation of \mter Keeps it cool ui

air whore it will not burr..it I’vassos to a rooion of colder 

The iioisturc, thorciorc, riovos 

rather than as a vapoiir and the

the leaf as a liquidwithin

plane of vaporisation does 

sipxificaut extent. 

foi' lone: euou{?h, however, it is

If
not I'otreat into the i.racs to a

the dryluG is cax'riod on 

likely tliat the surfacd of

the interior of tho {^ra.ss and

evi-iporation eventually 2'etroats 

tlio water moves part of
into

the '..ay as a vapour.

which had been dried at about lOO C-

A bvirst coll was 

out of t lany sections, indicating 

ihe loaf was below 100°C. 

had suddenly jxr;;pod to 100 C,

.v.«clions of i^rass

aiu] studied luidcr a microscope.•..’oro cut

obsoi’ved in onl'.’ one case
If theChat the toi'i oraturc of

SOI !0 of theleaf temperature

cells would have burst.

rcsistanco of the cytoplasm at lovj tci:;pGraturcs

that tlie
The hi,';h

iiaintainod at hich temperatures sois probably also 
moves

water Alonir the coll walls raslior . It isthan across theia.

that the cuticular waiios molt at hi^;^ te..i-almost certain

that all the loss of water occur-s throuch theporaturcs so

epiden iis •

I^ansfer Aspects of Grass Dryini^6.9. Heat
It has been pointed out, that due to tho evaporative 

the teuiperature of tho (yrass is probably i-.uch lower
ooolii'C

It is von difficult toof the drying air.than that
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in sucli a ss^all ptu^Lic-lc 

:„ado, usin,; very

lar^o steus, to iiioaaiire the chanijos toiiporatnro of

/ ■

noasnro the tc:;:peratnro chan{;c3

aa a piece of {jrasa, buo a:i afctoi;ipt was

of the plots of tenpoi'acuro 

It can be seen
stens aa they Ux'iod.

tine is shuwni in fic»^«5«

one
that it

a^ains t
roach the tc::iporatnro of the 

evaporative cooling and

Caloi'x-

totook so’.ie tine for the otot s

ibis was due to bothdi'yinc air.
convection boat traiisfci •slow heat conduction and

difficult to a.nply to crass and c^ain, 

solution and also to the
i.iotiic tochniques are

duo to the phono! cnou of Iieat oi

atorlal ajid its low specific boat.

oist r.iatcrial uay be expressed
bulk'- nature of the

The specific beat ol a 1 i

as

]] tu/lu .dry i.uit

constants and :.i is the i.ioistnro content 

not be a function of moisture

( Cl • 18)
C - o<.+ 6

p ‘

v;boro o( and ^ 

dry las is. «>< 

content•

* •.

ai'c

. .ay or ay

(6,13) cat! bo rewritten as

(6.19)(1 + jr ) • • •
C = ^ JP Pd

is tlie si'ccific heat of the 

If y = 1 then the srecific hoat of

where T is a constant and 

dry ..attor at m = O •

is independent of the laoisturo content, 

found tliat for crai’i 'JT = 1, and

has sho^m tlmt the noi^cntuii transfer data 

obtained by uoasurinc the pressure drop characteristics of 

bo correlated by considorin^i the crass as

the dry uiattor

= 0,3.It has been

yoran

crass can

Convective heatinfinitely lone circular cylinders.

coefficionts can be calculated for crass on thistransfer
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basia alao on oquatioa of {.ho for”.

= c I!o“ i r‘' (6.20)Ji • • •
c

is fciio convoctivc^^here a, 1» and c aro constant a, and h^
2 o

boat tranafox* coefficient, htu/hr ft r'.

6•10• Conclusions

Tho drying'; of /^rass can bo doocribod by equations (cj.2), 

(6,:j) and {0,h) uithin the liidts of validity sho'.m.

The influence of air tcuporcafcure, velocity and hu;!idity and

tiiven by equations (u.5)t (6*p) and (o,12). 

The Constanta in the oqviations ai'c i^ivon in the tables in 

cliaiitoi' 5*

crass raturity, arc

TJic nochanisni of drying is probably liquid diffusion 

alour tiro cell Kails and the veins.

So^C, Kater is released at first fron those rocions whore 

it is hold least tichtly, the iutcrcoilular spaces,and out

At hich ter.iporaturos, the different

At Louiperatures below

through the sto-'ata. 

states of the water do not soci:; to influoncc the dr:,in£;.

the cuticular vjaxes :aeltAt vory hii,:li te:.;poraturos, 

and water is lost directly through the epiderirJLs, 

toini’.oraturo of the {prass is Iccjit below the tonperaturo of 

tho drying air by ovaporativo cooling;.

The

iiiiij
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CHAlTmi 7

^ijfui^iTiQM 03'' A nEEP-m:D pmiAi

7•I* -jj^truducfiun

If the drying: cliaractoi'istic:.! oX thin lai crs of a 

i.atorial aro Icnowi, t'lo cliandeo in .uistnro content and 

IciiporaLuro -.v’liich occur durin;; tl^c throu{;;h-flou’ drying of 

doop beds of tlio ; atci.'ial car. ho i’^rediefed, 

process is basically a am.iorical intod'ratiou i.'itli res]>Gct 

to tiiio and position, 

stach of Uiiu la:,ors.

riio calculation

tho d.oop bod boin;;; conslderod .as a

A nu; hei' of woi-l.crs luavc dovoloi*od : .at'.ioi atical nodols 

of a'oexj-liud dryirid* 

to . rain urj'ind.

a .static deep-bod di'ain drier and /diu et 

a cross-flvn; j^rain drier.

but ::.ost of t]ic v;ori; Jias been confined

(^>7;bo: CO and irjonccr Jia^-o slituiatod

have si; alia tod
(7<)Thycocou and Grossr.aii 

devoioi^ed a technique for opti^.inini• the porfornamco of a 

static doop-bod drier.

7«2. liioory

hlion a tliin layer of :,aterial is dried by throuch-flow 

of air, the conditions of tlin 1 atorial and of the air are 

The chanfjes wTiich occuraltered. .'ire spccifiGd by the 

.'orature and hu!;idity of the air and in 

t]ie tcctpoi’aturo and noisture content of the iiatcrial.

Pour indopendout equations are needed t'o detormine the

tho dryiujj: rate equation, tho 

:.iass 1 alauce equation, the heat balance equation, and the 

heat tr.'uisfer eqti.ation.

chaiiijos in Liie £e

chanros in the conditions;
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7«~«1* The Drvin-- i^ato Umiation / •

ost n’.aleriiils coxx bo aii plj-i'hc cli'vinc I'atc of 

I'olatcfl to tlio ! ;oisttiro contotifc aiid Loi'poratupc of the 

!;iitcrial a:ir] liio hiiMidity and to: ycraturc of the air.

It haa bcoa slioim that the dryiny equation for {yi'asa in 

the toi .poraturc x-onjo Cu'^C to 20U^d- i^

I:!

eh. I , / ■>
dT = (7.1)• • •

(7.2Jdi.! = -k(n; ~ i,j^)dt 

t.iiorc :•! « • oistviro contonu of t)ie "rasn or I'jrain, Ib/lb,

i.o. * • •

dry basis

t = tirio, Minutes

fiinctions of the te: q'oraturoaz'o constaa-s, 

and hui'.idity.

Tims, after an interval of tir.ie At, tho Moisture 

conto:;t of the layer has chanced from in to m* = n + A i- (7.3)

(7.'0Ar: = -k(: - n^)Atv.'horo • • •

\:i is assured to bo constant for the purpose of 

cvaluatlnc Ar. 

time intor'/al is taken as r + A i /2, tlio equation becoros

If tho avorar.o ''.olsturo content over the

-1;(m - It
(7.5)Am = • « •

(1 + Ih At)
1

7,2.2. liass Balonco IJnuation
2

Lot the cross-sectional zxrca of the layer bo A ft 

and its tliiclaiess Az ft,

A G A t of dry air will have flov;ed throuch the layer in 

the ^.-direction, where G is tho r.ass flow I'ato of dry air.

i ?

After a time At, a quantity
i i
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• >
The toniperatiire and huiiidity of tho

to rospoctivoly*

lb dry air/rin-ft~,

air ^vill chan;':o fron T to T» and frona a a
The toMperaturo and Llio ioiuturo content of the : atcrial

a

and fro;. to : s*to T*in Olio layer vill chan; c froi.i

Lofctiiar, ~

In tlie layer, n>/ft*\ and tahin,- a ^)ass balajice about tho 

layer, o\'er a tine iutei’val A *

C
the bulk density of dry matterresr.octivoly.

(7.'"0a “•= A G At x«A G At X + A A~a “ fo n

hence

4 (7.7)
“ = A"i • • •a '"a G A.^=

can I'o a\'aluatod since A ia laiov.'u froi;i equation (7«3j«

} heat dal<uico Equation

bo tho s]'Oc;lfic Iieat of tlio dry luattcr in theLot cpd
b:;u/lb-°P, lot 32'^]' bo tho reforenco toiitporatta-’cMaterial,

fur calculatini; the enthalpy of v;ator, and lot li bo tlic 

enthalpy of tlio air, lltu/lb dry air. Then;

Ijiei'c^y lost by air = j.:nerpy {.gained bj- Material 

A CAL (Il-h*) A f^Ar: [{ t ,, j ( r* _ +Aa (T* ,M2) (7.a)
t J

Ol'

+ =>*)(T' -T j +Am {T,-32)
O Lj o ^

(7.9)A G At (h-!i» ) = A A- pel

A atudj'^ of those equations v?ill show that tJioy are equivalent.

Tho otithalpy of Moisture boarinc air, h, is expressed 

thus, in Btu/lb dryair;
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h -- c (T -T ) L ' CX G ^ VC^ T
+ rpa mvv r.w

(i' )O xvo ' (7.10)• • #

x^’Iicro

= ^i-ccii’ic Jlcat of Air = 0.*^'(05 Bill/lb cli'i aii--”p

= Spocliic ]ioal; of V/ater Vapour = 0.4^48 Btu/lb-^F

= bpocific Heat of ’./ator = 1 Dtn/lh °P

= Dry balli tonporaturu of tlio oix', °r'

= Doforoiico tc::)poraturo for air = 0*^F

= ixcfoi'onco tcriporaturc for water = 32°F

= Te ii oraturo at xdiicli tlic Latent boat of

vaporicatiou is calcnlatcO, °r

= Latent heat of vaporisation of water at T

6^65 LLu/lb for T -• 32^Po

cpa
c pxtfv
cpw
Ta
Tao
T

V.'O

Te

L-
VC o

r-f r-

Lot : tlionf

= U.2i!05 Ti’a + -'-a (o.-'i'tSr^ + lu6l.:;/|.)i! (7.11)• • •

Bubstitntini; into (7.9) above

O.PJiUj T«^ + (0.^;48 T«^ + lo6l.5^0 - o.2‘'ja3 rL a

•34)]=.+ X T + io6l«* a

- ffcc At L' + +An - 32] :(7.12)VKl

PdLet !'• = G At C-7. »3)
Then

t»j^(o.24g5 + o.’j48 x»^) ~ l'g^(o*2'K)3 + 0»'‘'f4o X

* "*0
(1061.34 (x^ - x*^) - 32 pt ^,1

+ T - A’-O' +G L

(7.14)» • #
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x.c. r T* 4. (7.15)= 73 r*a -'a + 1 r, + X
i, *—

• • »

vJioro

t = o,2’iu5 + u«‘f4o X* a
<*0 = yl(c

ixi
--'•{c , +

7^d

^ 0«2*405 + U X

(1 = (7.16)• • •
)

I/a
?i = 106l.:i4 (x - X* ) - 32 F»Ai:i a a )

Or

T*^ = tr T« (7.17)+ • # •

v;horo

»■ = ti /S

«" = ( 1 r + X + ;> )/S

\

{7.1«)• • •
)

7.2. 'i. I'oaL Transfer l^niiation

The boat (iraiit.ior equation dcscribca vhat hapnona to 

iieat that ±^. traiisfoi'i’ccl froi.i the aix' to thd cTralu,,)

It both I'aisos tho tei.poraturo of fcho crain iind the roaidual 

luoiatuxo said it ova]5oratos tho loisturo vjliich is lost 

raises its te! ]ioratiiro to 1'*^.

Lottin/; h^ = Heat Traxiafor coofficiont, Dtu/niin it^ 

a^ = opocific surface of bed,

area per unit voluiio of bod

tlio

and

an<l = surface

then

T.. + T»
i r11 a A A ^ A. t c s

r
2

■f u«)(T*^-T^) + (-A:,) r.- A A:: - 1(t -32) (7.19)1x3
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where

E* is the enthalpy of water vapour at temperature T*
Si,

and pressure Ib/in^

E» = 0.448 T» (7.20)a ^ • • •

where is the Latent heat of vaporisation of the water 

in the inaterial. It has been established that the latent 

heat of vaporisation of water from hy^jroscopic solids like

crass is not the same as for pure water at the same temperature, 

can be taken into account by writinc as 

^vo^* where f is a function of the moisture content of the

This phenomenon

:;aterial.

^ PdLettine D» = a7id substitutinc for D* aiid E* :h a A** c s

[^°rd

“Am (0.448 T»^ + L^ - + 32)

+ T* -T - T*
^ a c C. = D»

(7.22)• • •

Rearrancinc the terms 

(l ♦ 0.448 D» A’-O T* =
Cl b*(Cp^ + ml) + 1 T* G *

)J + (-1) * -D* Am (L^ + 32^ 

(7.23)

1 - D»(c , ' pd + m* - Am

• • •
or

6 T +£
U.

<XT* = T* + y T +a » C *G (7.24)• • •

where

•<= 1 + 0.448 D» A 

3r = 1 - D»(Cpd + m)

£ = - D* Am (L^ + 32)

: = D* (Cp^ + m* ) 4. 1

: 6 = -1 (7.25)• • •
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tliat is.

+ 0T* (7.20)'1 • • ta

’'liGi'e

= ( r + h +£)/oC 

fron (7.17) ajul (7.2?)

T*^ = ';7' T*

i) (7.27)• • •

+ O' (7.2B)• • •

Solvln,'; siiiail taneousl\':

T* (7.29)L' • • •

T*^ nay bo foui’.d by substitiu;in/~ for T* in (7.17) 

(7.29).
or

7 . j. r Ctliod of Calculation

In oi'dor -o predict tlic drying of a deep bod 

it ±s necessary to divide it into lai'ors 

aro sui'ficionfcly tliln for the

accurately, tlmt

ap,.licatlou of the thin-laj er 

equations, i.o. tbe properties of the air and of the solid
r.iust be constant, or Moai'ly so, 

the nui:.T?or of layers and the uuiibcr of

^^ithi^ a thin layer.

tine intervals, 

as possible, so that the 

calculation tlt.o nay bo of a reasonable lonp:th,

Havinc selected values of and

the pJiysical properties of the 

aro .as follows:

r.oth

hov.'ovor, taist bo J:ept as snail

^ n , aaid deterMinod 

laatorial, the calculations

I

i

The tei.!]’Oraturo and hu:-.idity of the 

first layer at ti:.:o

air onterinf; the

U are those of the din-inc air, T and
o

/
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Valvica of k and r.i arc calculalod for T and xao aoo o
iho toMporatxiro atul noisturo content of the t.:atorial in 

cacli layer arc iniLially T and ri , I’espectivoly,
,‘70 o

''iL»7»3* is a schomacic representation of the calcula­

tion t>rocoss in ton) s of location in si>aco and time, 

liorizontal a?;is 

to At.

The

repj'osents tiSiO, witli each division equal 

The vertical a:cis roprosonts distance tlirou'Ji the 

bed, with each division equal to one layer. The arrows

S}nholi:;o the calculations for the layers. The inlet

conditions to the firsi layer’ at tif.io = u are located at A 

(u,l), the inlet conditions to the second layer at tiMo = 0 

at h (o,2), anti the inlet conditions to the second la}'or 

= 3 . At are at C (1,2) ,

aro

o t iii o The calculations in tho

firs: layer in the first tiro iteration ai’o tli^.s ropa'esonted

> i.iio arro\j fron A to C,i!*.

rho chan,‘,e in moisture content in the first layer 

the first time interval A is calculated frotii (7.‘0. 

cliasir.o

over

riio

in tiio Ini:.:idity of tiio air is calculated froui (7.7;. 

Tlio rcsultin,-; lui!;.idit3 is tiiac of the air leaving tiio first

layer and cntcriUi^ tite second layer at tiii.c = l.At, 

TJic cJiancos in the toiiporatures of tho air and tiie

i.atorial arc calculated Iron (7.I7) and (7.2y), 

rosultinf; air tOii] oraturo is tliat of tho air 

second layer at time = l.At,

The

cutoriny, the 

C roisrcsonts
tho condition of the air ontcrinc the second layer at time

= 1. At.

In Tie.7.3

The calculations aro repeated for tho second layer, 

arc located at B and thetho inlet air conditions for which
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coiuiifcio; iho ax'ro’.v i'roi i H Lo Dla at i) in Pla.J.'J, 

lopiosonta tao calculation procoss. 

note taat tiiQ inlot air conditions Lo tlio second layer in 

rirsi ui. u igoration are not at C, but at b.

It is ii.iportant to

the

Abo calculatioiif’ are repoatod ior ail tiio otner layers 

la iJio uod, until tho last layer is i'oaciiod. 

the bod at ti. o = !• A t

Tho state oi

is nox; known.

i'lio calculation process is repeated, startiuf; a{.ain 

witli the first layer. ibis ti ic, however, liio iulot air 

conciitious to the soconci and succcodiuij layers are those 

vnich v;ero calculated during; the fii'st fci.,iQ iteration.

bach ti. e die calculations aro carried out, 

properties of the air and of tho i atorial are altered, 

i.ie tlrylnji is thus siuiulatod.

ihe calculations aa’o stopped wlion either the desired 

^vvorado i.-oisturo content; or total dryliit ti.iio is reached.

the

ant]

i’hc Coi Taitor J ro;’:ra: ;r:o

A ro; ]ii'. to:* proprat.i c r/as written to perfor.

A blocl; diaprar; of tho propTransue. a print- 

7'osults aro sho^ai in

tiiose

calculations.

out of the tc:;t, and spocif’ori

113.2.Ajj.cndix

In tho pro/jra-iiao, the soqv'.onco of calculations 

caa'ricd out until both a target tii;o 'ih'

ivas

and a taryot riolstnrc

content ’P wore reached, but a lindt of 25uo iterations wa.o
A nu: ibor of cheeb.sset, ‘.ore written into tho i)ro,',ra:.!

so that unrealistic situations would be detected before thev 

dcpencratcci into iupossible : .atlionaticul tasJ:s, 

by i-.ero, lo.'.aritlir; of a rier.ativo nn;;bor,

o,/:, division

etc.
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action ol fclic pro(;ra!::trc is doscribcil liriofli bolow, 

iiio uuixors in larontheaco I'ofor to tlic block dia/jrain, 

Appendix: 13.2.

(1/ kach iicM Qi data atai’tod v;it]i a data sot number. 

11 this MCLIS “1* thou the prot;ra!ii!.JG fccr;.iiiiatod. 

jots oa (lata could thus bo processed

(2) .Most o! tho constarita in tJie equations.

boveral

in one run.

as well
iis tho oiJoratin.M j^arai- otors, wore road in ior each run. 

It \;as possible to choose one of a nut.ibor of foriiiulae for

tho calculation of the lieat transfer 

of the i.'ai’a!i.o tor duUL' fod in uitJi

coefficient by moans

tho data. rho fi'oquoucy

ana quantity of output wore controllod by the two parajiotors

.-1 and 2.';, fed iu (/itJi the data. 

(3; iiio values of certain pjiysical constaitts,

,..as colts tail t for air, uero sot, and tho values of muxoUlir

OmCm the

and ..dCuLMix' wore sot to zero. Thoso woi'o two counters used

to indicate whether the conditions Tf^Tr and U/\iMd

rosjioctivoly had been fulfilled.

file tioisturo content of tlio i:atei’iai in each laj^er 

Tiio Inuuidity 

was set at Ho, and the to:./perature

was set at .Mu , and tho tempei-’aturo at iX;g, 

of the !.:ateriai in each layer

of tlio air entorino' each layer was sot at tgo, except for

the first layer, wlicro it was sot at To, 

(3) fbo values of the constants
and parameters 

printed out if tho parameter A, fed in with the data, 

no t loo.

were

v;as

{C) The total dryin,- time, 

(7; The tine iteration loop 

drying tii::e \/as increased by DT,

IT, was set to zero, 

was entered, and tho total
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'''>10 layer itornMon loop v;a3 ontcrod, and the 

anti %,oro calculated for the current layer, 

i'iio constants in the drying: equation for hay depended on 

oisturc contoufc rari£;o, and an alternative t'orsion of 

the ]7ro{xar.n.:o was tI;arofoj?e jircparcd to take account of a 

charwjln,-: dryinc equation.

(y) For each layer, the drying: rate v/as calculated as 

ncro if either the Moisture content of the layer was loss 

thcui the oquilibriuiT! moisture content, or the relative 

huirridity of the onteriTic air was ,‘jrcater than a specified 

r:a>;i:nui.i I'clative hunddity, MAldili, about 98‘ 

attenjpt to take account of the phcnoaionon of condensation 

which does occur in dcc]) bods, hut I'or whicli there is little 

exporinental data.

(10) iiio values of the hurddity and the teiiij>erature of 

the air loatdn/; the layer at the end of the time interval 

wore calculated, as well as the tG:;iporaturo of the material 

at the end of the time interx^al,

. printout of the bod profile was (yiveu ovory 

JL*: iterations, but within tliis pi'intout, only the conditions 

of tlio first and every NNth layer wore idvon,

(12) hhoro there wore very larco difforoncos in

^'aluoG of 1.

the ;

fliis was ant '•

(11)

toMporatxu'e between the air and the i.iaterial, the rate of 

licat transfer tended to bo so {-roat that, after the time 

intoi'val tetiporaturo of the air loavina the layex?

was ccaculatcd to be lower than the tomporatnro of the 

material in the la: or. xhis overshoot \;as a result of 

the failure of the numerical intecration niothod to
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approxij.uito closGly to the actual x>i'occss. 

however, tlieao

In niaiiy cases.

ori’oneouc tciiipcrafctiros corrected thoiiiselvos

oy reverse heat transror in suhsoqueut iterations, 

this “etqjoraturo overshoot -oos not occur in practice, a 

check was nado in each 

had dropped below the 

a specified anonut, usually 20P°,

layer to ooo if the air Coiniioratnro

i.iatcrial to: rporaturo by r oro than

If it had, M’.o calciilations

wore torninatod and a failure inesaaf;o was i>rintod 

tolerance of .'iu

i'heon i;.

was to allow mild cases of toinjiioraturo

overshoot to correct thoiiaolves.

(3 3/ llavln,'- finisliod the calculations

layers in the bod, the avera/je moisture content of the bed,

■O.fClL ,

for all the

v/as calculated,

(1^1) ilio values of the teiiiporature and huiiiidity of tlie 

ail Wore tmusierred ii-om the tot’iijorary storafje arrays NT 

and MI to tljo arrays T and li, in preparation for the next

time iteration.

{!!)} 'dxon the total drying: time v;as equal to or I'proater 

thaji the oxporirnontal dryluy time, tho bod profile was

j'rintod out if tho value of TiriL'COLfNT was 0. Then the value

of Tjybb'uTrrtT was set to 1. diniilarly, when the

i.'.'oistux'o content of the bod was less than

avoraf’e

or equal to tho 

oxperiuontal final moisture content, the bod profile was

pid.ntod out if the value of I'iCCOllNT v/as 0, and then the value

of IICCOb'NT was set to 1. In this way, the bod profile

printed out only tho first t;ii;:o tho condition Tf^ TP 

first til ie tho condition U.Uic <Pr

v/as

and the

were satisfied.
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(16) l/hon both tho toTiXJt tine TF and IJio tarfret 

content ::r hart boon reached, tho calculations wore 

^topi^od, and tijo action rotumod to (l).

(i/) A li- it of 2500 tir:o itoratlons waa sot to tho 

calculations, after xvhicli tlio acti >n rotumod to (l)*

inoisttiro

7.d.l 

(^j hrvinj ^

* Ha^a roquirod for tho simulation

arai !o tors

for Llio sit-:ulatiojj of the barley dryinc, 

dorivod by JJoyco^'^'

k = 833b e:x]i(-7a67/T

tho equations

v.’oro used;

in °]i
al)s 

k in min ^

abs ^

o = 'p;/v '"ai: + O.U8015

i or tho simulation of wheat dryintj, tho data of 

were cunrelated into tho-i.KiOr.ds ot al saiiiG f oimi as
1 oyee* *2 :

k = 12uooo c.\p(-9l63/T

o = + 0»0'ju13

For tho siiiiulation of hay dryinr, 

(7-'0
data collected in 

was correlated into those forms:this dojjarttiicnt

0..'i71 k = U.((02or. oxp(u,u72l'; T } f in
n a

! !

K ±n

o = 120.579It ■f- 0.23633 in “c
cl

h := O.OU0 353 oxp(G,07673 T ) P in
a a

== 73.2S19

m 0.271 °o
+ 0.1688

(b) Material !?ronertios;

'ilio plonJical properties of Barley and blioat were taken
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frorj tho '.or!: oX ’Joyce 

iininiblisiitvQ Mox']-^ in

, Jii:-.:ouds ct al 

(75)
and

tJiia dcparti'ou!/

IKnrley l.Tieat iiny

fix 3j7»0 Ih/fv 

0.3 I31;vi/lb °P

/■

'^3’d

( *^) jtcat, Trans for-

0.31 0.3^3

t3of>f f iciont

i or tae heat tranafox’ coofl'iciont to a door bed of
rrain, boyco^^^ i- • poood tlie relationship

/G T3*) 0.6011b* = 0.573^'

'/hero }i^ r. Jioat; transfer coofficiout, DtuAdu-^F-ft^

= bass velocity of tiio air, lb dry air/iiiln-ft*^ 

All' to;.*:-eraturo,

= Atuouplieric lu'essuro, Ib/iii^

(7.lb;!■ • i •

of bod
G

'r. _
‘aba ^

^at

Pi/7uro 7,4. shoxva tho results 

v;oi']:ors I'or heat transfer coefficients 

tocethor with tho original data of 13oyco^°^.

obtained by a nunibor of

in packed bods.

This figxire

is a plot of tho j^^-factor a/^inst tho peirticlo kejaxold's

Nvu-ilior, Tho Jj^-factor is f,i.van by

Nu
‘^h “ do I'r

xdioro Nu = This sol t N'ui ibor and )^(i’r) is a function of tho

Prandtl N'u.’ ibor, usually i r

Although tho relationship reposed by jJoyce does not 

roduco to this for:.!, it can be 

is not very far rei.ioved fx'ou tho data 

workers for non-or£Tanic latorials.

Tho correlation proposed by ierry^^^^

soon that his original data 

obtained by other
O

for Ixoat transfor
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tc cii'cular cyliutlrlcal 

nnd it is alr.o vithin 

ctixclation is?

plpots is also sho\ni on tJiis plot,

tho snro ranf.c of values, riio

h= a ilo {7.VJ)• • •

wlioro a = 0.26 to 0.113

0.3'itl to u.693 b = -0,45)2

1> =: “0,4 for Ke 3o0u

a = i'or luoo ivc 3000

a = 0.b33 to 1.0b6 b = -0.392 for 1 lie 3uo

It was I'.cniionod in Chapter C that a bod of jpraos can

as a bed of infinitely lone circular cyliiidora, 

was Lhorofore used for tho sirjiulation of liuy

bo considered 

Equation (7.19) 

dryinr;.

7.3. Ilosults

The doop-bed dryinn uiodol was tested by sinulatinc 

drying experiments with barley, wheat and hay.

The work of Hoycc on barley drylnc^^^, 

i*uns, was simulated.

co»rT»riaint: 21

and the results are eivon in table 7,1, 

Tho experimental run tlr.;o is compared with the
time predicted

to roach tlio final experimental moisture 

final oxperirontal moisture content is also

content, Tl30

compared xv'ith

the moisture content predicted by tho pro^-racBno after 

equal to the experimental run tine.

a time

Ibqierir’onts conducted in this department 

wore simulated, and tho results

on v;heat
(73)dry±n,T are civon in

ta'ole 7.2.

rxporlnents wei'c conducted by Clark and Laiaond^^®^ 

deep beds of hay, eind the results of 

erivon in table 7»3»

on

sinailatincr tlieso are
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DlocTi?f3.1on of tho linrjiillB/ •'J*

7 • • 1 • Ur yin,: of Ucon rods

n^on doop bodf. of inatorial ai'c dried by fciii’OUfili-flov 

of air, thoro in a prolininary hoat-up porlod during wliicli 

i-ho drj’inp rate Tieon to tlio level at v.’hich it is rjaintained 

cairin,': tlio second period, tho constant rate period, 

is usually tlio predominant period, at tho ond of which the 

dryiiif^ rato drops off as tlio avGra^o iioisturo content of 

tho bed apiiroachou tho cquilibriu::) .li’oisture content ( 

fit:. 7.1).

This

see

Theao three iioriods are i>roducod by tho tJiree uonos

t],.o r.ono of cof.iplotoly dry material, tho iiono 

luid il.o I'.QiK* of coij^jletely uiidried

The dryin^^ none moves throufih tho 

^ou, und v.itliiTi this zone tho dr^i^^b' rate is constant.

.’lion the dryln." zono is bounded by a dry zone, and an undry 

iior.c, the «Iryin;2: rate of tlio bcjd is constant, 

drying; aono reaches tho top of tho bed, and whilst it is 

boiuc ootablinhod, the dryin^ rato is loos than the constant 

rato.

in the bed:

of dryirii, rate rial, 

matorial (see fie.7.'*2/.

uhen the

Althonr;li there is no r-ass transfer in the undry

Tho temperature of tho material

zone.

there is heat transfer.

chances to a value laiown as tlio nsoudo-v/ot-hulb teuiporaturo. 

Tho tornporaturo at a point in the bed rouialns at this value 

until the dryinc zone reaches it. Tills temperature is 

approximately equal to tho vot bulb temperature of the air 

loavlnc tho top of the drying zone (see fig,7,5),

depth of the di^i-nc: zono, and its velocity throuch the bed

The

/
(
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dopnnt’ ■rot'crtice of tl;c ayr.tcii,

tl'.c depth of tl’c drying rone, tliorc i«

on If ‘he total bod
depth ic loan

i:o conrtant rate period, 

conplotcly cstrJ.'llshod .

since the clrj-inip r.ono Is never

7«6,a,, j^QMparlaon of tho 1‘rcdlctod Results with Liie 

^coori^^iontal j>Qanl Ir

Tlic model of the deep bed drier predicted the Gti^oral 

plionoiaoua obsorv'ed in practice - the movinc drylu/j 

the T>iioudo-wot->bull 

v.’itliin tlio bod. 

time to v;ithin,

Alvhouplx iioyco^^

zone,

tomijorature, and tho noisfcure ijradieats 

Odel predicted tho experiraentalfhe roxn

on avorai;,'o, loy.

claimed eui accuracy of j,, for his
simulation ":othod, it should bo noted that ho used a 

correction factor of 0.83 on the value of and ho used tho 

exit conditions of tho air fro one layer as the inlet 

tine iteration, 

llio constant rato period was observed in almost all

I'i

conditions to tho next layer in

runs in tho /.^rain drying sitoilatioii, i.c. the drj'i.n{: curves
were straichr linos. Tho ejqioriraental tuid predicted 

of the dryiufi time and final bod moisture content
values

ai‘e ,'jiven 

ttn oxporimontal 

one is shotm in £1^.7.6, 

shoxm ii^ fib's.

in tables 7.1* and 7.2, The coitx'arison of

toniporatui'o pirofile with a predicted 

and a predicted moisture content profile is

7.7 aivd 7.G.

Only one of the experimental hay dryinc 

constant rato period•

3nuis showed a

In all the others tho depth 

bed was insufficient to cillow the drying

of the

zone to becojTiG
fully established. 'fhe model predicted a constcint axite



108 -

3 urlnil for t;ho hay In all cases but the final iioisttxre 

content predicted T>j>- the r-odcl was vci’y near to the 

c:c7>or±! rental \raltte in each case (soo i±r,»l *9 ) • 

bond in tJio r-redlctod c^jrvos is due to the T>i'o,-;ranniiinf; of 

tl;o critical tioistnrn content.

The noflol vn.n very stable wit]i rospoct to tho boat 

transfer eoeffirient. 

frora Tic to U) Btu/nln-f 

data, voir- little <3iffei'onco wac obscanrod in the tii.io 

roquiro<! to f.\ry the bod to tho spocified uioisttirc content, 

SlKdlarly, the fori! of tho heat transfer coefficient

Tho sharp

l.lion tJiis para;;;otor v;as varied

for a cot of barloy dryinc

cqtiation tfid not affect tho roGnlt.s of tho hay drj'duc

This otabllit’'- was duo i.iartly to the low 

specific i’.oat of the crain and the relatively hi^h air 

flov; rate, i.o, tho heat capacity of tho air vjas raucli 

(preater than that of tho ipfain.

».5iiaulal:Lon,ti,

Tho air toiapcraturc i 

thoroforo, did not drop rmch when hoat was transferred to

the rrraln, and consequently the value of k did not chance 

Bitiee it was evaluated froci the air temperature*

7*7* b'or.olusions

Tho dr>-iTw; of ,;pranular anti fibrous r.iatorials in deop- 

boda b:* tliroxir^i-flo\; of air cati bo simulated by a

The predicted and experimental 

valtios of moisture content tmd fcomporaturo compare

Tlio model is stable with respect to the heat ' 

transfer coofiiciont, a quaixtity v/hich is difficult to 

estimate*

nuithei ;atical riorlel*

favourably.
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'-I'lv.:: u.- A T^crA

J*!. J.nt;rocIurfi nn

The naln CQi.ponout of a I'ofcarj' drier is a hollow 

cylinder that ratatos about its lon£yLtvidinal axis whicJi 

iUi incliuod to the horii;ontal.t The tiiaterial to be

oi'iod outers tlio cylinder at one end. 

c f; - c u xu'on t f 1 o \if, 

oTstoru at the sai e end

cm] if tliG F.yetoni is countor—current flow, 

tho cylinder ±ti ccnorally fitted with flitUts or raisers 

wliicU lift the naterial up and lot It fall in a shower 

throufrh tho nirntroasn, as tlie cylinder rotates.

iiany worlioi's liaw sltulied rotary driers and coolers

If tho systci.i is

thou tlio dryini; l odiun, usually air,

tho material, and at the opj^ovlbcas

Tlie inside of

with siKjcial reforonco to the dx'yinc; of fp-aimlar luatorlals, 

slxii'ries and j'astos. The principle pex^foi'ir.arico variables

have been correlated in toms of the operating parameters 

It is, however, very difficult to

deter!due experimentally what happens inside a rotary drier,
. co.^pp«?.s«5HS u»TH ov/cceu. HEflTT mess fteufWces

and many theox’xos have been tested only by^hathoniatical

on.a theoretical basis.

>iodols of the drying of fortiliy.er granules in rotai'y JuLlne

have boon developed by Sharpies, Glilcin and Vame^^^^,

(20)Davidson, 'Dobson and Hoeslor and Garsido, Lori and
(26).

!}ea^'I^m

A schematic diagram of a rotair drier is shonm in

fig.8.1.
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nf t'oljfl ' qvq

velocity v;ith v.’hicl'. rolid rreiterial :t.ovcs

tliron-^d: tJie cylinder dopotids on throo actionu: Gravity 

actin/. alori;:^, t]ie incline, the cascading action, and the 

foi'co oi t}ic Jryiii,; air.

Unless there is a lartro rollinj; riass of solids in 

tijo hottou of tlie di-ior, or unless the an^le of inclination 

of tlic drier is very steep, :p:avity actinf-; alouft the incline 

i2oog not pjay ;uch part in moving tiio solids since the 

oooi'.u Aciont of friction uotweoii Iho solids and the cylinder 

is too £.ronfc to jjoi'i it si^'.iifleant hio\'ement•

Tho cascadinij; action wor]:o as follows: 

( arr.ic' l V j

A solid particle

a rii;;h; ;n'oiiTid L!;c periphery of the cylinder 

until the Intcr-particle friction can no lon^.'cr retain it in 

tho fliyht, aiul it falls dovn i.iii'ou/,;h Liio aii- to the bottoi I

of i3io cyaijidcr. Go lO particles -.ay on3.y be carried a 

sl'.ort dictanco ax'ouud tlio .'orlp.liory, if they ai-c near tho 

cnrfaco of tho ; ;atorlal in the f litiit, while otiiex’s nay bo 

carried rlpht to tho toi^ of tlio cylinder and oven e»Qyoud.

If tho cylinder is inclined, or if there is an alrflov;, tJm 

pai-ticlo nrHvmccs alon{; tlio -'rior bp a distance which is

related to tho distance thronph ’.’hich it falls,

Tlio drying air tends to oppose or assist tho a^cial 

notion of tlio cascadinc particle, doi'cndiny on vlicthor the 

systen is co-current oi' countor-cunront flow, 

current flov;, those larticlos whicli offer a hifii -• osistance 

to tho air arc carried further tTian those vihich are stroaa- 

lincd in sliapo, both because they take lon^jor to fall

In co-

and
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T.1.T -

bcctiu‘>e iij'o rtir.lior by ;ho air*.

It i« ri:r.ally tlic cai,caclc -^.cLxon aj;d the airflov.’ 

V'i.ich pro? 0:0 the :.'ovor:oiit of a particle tlirouf U a rotary 

drier.
i

A solid particle, thcrcroro, car. ho either "GoalaLn..:" 

in a fli/.ht or in the rolling t.uaas of oolidf. at the bottom 

of the cylinder, or it can bo cascadiu/j from a flicht.

i
!

i
llio

paasado of tho particle throii{.,h the drier' corisista of a 

ocriee of altoxnato nuaIrLnn and eaacadinf: pci-iods.

i

!

. The rtotiidenco TJ i 10

r\s*o of 'die i^.'U'ai letora tJiat aro most difficult to

dofjcriho !iatbe:.;atically in a rotary drier aro the fli^hc 

slia^'o and obe caooojdo dia tribn :.ion , IIjo partlcloo aro

carried upnaiaJs in a fli^iii, so that tho surface of tlio

pai'.;icles is at an anylo to tho horisiontal, which is called 

tho dj^iamic anj^lo of repose. nils anyle chanpos as tho

fllylit moves around tho porl^-iliory, due to tho chtuipo in 

dix'octioii of tho conti'ifupal forces. The orientation of

the flipht relative to tho horizontal also changes as the 

cylinder rotates, so that less and loss solid is held in 

It (see fid.8,2). 

tlio flifpit depends on tho shape of the flight, on the 

dynaiaic andle of roi>oso, and on the angular position of 

the flight.

The ideal is to have a uiiiforsn cascade density so that 

tho niaj;in:u!.! contact hottfoen tho solids and the air may be

TJio rate at which the particles leave

achieved, and much research has been done to doterr.dne the 

best shape of flight to achieve this. If the cascade is
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/

locally de-ISO, the air tends to chaiincl Lhruu.’i i.iio iioro

(34)oj 'cn re ('ions. has a:ial: sed tl-o charac toristios 

of cascades and flifjhts and lias produced dosi.^r. .otiiods

iarter

(37;i or rotai-'y coolers and driers.

rave analysed the 'dcjiial Anplo Distrib’ni,ion I'lij.lit and have 

related LJio fli,-hi hold-up to tlie drier lioid-up on tlio basis 

ol a drier dosipn loadiu;-, u'nich is the loadin;; A.-liicli

lolly and o*ho:uioil

protlm os a , erfoetiy filled, but not over-filled, flip]:!; 

at .m anrular position of u“. If tlic drier is ovo7’loadnd, 

tlioj'o is a bed of rollin-: t-atorial at the t'ottoui of tho 

drier, and ii ic is uniJorloadod, a dispropori.ionafco aiuount 

of the eascadin,. uill calo place in tho second half of the 

drier (7.'hon fet ;»

‘ .3.1. calculation of tlio pensidenco fii.o

The throo actions described aV ovc topether deter! :ino 

hov; Ion;, a solid i.articio rci ainn ir. tlie drier, 

rosi.’onco ti: c, and also liou !;uch solid v/ill bo present in 

the dj'ier at any one iir c, i.e. the hold-up. 

each .-ai-ticic has a different residence tine, but a . 

residence tir e can b(7 calculated.

i.e. the

l.n practlep.

oati

fhc can residouco ti!re,r, find t)ie huld-up, arcs*
related to the fond I'aiie, f. > . y the equation

•s/T-' = I (S.l)• • «

-i-'horc F is in r is in hours, and 

Tiio hold-up- is so: iC tines expressed as a fraction of the

is in ib.•'s

drier vein, o;

- =- pyi f’f-ci' (*.=)• • •
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Viliero X Ik uho iracLional iiolu-ui'

£. iii 1;hc bvilk ciciibity oiT clic soiidi' iu uiie rUrjiil-s 

volui.G oi Lho drier.

The ; can realdoncc ti;.c can he cxy'reL-iiou ae

('-3)• • •

whore t = riio average Lii.io of cascadinf.» or ialliu,

'y ~ Avora,',o tine of soaliiuf, in a flifhtt hour 

'■ , - ri:o nuiii^cr of tiiioo a particle caacadcfa dui'iny 

its pa.-i:5a‘;o throuili the driox'.

IiourI 1

■ I.on ^here la I'olauive ■ ution between, a solid particle

and a 1 litid, the flnid exerts a force on tlio yarticle. If

V* is tlie area of the particle yirojected in the direction

of the fluid flow, the rcsistcutco i orco P can,bo written

as

P = ii» A* (8.4;• • •

wi’ore d* is the resistance force ]Jor luiit projected area.
•1

pronp11 has boon shown that the diiiiejxsioriloss

I’elatoii to the JiGyTioit]*s number of t'low, Xe. 

fi = Fluid density, Ib/lt^
I ul

u = Fluid velocity, ft/hr

d = 'article dia- etor, f t 

yU, = Fluid I'iscosiiy, Ib/ft-hr 

The form of the rolatlouohip for spherical particles 

is shown in fid.8,3* 

for non-spherical particles, but t3.e values of the constants

whore

iic

Tlio sane ponoral fon:? also holds

dep'ond on the shape of the i>^irtlclo and on its orientation 

with respect to the airflow. Fquation (o,^) can ho re—
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/
vi'itton as

(3.:0A« • • •

//"a"'Au'jstitul.iiji; i’or -j*

I' =0 (Ko) A« (K.6}• • •

^.’horo ii, a fiuicoiun ul tlio Rcyfiolcl’s tiuiibor.

The Ltofciou of a particle v.’IiicJi falls tlii'oufii ait

that liac a Iiorlttontal velocity coiiiponeut cao he 

doscrirjoc! bv the folloviii:.: equations, if u Jc and u and x 

arc {lositivo (see I'l;

airs treo:;

-- ) 81.. 'X. + ; ^- ;; (‘ ■ • 7)X . 11 • • •

y = f t + ^ 1 r + + (f - cxp(-2fL l)lo; (0.8)• j r
a.o

y

’..’i ’ e j'c 3t = distance alony tito direction of How of fluid, ft. 

3' = distance In vortical direction, ft,

= ancle which x-direction r.jakes with the horizontal 

(x is not perpendicular to y unloEisO^= u) 

r. = acceleration due to nravlty, ft/lir'^

( i

f ;

• J
= particle density, lh/fi~' 

, ^ - -- /*a

X d a
V fP

vl = 1«5 for spheres

= k/tr fui* a cylinder witili its tixis

to the direction of chc flviid flow, 

t = time, hours

pe cpondiculai*

f = - p.//> )K,,, ft/hr
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:LAi -1K = - ^
y ti pV r ;

0 (He..) , ft

X ~ Pn - -'0 

y -^ %/h

'iu

lie

= Vali:o of y at 1=0, ft/Iu'

(f^l)f>chofiolO aTid tUilcia

and solved (?'..7) and (3.:

an cxjii'ossion for tJio avora.vo residence tliio of a jiarticle 

in a rotary (iriea'

, on tlio assui.iiitlo'ts that

■ \ and h.onco derivedJ

as :

(f^9)
^'av^ -'r

• • •

n-hero a Lciifvth of drior, ft,

= Avcrai.o Iciiyi.h of fall of a particle. It. 

h = Travel ratio = (Circur'foronce of cylinder)/ 

(avcra,"c distance travelled by a particle 

on the periphery of the cylinder),

= Sj^ood of iiotation of cylinder, rov/hr.

Hie sipn of the torin in the donoi.-inator is positive 

in co-floiD drying and nefjatlvo in counter flow dryinj^. 

Equation (8.9) is oasontially the

' av

saiiio equation as the 

G.xpi’CDslou derived by other authors, but holly and 0•Donnoll^^^^

tho residence time to the flichfc dosipn and number by 

^eff

related

^ (1 -
(y.lO)- ne^ N’rsin Oi\ • * •av

= effective lott^ith of drumv.’he2:*e L over v;hich the ([jranulosoff

propress by cascade motion only.
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/

f(G) is a function of the volunetric air flov; rate

= ratio of actual to dcsitH flii-^it hold-up v;hou tlae 

fli{;;Jit is at i?=:0 (soo hclov;)

Tho assuriptions of Schofield and Glikin (loc.cifc.), 

hovcver, are not al^vays fulfilled in practice, tso that

equations (3*7) and (8,3) uust be solved more rir.oroucly,

real 03' than ,If 0^=0, anci u is not very s uch

then (8*7) is roplaccd by

loc^ (8.11)X =: Ut -

(i>,8} is roplaccd I.'ant!

L be *1' (8.12)T - « « •
- lof. (id. t c I i. o' X c +u t 1)

^ 1/ & N ' r

is to bo estimated froia (8*8)

Let where 4) is a factor, and D^j is tho diameter

of tho drier. It can bo scon (see fig,8.5) t’lat 

4) = sizi (2 7r/6 - 7r/2)

IvIiCl'O !“f

and

i .

(B.13)• • • !

Suizotitutini;: in (8,7) for y = t nnd ausumin^; that

u. =0 and that 2fi; t a y c
O < oxp(-2fK^^t^)« 1,

is very lar^.c so that

b ^“‘ o^
j

to = <a “ bl

o) = f tc + y- (8.1^1)• • •

(8.15),whence • • •

thus

%r
1 (^^d -' 1 ,

- -lor V/ “ f + 11c
V r

fgu 1V d _ hb-] (8.16)h f • • •f y
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/
*■

riiis Tortiiula is based tbo assuiaptionson

(1) ®C = (J

(2) = 0

(3) 0<oxp(-2fK^^t^)« 1

(^) ^ (r^c ) and 0 (iio„) constant.,X y
i’ho derivation oi i-hc formulae is t;ivcu in Appe idix

i'

12.7.

B ,-4, Iioab Transfer

In a Rotary drier, heat transfer can taLc place 

botv.’oen the air, the solid material axid the cylinder.

rUo imOsu suitable conditions for air-solid beat trar.sfor

occur v.iiou tlio solid is cascadin;; tlirouiii the air from the 

ili/.b.ts, but during the soalcint' poi*lods, some boat transfer

•( occurs botucon tlic particles and tl-.oro is intra-solid tci.-

poraturc adjustment. The effective heat transfci- rate

dop'dids, tlicroforo, not only on the air totipcratui'c and

Velocity and on tho solids surface area and totipei’atux'e, 

bu.'; also on tho density of tho cascade and on the proportion 

of tho time spent by tlio solids in tho cascade.

I 1

There is
!

also a heat loss through the walls of the cylinder, but 

this is not {^reat unless the teiiperaturc is verj- hij-h, and 

the insulation very poor.

t

Tho ovei^all heat transfer coefficient for a rotary 

drier is usually expressed on tho basis of unit cascade 

volui’iC, or unit drier voltino. Unless tho hold—up is very 

lari.o, the cascade vo'ui.o is approxii lately equal to tho

Tills volur.otric coefficient, likevoluno of the drier.
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Ii * above, i-, a product of a surfacc-ax'oa based coefficient 

and the STiocific surface of the solid in tho cascade, i.o.

(8.17)XJ , = h a V c c

v.'b.oro IT^ = Volui::otric licat transfer cooffioiont, 

Dtu/hr-ft^-°F

li = Heat transfer coefficient based on surface 

area, Btu/hr-ft^-°F

a^ = Surface area of ;jarticlos jior unit cascade 

volun’.o, ft'^/ft^

a depends Xarpoly on the cascade dcusil;:- o

• • •

riio value of

an^I ixniforrii 13*»

(^3)biller ot al found that

(8.18)U = 1; • • •V

for 6 flights = 0.477 (n^ - l)/2 : u = 0.46 

for 12 fli,j}its 1.^ = 0.132 (n^ - l)/2 : n = O.60 

n^ = b'unbor of fli,''lits.

(39)

x.'hcro

(61)and Schofield and GliXtinIiCildains Give

ho0.6Nu = = 0.33 ;r (8.19;• • •

= Thoruial conductivity- of the air, Btiv'lir ft ‘^F 

ho = hoynold*s nunbor based on t]io ixarticlo diaisioter 

and tho velocity of tho air tlxroufii the voids. 

Schofiold and Glildln, however, found that the practical 

values of the boat transfer coefficient were much snxaller

whoi'e

in jjractico than those calculated by this equation.

(33){2'0Friedi;;a:i and Marshall aitd i'orry praposed;

0.1610 GV (0.20).V « • •



- 119 -

but i'orry r*oco:a:;ondoci tliat liio constant lu no ireplaced 

by 20 or 25 fox' dx'iers with a. diasnetcr in o.xcoss of 3 ieot

and holcJ-uiJ rzuii^xixc from 3',^ ^0 15,

basedproposeii a ccnoral coi'i'elation, 

on au examination of the data of other workox's*

. cCor; :iciv

For the

data of killer ot vxl (loc.cit.) he found

("f - *)
(d.2l)= 0.235 • • •2

U.67 (0.22)= 0.31G O • • •

ho recorrolatod tho data of Friedman and >iarshal (loc.cit.)

into
0.67 (8.23)U = 0.2b G • • •

V

{3^’0 pi'oposodliiraolca and Tooi

0.73 (8.24;AJ= 0.476 Re 

whore U*^ is

Iccal/hi'-i

d is the particle diai;iotor in metros.

» • *
I

the voliUiietric heat transfer coefficient in

8,5. hass Transfer

In contrast to Iieat transfer, dryiric occurs durin./v

both tho cascatle phase and tho soak phase durin;; the solids

jiassaA'O throufili tho drier.

the temperatxiro of tho solid and of tho air, and on the 

ability of the air to ronovo tho moisture, 

expected, tlieroforo, that a snail amount of drying occurs 

in tlie soaliiiiR phase, but tliat most of the drying takes

The rate of driduk doijends on

It would be
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place in the cascacio jihaso. 

Davidson, ct al

It has hcon sup^rcstod by

(20) , ho^;over, that dryiap can be considered 

to occur an a I'ato indopendont of the location of tlic

The basissolid, i,Q, vhothor it is cascadiup or sualdnj. 

for this suppostion vjas that Moisture couconnration changes 

occuri'cd only in the outer regions of a soli"^ i^articic 

during the soahinp period, since there Avas not a sufficiont 

tine for substantial chant os in tho i:oisturc content of the 

particle.

If, however, there is very rapid dryinfv, and a lar,. •

holfl-up, tiion tho drj’lap of t]:o I’^iatorial in the fllpliis

i.iay bo inJiibited l>y tho dryinp power of tho air in t!io voids

ai-;onn tiio particlos in the fliphts. Subject to the

condition that tho i..oistur0 • ovenicnt within the solid is

the controlllnp i :echa:iisi:i, then, tho drying of solid

j^articlos in a rotary drier can bo considered to be "^ery

siidJai* to the dryiuj. of tJiin layers of the material.

General correlations foi’ r:ass transfer arc not used

. ucli for rotar;:,' driers, since tlioro is a wide variation in

the drjdlnp characteristics of u.aterials.

b.b, iieat and Mass Transfer Helationsliius

The mathonatical treatment of a rotary drier is 

eir:ilar to that of a deop-bed drier.

very

A few modifications, 

(^>3)liowovor, ore needed, 

developed a set of equations to describe a rotary drier.

Sharpies, Glikin and Wame

i'hey wore:



121

(a) .-iass Trmiafor Equation:

ilili - ilii /cil 
dl “ dt/ di ~ (S.25)5’d 3

vhore 1 - Distance the drier, i'u.

= Dryin{^ liato, hr ^

V = Vclociti of oolids aloui: tlio drier = I'/.X s
A = Crosa-soctional area of the drier occui>iod by

fj

solids, i't^

= Dry Solids hulk Density in drier, Ib/ft'^

(h; ; ass P.alanco Equation;

, ft/hr
s X

dxdm a (8.26)p
dl + G 0 • • •o dl

wlierc = Air llirddity, Ib/lb

^ -- Air .".ass Ploi;' Rato, Ib/hr, 

(c) heat Transfer Equation;

G

I
rtTg vf!’-'v S.t bo - = i' (c 1.1) -PLpd ^ ^pw

uhoi'o = Cross-sectional area of driex* v;hich is available

for boat transfer (cross-sectional area of
O

Cascade) = , ft

= Total cross-sectional Area of Drier, ft^

^X>d ~ dpocific heat of Dolid dr>' matter, litu/lb “p 

= Specific Heat of moisture in solid, Btn/lb *^F 

= Uato of Heat Loss from Drier Shell, Dtu/hr,

= Touporatuin) of Air, °F 

= Teiuporaturo of Solid,

“ Latent Heat of Vajioid.satlon of noisturo in 

solid, Dtu/lb,

dl

c
;n.‘

H
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(d) lloat 3]alanco Kquation:

<=0 - "'a) Cl
dia)

^ dl- % + c- c tapMV

- p SJdJ (8.28)i.i)= p (c. + JI+ c • * ■dl1x1 dlpv

= Spocific ]Icat of Air, Btu/lb °r 

= opocific Boat of ^('ator Vapour, Btu/lb “p.

vfhoro c

cpwv

8,7, Sit;ailatioTi of a Uotaia*^ Prior

Tlio deep Led drici' aiiiulatioa computer pro^jraiTto 

(Scscribod in cliaptcr 7 coutaiuod equations similar to those 

above, and tJiia pro{;rai;!Mo v.’as modified to predict the

It i/as necossari" to take; erf ir-.aiiCO of a rotary di'lex'.

accouiat ol tlio :iovci;;ont of tlio yrass tlii-ourli the drier.

the different dryiiic: equations at hich tor-iperaturcs, and

cho different aorodjTiar.ic characteristics of the e^ass as

it dried.

fhe Procrasm.jc was used to simulate the f^rass drier

This drier had a druui 18 ft lent:at CoclclG lark Farm,

and 7 ft diameter, but it had tliroo passes as shov.ii in

fli;.8.6. The dimensions of the passes are ijiven in the 

The dmu.i rotated at 15^ rev/min and the air was

The fresh s^nae was fed in hy

dla;.-ram.

licatcd by an oil burner.

an aup:oi’ at one end of the dmim, to the centre pass, and 

the dry fprass was separated from the air by a systoi:; of 

cyclones at the other end, 

and the iprass food rate was 7»9^^ Ib/m-in of dry-.aatter.

The residence tine was measured as 1.25 minutes, ijiviny a 

hold-up of 9*9 lb.

The airflow rate was 237,5 lb/min
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Various assun.ptions were iiacic to facilitate the 

It was assunicd that;

(a) The rasistanco coefficient, ^(Ue) for fjrass 

constant, independent of moisture content, tenporature, etc.

(h) Tlic frrass particle did not shrink, 

particle density was calculated as

calculations;

was

'file local

1 -f ri (8.29)Pp ~ Ppo • « •
1 +

Local larticlc density 

= larticlc density at i: — (Seo Appendix: 12.o)

(c) The drier was oporatinij at dositn loading, i.e. 

the flifjits woi*o just full at 6- =0^, and there was no 

rollinn mass of fpraos at tlio bottom of the drier.

(d) The tliroo passes could bo considered as one pass, 

with a varyiiiit cross-sectional area, and a lcni':th equal

to the sun of tlic lencths of tlio individual passes.

(e) The heat transfer coefficient was constant 

tiirounhout the drier.

(f) There was no heat loss throUj h the shell of the 

drier, nor was there any intor-pass heat transfer.

A block diacran of the rotary- drier siwoilation

where

pror,raru;;o, a printout of tlio be:ct and spccit.ien results

TIao action of the i rot-ranne 

is as follows (Tlio numbers refer to the block diacram):

(l) After initializing; the devices, declarinj; the 

vai'iablcs and procedures and calculating the formats, the 

code nmiboi' for a sob of data was read.

given in Appendix 13*3•arc

If this was -1,

the programme teninated, othorv^iso, tho action v;cnt to (2).



I
I

- 12/|

(2) Ttio delta, for tlie siniulafciou was read iii»

(3) The values of the pliysical constants wore sot.

The croso-soctional area of each pass of the drier was 

calculated, as well as the r.ass velocity of the air in

Tho cross-sectional areas of the second and 

thdiTd x^ssos wore annular, not circular, and tho effective 

dianotor of the druri in each of theso passes was calculated 

as the diameter 01 a circle whose area v/as o<iual to the

The

each pass.

cross-sectional area of the aid^ropriate pa.ss, 

residence time and various other parameters, such as travel 

ratio and cascade density were calculated at tho feed 

The cascade density was calculated fromconditions.

^ /’x ft_________
/°c = CiJ * 1') p, - li,

(S.30')
• ft «

= Density of dXT^-r.iattor in cascade, Ib/ft^ 

Density of dry-niattor in flights, assumed 

constant throurli drier, Ib/ft^
n

density of dry-tr.attor iix drier, Ib/ft"^

where

=j Averaco

Ass \l

= Cross-sectional area of Drier, .ft*

R = Ratio of soalc time to cascade tit.ie 
t?

:= t^/t^ (Soo Appendix 12*?)

Tho initial conditions of the i'prixaa and air were

sot.

(5) Tho IcnfTth of each sta^e or interval was calculated 

fx’oii! tJio data fed in.i
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(6) The input data and values of t]ie aerodyna:r.ic 

parauiotors at the Initial conditions werG printed out, 

but if the value of the code A, fed in with the data.

f

was luo, then tills printing; was by3,iassed.

(7) The headincs for the profile were printed out, 

and the iteration loop was ontorcu,

(8) Tlio croca-sectional area of the drier and the 

i.:ass~velocity i^cro selected, depending* on ciu'i'cut position

The local particle density, and hence the

The local residence

in the drier.

local cascade density, v/as calculated. 

ti;-.c, travel ratio, etc

(9) If the air tonperatnre was (^reater than 6oo°P, a

wore calculated.• I

ro:’s :aiit dr^'inc rate was assuneci, otixeirv/iso the decreasing

drj'iiii] rate equation was used.

(lUj If the docroasin,;; dri-dn/; rate equation was used,

the values of k and n. wore calculated.o
(11) If the air toi-ipcrature was c^^oator than 212°F,

or if the value of i.i^ was nocativc, then la was sot at zero.o o

(12) The chance in i:7oisturQ content was calculated.

(13) If tho air teinporature was creator thtm. COO^P, 

then the (constant) dryinc rate was calculated.

(l^O The chance in luoistuia content was calculated,

(15) Tho exit air humidity and tonijoraturo, axad the 

temperature of the grass tvoro calculated from (7.I7) and

(7.'-7).

place only in the cascade phase, xuid the time interval in 

(7.21) was divided by a tertii (n^. + 1),

j

It was assumed, however, that heat transfer took

4
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(16) Hio values of the \-ai'ious iiax'aiaetors for the 

layer voro printed out only for the first stacc, and for 

every Iv”^rth stacio, where NN was a paranotcr fed in with the 

data.

(17) If the noisturo content of the ,'^ass in the 

sta-^o was loss them zero, a failux'o ir.cssacc was printed, 

the calcnlationp were stopped, and the action rotunxod to

(ni).

(18) If the air toiiporaturo fell below the ,'prass

to!ii'>ox't\nuro by nioro an allowed amount, a failure

..osaar,o was printed out, tlie ciilcnlations were suopped, 

and the action rotuniod to (2l),

(19/ Hic ail' ojiO. ; rasa -..'roportics were ;:iovod to the

Vicr: t s taro.

(2u) V.lion tile end of the drier hiid boon roachod, 

steady—state eouuitions exiuued, and the i.<oisturo contoni: 

of tlio jiroduct was pi-inteu out,

(21; The values of Lho uerodynxu.dLc and. other parameters 

at the final (or failure) cuuditious i;ero nx'intcd out, if 

A was not lOu.

(22) llio r.iean residence tiiuo was calculated eis
n n

r
i=l i=l

v;horc is the local residence time = time it took the 

f-TOss to pass throurh a stare, 

and ncan travel ratio wore printed out. 

retumod to (l).

Tlie mean resldonco time.

Then the action
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S*8, Data for the; I ro/rrainL’io

Tlio following "v^luce vero used for the various1

parameters:

37 Ib/ft

= 55 Ib/ft^ at u 

(uoo bo3.ow)

p - 1/10" = 0.00833 ft. 

a 0.3 Btu/lb dry-uattor

Grass: Bullc density in flityhts

= !lJParticle Density o

= d]’articlo Diameter

Specific hoat — cpd
^F.

s= 0(Re) = 1.0 (see below)Resistance coefficient

= S = 3i'ravel Ratio

= in^ = 4,26 (dry basis) 

= 50°F
CO

= 0.007 lb/lb 

Volui:iotric Heat transfer coefficient =

= 0.374

Initial Moisture content

= TInitial Tomporature

Inlet humidityAir: = X

1

6oo^F (see below -dm/dt -

= -1.83?6 + 0.0246R T , T in °C 
o a a

Di^i-nc

600°F -dm/dt = k(i;i - m )
o

k = 0.02oA exp(0.02028 T ) , T in °C
d Q.

ni = 3292.'! JIT/T ^ -0.22435 T in “c
O ' d Cl d

Ta

8.9 . Results and DiccTJSslon

8,9 .1. Dstablishin^r the Model

The values of three parameters x^ore important for 

testinc the model of the rotary drier, but xjore not easily 

'fhese wore the density of the c^ass i^article, 

the resistance coefficient, 0(Ro) and the ti^avol ratio, 

A sot of data x-?as taken from experimental tests

obtainable.
i

h .
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(6$) and was used to evaluateconducted o\i the [jtclos drioi*

The fclirco parauctors were varied within this 

found that the quotient

described tlio effects of and j4(lic) adequately,

and t^(]le) could bo t'ariod independently, so xoii^j; as

It was fourid that tlio travel 

ratio, S, did not affect the results ver^' iiuclu 

effect of varyinf; S is shown in table S.2,

*.'aluo of S was about

tho Jiiodol,

set of data* It was

i*Q •

their ratio was constant.

Tho

The observed

It v;ao fotaid that chanciiic ‘the drying equation froi:i 

*o fallinr: rate at hOO°P (20o'^c), as the 

tlsin-layor orcporiiiontal ’..*ork cucccstcd, did not t;;ivo a 

' <j oCi i I ula t i on. 

tlio r’lannco^'or tcviperaturc to 600°F»

The validity of the i.odcl v/ao assessed by the accuracy

»

tho c:diauot ruLr torrpcratui'e, and tlio residence time of 

in the dr.ior, .

Iiaraiiotors 0(no) and ^ ,

was found tliat a \'nluc of -- 55» an air tcinporaturo

of 1180°P and^= 3 pixjdictcd tho ineacurcd porfomaance of

Tho values of tho trrass density 

and resistance coefficient wliich woro asaut.ed, agreed well 

with tills value of Pp/i2^(Hc), 

respectively.

coofficiont for grass would be much creator than that for 

a cylinder, since a piece of grass is very irrognlar, and

constant rate

.In i:::provci:ieiit was obtained by raising

I

with '..'hich it predicted llic prcKluct I’oisturo content,

By systematically varying thetho grass

and tho air teiuporaturo, it

tlio drier quite well.

. 5u Ib/ft^ andi.e

It v;ould bo c^ijocted that tho resistance
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much i.oro bluff, so that = 1 is a reasonable

file comparison of tho predicted porforrance varialilos, 

^ with their experimentally dotorjriined valvios 

The predicted and oxiieriuiontal 

toi:;poratixre profile:: are shown, in fi(..«S,7, 

lioisturo content p’l'ofilo is shoim in fi(;.<‘.S, 

it.icntal and predicted tciiporatxiro profiles a(-roc

Tho slii:,ht disparity could bo due to tho ordesion 

of the heat loss torn in the equations, ov if the lioat 

transfer coefficient was not constant throui^;h tho drier. 

Kadiation Jicat transfox' would also bo considorablo in tho

is civen in table d*l«

Tho predicted

The oxi'Or­

well,

first pass, axid no o^ocial allowance was iaadc for this.

/uiotlsoi' reason : ;ay have been tho existence of a considorablo

toi q'craturo ,',-radiont across the drier and tlio initial air
otciapcraturo was thorofoi'o, probably v;oll belov; 1337

i

o, 9.2. Use of the Ilodol

Tho model was used to predict tho effects of varying

tho inlet air to: .pcratui'o, tho air flov; rate axid the I'yrass

Tho results are shoxm in fifjs.S.b to o.lp.feed rate.

8, 9.3* hffoct of Air Tomuerature (fiffs

/ox increase in tho tomperaturo of the inlet air led to

.9 and 8.lo)'v

a reduction in tho product moisture content. At very hi^h

air flow rates and very low -rass feed rates, the model

tended to predict a no£;ative prodxict Moisture content, 

indicatinc burning; of tlio i^rass,

tho i>rocTa::mo to ton::inate tho calculations xvhen tho

A chock x;as built into

1
t

iiioisttiro content x;cnt nc{;ative. It was also found that
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tho rosidonco tiMO chancod witli tlic air tcmporaturc f and 

tiiis nxust have heon duo to alterations in tho particle 

and air donsitv because of the increase in dr>'in(T.

9,4. 3)ffoct of Air Tlov Itato (fii;.0.1l)

The of fees of incrcasiui, the air flow rate was to

This was due toreduce tho product i.ioisturo content,

in tho clr;-intr power of the air.

■100 Ib/r.iin, however, tho product noisture content increased.

Abovetho inc(?cp>i.e

'fliis T.’as becausearticularly at hi{:hor air teirix^eraturcs.

tlio increase in tho air flow rate both tended to inci'oaso

llio I'rodnct i oisturc content by rcducln/j; the residence 

tiiic, and to reduce tho jiroduct r.ioisture content by virtue

Tliosc two effectsof tJio increase in air heat inxjut rate.

doiond on tho air flow rate to difforent extents, and hence

there is a iiiuitiui.i in t3te piot of product moisture content

It can bo soon that incroasiuc;a,Tainst air flow rate.

tlic* air flow rate reduces the residence time.

IDffcct of Grass Pood itatc (fi£,.0,12)S. 9 .3.

rhero was ein almost linear relationship between the

]>rodTict moisture content and tho j^rass food rate, tho

pi'oduct r;oisture content incroasinc as the feed rate

This was because there was only a certain 

ai:ount of drj’-inc power in tho air, and as the load on tho 

drier increased, tho aiiovmt of drying; possible per unit

increased.

weicht of crass decreased.
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Internrotation of Ilosults

Tho paraietors r.i^, and T movq int^ci—related.

Tho iioistnro content of tlic product, dopondod both

on the toiLipci^tvure of tho inlet air and on tho lonpth of

The ordiatist airtine spent in the drier by tlie {p'asu, 

toriporatnro depended on the inlet aix- toiiiporatnro and 

on tho product loisturo content.

Tlio product noisturc content is plotted acainst the 

oxliaust air tenporature for a /jrass feed rate of 7lb/::in 

in fic.8.13. Tttfo sets of curves are shoAvn - those for

constant air flow rates and those for constant iulot air

Tiio forii of this plot acroes with thatto! ijioi'aturos •

(6:0olitainod b3' vSljarples, Glil:in and '(.’'amo

The i>roduct i.ioisturo content is plotted a,'gainst the 

exhaust aiz- toi.iporaturo for an airflov; rate of T3S Ib/r.iin 

and dlfforcrit air i ci..por.aturos in fic.^.l^U The crass

feed rate varies alone eacli curve. This is the fox*; i of

tlTo relationship :;jcasurod for tho Cockle hark Drier, 

can be seen that the inlet air toriporaturo had a no, liciblc 

oficet on the intor-dopondoricy of and T^, thus t.iakinc 

it very suitable to control tho product moisture content 

L'v sonsinc tho oxliaust air toiij-eraturo and feeding tlie 

sipnal back to alter the i.rass feed rate, 

unit need not bo complicated since tho inlet air temperature 

does not affect tho control characteristics vorj' r.uch.

It

The control

The product moisture content is plotted ae-ainst the 

ail- hoat input rate in fie.8.15, TIio datun: is talconi

i
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• i

al; o"f. T]:c form of the plot also ai.xces with that ol 

Sh.arjilea ot al» (locaclt*)*

S•lo• Conclusions

The dryinc of t.xacs in rotary driers can be ]>redictcd 

by r.nans of tho nathonatical nodol dovolopod* 

can bo used to show the effects of varj-inc different 

oj)oratin(; paranetears*

of tiio exiiaaist air tor.poraturo to control the product 

v;oisturc content is a suitable method*

TIio ;:iodcl

The model also shov/s that the use
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Table

To Show that the air Resistance does 
not change substantially

Loss of weight 
as shown by 
Lata Logger

Bun Loss of wei^t 
as shown by lab. 

balance

501 6.42 gm
9.52 gm

8.51 gm 
9*16 gm

9.60 gm 
9.70 gm

506

599 10.90 gm 
9.98 gm401

Table 5.2

Headings from Balance Response Tests

(a) Bata Logger: Input : step of size 10 or 5

t Test 1 
Response

Test 2 
Response

Test 5 
Response

Test4
Responsesees.

0 0.05
3.59

0.04 0.07 0.05

I
1

2.05 5.53 3.51
6,21 3.46 6.65 6.72
6.56 6.624.39 8.70

2

9.49 9.60 9.644.63
9.92 5.01 9.98 9.99

5.0610.05
10.08
10.08

10.09
10.11
10.12

10,09
10.11
10.10n 5.07

5.06

(b) Ultra-violet Recorder : Input t step of size 10 or 5

Test 1 Test 2 
Response Response

t Test 3 
Response

Test4
Responsesecs.

0 0 0 0 0
0.25 3 2 1.5 1
0.5 5 4.2 2.7 2.4
0.75 6.27 3.5 3.4
1.0 8.4 7.7 4.2 4.1
1.25 9.3 4.68.7 4.5
1.5 9.6 9.3 4.8 4.8
1.75 9.9 9.7 5.0 4.9
2.0 10.0 9.9 5.0 5.0



Table 3<3

Besistance Test on Medlun Temperature Rig

Test Balance (Light 
Duty)

Heavy
Duty
Balance
210,8

No air 
212.2

Pull Air 
211.0Veie^t of Tray empty

268.2 267.2 267.8 265.2Veig^t of tray and undried grass*

220.2 220.1 220.6
220.5 220.6

Vei^t of tray and dried grass* 217.9

* Mot same sample

Thus Resistance when dxy > 2.6 gm approx. 
Resistance when wet > 2.9 gm approx.



TaUe 4*1

Sources of Grass

Description No. of cuts 
taken

Source

A Field of second Season 
Italian Nyegrass (I.R.G.) 
(1968)

6

16B Discard Plot of I.R.G. 
at N.I.A.B. plots at Cockle 
Park (1968)

C Plot of I.R.G. at N.I.A.B. 
(1969)

8

Plot of Perennial Ryegrass 
(■P.B«C..) (1969)

D 4

6s Plot of I.R.G. at N.I.A.B. 
(1970)

9



TaUe 4*2
GrasB Sampling Data

Time Date Noisture 
Content(d»b*)ofBatch Variety 1 of

8 Regrowth Cut

20. 6.68 
26. 6.68 
26. 6.68
1. 7.6b 
5. 7.68
5. 7.68

14 5. 7.68
8. 7.66 
29. 7.66
2. 8.68
6. 8.68 
9. 8.68
13. 8.68 
13. 6.68 
20. 8.68 

22 20. 8.68
21 23. 8.68
24 26. 8.68
22 31. 8.68
36 2.10.68
36 5.10.68
56 9.10.68
44 11.10.68
72 23.10.68
29 29. 7.69
29 29. 7.69
34 3. 8.69
34 3. 8.69
39 8. 8.69
39 8. 8.69
41 10. 8.69
41 10. 8.69
14 24. 8.69
21 29. 8.69
28 31. 8.69
42 9. 9.69
20 11. 5.70
29 20. 5.70
31 22. 5.70
35 26. 5.70
42 2. 6.70
49 9. 6.70

1.875
1.247
1.017
0.625
0.542
0.545
1.166
0.681

5.6613
6.4944
6.7171
5.6824
7.2728
5.3203
6.7873
4.6559
4.5466
4.7093
4.8851
4.2162
4.3778
3.9603
4.5053
5.0715
6.5356
7.4378
5.1510
4.3000
7.2641
6.3364
6.8329
4.7298
4.9970
6.0330
2.8O50
4.4828
2.5975
4.6017
2.8295
4.7536
5.19I8
4.9663
5.1336
3.7663
6.1317
4.3348
5.3290
3.1570
2.9021
2.5280

1 I ..
I2

3 I.
4 I
5 I
6 I
7 I
8 I
9 I 1.02

0.681
0.998
0.576
0.772
O.506
0.470

10 I
11 I
12 I
13 I
14 I
15 1
16 I 1.78
17 I 3.1
18 I 4.42

I ■19 3.1
20 I -4.54
21 I 4.49
22 I 3.09
25 I 7.53
24 I 2.15
25 I 0.551
26 P
27 I
28 P
29 I 0.358
30 P
31 I 0.39
32 P
33 I
34 6.636

6.742
1.470

I
35 I
36 I
37 I 2.71
38 I 1.54

1.22
1.068
0.90

39 I
40 I
41 I
42 0.63I
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Table 3,19
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Table 5*25

k values for unseparated grass at 100*^0

T^®CRun 1 k ks P e
59 1.02 89.2 0.1787

0.1221
0.1257
0.1326
0.1885
0.2531
0.2481
0.1643
0,1566
0.1631
0.1328
0.1275
0,1677
0.1870
0.1648
0.2425
0.2353
0.2759
0.2323
0.3643
O.3064
0.2081
0.2502
0.1790
0.1978
0.2592
0.1781
0.2211

0.1552
O.I3O6
0.1300
0.1287
0.1848
0.2306
0.2384
0.1525
0.1536
0.1565
0.1501
0.1260
0.1761
0.1698
0.1653
0.2073
0.2073
0.2541
0.2214
0.3014
0.2625
0.1869
0.2187
0.1681
0.1811
0.2234
0.1691
0.1825

60 1.02 87.5
63 1.02 9.1.6
66 0.681

0.681
0.681
0.998
0.998
0.998
0.576
0.772 .
O.506
0.470
0.470
0.470

91.4
72 ,90.0

113.0
118.1
96.9

111.2
105.0
105.0

103.5
100.7
113.2 

105.9
102.7
103.2
106.5 

102.1 

109.1
101.8

73
74
75
82

84

90

103

110

119
124
113 1.78

123 1.78

131 3.1

257 4.42

154 3.1

155 3.1

163 4.54 97.6

177 4.49 103.2

100.4
103.2 

108.7 

109.6

109.2

194 5.09
219 7.33
224 7.35
230 7.33
231 7.33



Table 5.26

k values for leaves only at 100°C

T^C kRun k1
P es

0.1649

0.1350
0.1332

0.1912

0,1291
0.0995
0.0997
0.0793
0.1225
0.2610

0.1930

0.1647
0.2394
0.2054
0.2509
0.2152

0.2978

0.2635

0.2403
0.2825

0.2394
0.2236

0.1868

0.1889

0.1891

0.1338

0.1450
0,2783

0.1271
0.1328

0.1083

0.0841

0.1251
0.2775

0.2183

0.1653 

0.2934 

0.2431
0,3308

0.2628

0.3906

0.2998

0.2493
0.3427
0.2810

0.2588

0.2204

0.2251

14 1.875

1.247

1.017
0.825

0.542
0.545
1.166

0.681

0.681

100,1

96.67

21 94.3
37 94.5
31 95.9
41 92.5

96.045
50 91.2

.51 93.0

61 1.02 90.5
67 0.681

0,998

0.576

0.772

0.506

0.470

.90.2

76 97.9

106.7

105.7 

105.4 

101.6 -
104.2

106.8 

102.6

103.3

85

93

104
111

114 1.78

132 3.1
141 4.42
156 3.1

164 4.54 97.9

178 4.49 105.5
101.4

104.0

195 5.09
220 7.33



Table 5.27

k values for stems only at 100°C

T^®C kkRun ep

0.0450

0.0566

0.0532

0.0425

0.0420

0.0266

0.0424
0.0222

0.0542

0.1226

0.0994
0.0939
0.1158

0.1054
0.1001

0.1143

0.1525
0.1376

0.1788

0.1891

0.1596

0.1743
0.1213
0.1320

0.0544
0.0400

0.0472

0.0413
0.0433
0,0303

0.0345
0.0246

0.0465

0.1450

0.1151
0.1052

0.1436

0,1163

0.1172

0.1305
0.1725

O.I3O6

0.1932

0.1660

0.1960

0.2442

0.1523
0.1382

15 1.875 105.0

6 1.247 96.8

20 1.017 91.9
38 0.825 91.6

32 0.542 97.0

42 0.545 95.5
46 1.166 95.6

52 0.681 93.2

53 0.601 93.5
62 1.02 89.1

68 0.681 89.2

77 0.998 97.5
86 0.576 105.6

94 0.772 106.5
105 O.506 105.7
112 0.470 101.8

115 1.78 105.6

133 3.1 107.1
142 4.42 104.6

157 3.1 104.6

165 4.54 97.6

179 4.49 103.6

196 3.09 102.6

221 7.33 104.3



Table 5*28
Obeying Paraaeters for two-period curves on M.T.Rlg. 

T^Q

53.8 

57.7 

80.0 

62.6 

65.4

Hun k “cl^2 “e2“el1
64 3.51.12.00.0755

0.0767

0.063

0.055

0.0425

0.04565 1.4 3.852.35

69 2.751.01.750.04

79 0,65 2.40.025
0.035
0.035
0.055

1.5

87 0.5 2.050.07 1.3
88 1.9575.5 0.050.950.07
91 3.540.7 2.10.125 3.1

92 70.6 2.350.30.1 0.05 1.3

95 66.7 3.10.450.13 0.0425 2.2

97 77.2 0 2.00.0975
0.1075

0.04 1.0

98 75.9 0 1.70.045
0.0525

1.25
1.6100 88.1 0.10 0.7 0

102 37.6 0.06 0.02 2.0 5.152.8

106 65.3 0.085

0.0925
0.09

0.04 1.95 0.75 3.0

107 78.5 0.075
0.063

0.063

0.7 0.2 2.0

122 74.8 0.75 0 2.5

128 88.8 0.09 0.075 0 2.5
68.6135 0.19 0.10 2.75 0.5 4.9

136 40.6 0.15 0.0225 3.75 1.4 4.2

0.165
0.085

0.1533
0.0425

1.6573.3148 0.11 0.35 4.3
149 37.1 0.0324

0.0825

4.05 2.5 5.0

62.6159 2.35 0.55 4.55
63.5190 0.03

0.06

4.61.25 0

66.7191 0.09 1.7 0.3 4.25
72.0 0,125

0.205

192 0.0725 1.9 0.25 4.55
67.8193 0.10 2.35 0.45 4.15
68.6208 0.11 0.08 1.15 0 5.4
68.3 0.11209 0.0775

0.08

0.0525

0.0325

0.0875

0.065

0.045
0.075

2.1 0.9 5.4
70.2 0.1175

0.135
0.0425

210 2.2 0.7 5.4
60.5211 3.55 0.8 5.35
64.9203 1.35 0 4.1

226 71.0 0.13 1.7 0.25 4.8
62.6 0.1275227 2.25 0.45 4.5
51.5 0.11228 2.15 0.2 3.45
68.1229 0.1025 1.5 0.1 4.15
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Table 5.30

Drying Parameters for Low Temperat\ure Runs
>

T_®CSon “el “e2 “e3 “c1 “c2a

501 41.7 59.33 O.O62 0,0226 0,0136 2.43
20,33 0.1325 0,0985 0.056
11.74 0.270 0.1388 0,1105 2.0

1.33 1.03 3.10 1.78 

2.95 2.40
3.9 1.0

60.8302 1.73 1.34 0.53
80.6303 0.2 0
81.4304 11.58 0.1825 

11.68 0.26
0.2

60.2305 1.78
306 80.1 11,76 0.1825 0.1493 0.1 

83.26 0.0585 0.0561 0.01313 2.57 

38.29 0.132

1.20 0.7 0 3.35 2.10 

3.20 2.65307 39.7 2.25 1.58
60.03O8 0.049 2.32

0.174 0.1115

39.35 0.0735 0.0222 0.0145 2.18

72.72 0.066 0.0208 0.00755 3.15

57.70 0,0495 0.016 0,00503 3,87

0.97 3.15
309 81.4 17.18 1.33 0.2 3.28 

2.64 1.55 

3.42 5.05 

4.34 3.53
3.22 2.65
3.68 3.45
4.0 3.25

310 40.6 1.15 0.93
311 20.1 2.60 2.05
312 20.1 2.87 1.54
313 20.2 37.37 0.0646 0.0164 0.0123 

19.45 0.081 0.0525 0.0155 5.2

10.10 0.1425 0.085

2.92 2.00 1.78
314 39.5
315 , 60.4

2.52 1.50

0.0555 2.73 1.88 1.07
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Table 5,45a

Constants in

Batch Points Correlation
Coefficient

0.9599
0,8518
0,9815
0.9574
0.9959
0.9954
0.9596
0,9685
0.9776
0,9786
0,9848

^a

9 5 -4.269
-4.801
-4.467
-4.265
-5.749
-5.057
-3.907
-3.7419
-4.482
-3.240
-4.274

0.014
0.007
0.01135
0,014
0,02340
O.OO649
0.02 .
0.0236
0.01123
0.039
0,0139

0,02568
0,03046
0,02554
0,02073
O.OI605
0.03010
0.01945
0.02150
0.02828
0.01747
0.02885
0.01777
0,01851
0.01948
0,02441

10 6
11 7
12 4
13 5
14 5
15 5
16 5
17 6
18 5
19 5
20 12
21 15
22 23
23 11 -4.161 0.01562 0,9856

, 29 & 31
,Whole Grass) I5 
Leaves Only) 9 
Steins Only) 9

30 & 32 15 
, 31
(Chop Varied) I9

33 15
34 16
35 15
36 13
37 4
38 5
39 11

-1.103
-1.282
-0,084
-1.187

0.3315
0.277

0.00467 0.4981
0.00889 0.8614

-0.00173 -0.1933
0.00634 0.7825

0,00629 
0.00377 
0.00647 
0.00612 
O.OO9O6 
0.01998
0.00543 
0.01079

0,00519 0.6509
0,00461 0.6831
0.00371 0.4023

0.01194 0.6925 
0.01445 0.9496
0.02192 0,9931

0.92
0.304

-1.234
-0.592
-1.132
-1.274
-1.539
-3.398
-1.712
-2,667

0.29 0.7097
0.4715
0.6937
0,5014
0.7599
0.9724
0.4979
0.9133

0.552
0.322
0.279
0,2145
0.0333
0.18
0,0885

40
(Whole Grass) 10 
(Leaves Only) 5 
(Stems Only) 5 

41
[Whole Grass) 9 
,Leaves Only) 4 
[stems Only) 3

-1.624
-1.343
-2.036

0.1967
-.266
0.1302

-3.461
-3.266
-4.927

0.0529
0.038
0,01435



Table 5*4515

Constants In log^k^ • W

Batch Points K K • ■S> Correlation
Coefficient

0,9786
0,8732
0,9774
0,9568
0,9799
0,9963
0.9329
0.9980
0.9923
0.9795
0.9884

a a

i9 5 -4*267 
-4*854 
-4*413 
-4*3533 
-3*493 
-4*436 
-3*589 
-3*460 
-3*5078 
-3*0445 
-3*9989 0.0183

0.0141
0.00633
0.01197
0.0128
0.0303
0.01177
0.0276
0.0314
0.02995
0.0476

0.02551
0.03056
0.02441
0.02128
0.01436
0.02390
0.01658
0.01808
0.01934
0.01524
0.02491
0.0143
0.01576
0,01624
0.02441

10 6
11 7
12 4
13 5
14 5
15 5
16 5
17 6
18 5
19 5
20 12
21 15
22 25
23 11 -4*161 0,0155 0.9836

, 29&31
(Whole Grass )l 5 
Leaves only)9 
Stems only) 9
30 & 32 15 

/ 51
(Chop varied) I9

33 15
34 16

-1*307
-1*439
-1.724
-0.871

0.27 0.00601 0.9250
0.00851 0.8704
O.OO865 0,9413
0.0377 0.5591

0.00468 
0.00748 
0,00778
0,00757 
0.0106 
0.02268 
0.00856 
0.01194

0.237
0.178
0*417

-1.326
-1.642
-1*497
-1.384
-1*995
-4.010
-2*175
-2.910

0.2655
0*1935
0.223

0.5195
0.7387
0.8582
0.7799
0.8402
0,9870
0.7768
0,8779

35 15 0.25
36 13
37 4
38 5
39 11
40 ^

yniole Grass) 13 
Leaves Only) 5 
Stems Only) 5

0.1358
0.01795
0*1137
0.054

-2.819
-2.858
-3*359

0.0565
0,0571
0.0247

0,01060
0.01058
0,00831

0.9427
0.8906
0.911341

jWhole Grass) 10 
Leaves Only) 4 
Stems Only) 4

-4*164
-3.5590
-5*704

0.0155
0.0284
0,00328

0.01678
0,01569
0.01883

0.9130 
0,9692 
0.8151



r
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Table 5.46

^oe,0^ * kgVz m

Correlation
Coefficient

0.9622

0.8656

0.9804

0.9504
O.94O8

0.9809

0.8294

0.8765

0.9915
0.8278

0.9548

0.8569

0.8601

0.8326

0.9865

Batch Points ^a

9 5 -4.266

-4.830

-4.437
-4.342

-3.659

-4.735

-3.723
-3.176

-3.888

-3.023

-4.084

-3.5581

-3.96715

-3.9032

-3.9953

0.0140

0.00799
0.01183

0.01301

0.02576

0.00878

0.02417
0.04173

0.02049

0.04865
0.01683

0.02849

0.01893

0.02016

0.01844

0.02557
0,05058

0,02495
0.02119
0.01472

0.02650

0.01620

0.01568

0.02295

0.01540

0.02654

0.01669

0.02015

0.01862

0.02231

10 6

11 7

12 4

13 10

14 7

15 8
16 9
17 8
18 11
19 8
20 12
21 15
22 23
23 11

29 & 31
(Whole grass) 15 

(Leaves only) 9 

(stems Only) 9

30 & 32

0.3070

0.2562

O.3065

0.3426

0.00549
0.00876

0.00568

0.00541

0.7853

0.8723

O.8O30

0.752915
31 19

(Oiop variation) 0.2770

0.3626

0.2723

0.2626

0.1678

0.1587

0.0573

0.00574
0.00545
0.00714
0,00716

0.01033
0,00722

0.01201

0.6872

0.6848

0.7952

0.7377

0.8741

0.5715
0.9798

33 15
34 16

35 15
36 13

37 & 38 9

39 11

40

(Whole grass) 10 

(leaves only) 5 

(stems only) 5

0.12841

0.1345
O.P594

0,00789

0.0077,0

0.00707

0.7973

0.9267

0.6794
41

(Whole grass) 5 

(Leaves only) 4 

(stems only) 5

0.05770

0.03347
0.00498

0.00946

0.01504

0.02216

0.9739

0.9638

0.9922



Table 5,47

Constanta in log k
-e

for all runs, and groups of runs

Correlation
Coefficient

Group Points K K_' ■s.a a

All Hediuffl Teap. 
Runs

Batches 9-25 144 -5.9859 0.0185 0,02102 0.8595

All Medium Temp.
Runs, Batches 9 - 
25, snd High Temp. 
Runs, T^ 200°C 203 -3.8002 0,0222 0,02032 0,8487

Two-period Runs 
on Medium Temp, 
Rig, Batches 9 -
23

35 -2.3986 O.O9O84 0.00122 0.04095
(Not significant)

0.5103235 -4.1578 0.01564 0.01799



Table 5.48

Table of constants in log^k^ ■ k_ + * V
Correlation
Coefficient

8

Satoli ■i* S. K
i

13 -4.3517 0.0128
-5.6659 0.00357
-5.0554 0.00641 

-3.7876 0,0597 

-4.4994 0,0111

-4.2607 0.0141 

-4.4738 0.0256 

-4.934 0.00715

-4.785 0.00833

-4.940 0.00715

0.01588

0.02993

0.01954
0.01726

0.02740

0.01781

0.02768

0.01777

0.01851

0,01948

7.641 0.9693

0.9799

0.9558

O.8O52

0,9625

0.9330

0.9195

O.95O8

0.9095
0.9267

-14 7.964

13.565

6.533

1.190

12.705

15
16

17
18

19 4.59
20 19.729

15.952

15.753

21

22

Table of constants in log k

Correlation 
J Coefficient

e g

Batch % K* K8

13 -4.285 0.0137
-5.5213 0.00403 

-4.7523 0.00764 

•>3.6692 0.02535 

-2.9197 0.0540 

-4.6202 0.0098 

-4.3987 0.01227 

-4.750 0.00968 

-4.6483 0.0096 

-4.7O88 0.0090

0.01450
0.02395
0.01649
0,01576 

0.01891 

0.01668 

0.02395 

0,01430 

0.01576 

0.01624

10.423
12.899
13.722
6.024

-6.550
19.536
6.456

20,014
17.369
16.317

0.9615
0.9933
0.9385
0.8505
0.9904
0.7626
0.9301
0.9296
0.9494
0.9311

14
15
16
17
18
19
20
21
22



Table 5.49

• A Ve

Corzelation
Coefficient

0.9485

0.9969

0.9449
0.8476

0.9741
0.8565

0.9184

0.95517
0.9210

0.9547

Batch KfS
13 -4*5645 0.01735 

-5.8O59 0.02851

-5*1921 0.02098 

-3*7218 0.01650 

-4*0682 0.02599

-4.6659 0.01915 

-4.4129 0.02577
-4*8686 0.01745 

-4*7859 0.01769 

-4*8410 0.01834

8.2852

11.507
13.665
6.771
O.5O8

16.552

5.396

18.965

16.914

15.641

14
15
16

17

18

19
20

21

22

All Runs, 
Batches 13-23 -4*9585 0.02081 14.138 0.8275



I
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Ublo 5*49

OontlatiouB for Lov tcopcixatiuNi runs

k1

Correlation
Coefficient

i K»
a

1 0.03108 0.02*418

0.03725

0.04636

0.9397 

0.9520 

0.9679 '

2 0.00781

0.6026885

“cl -

Correlation
Ooeffieient

1

-1'^". . .«•
0.8302 0.5780 0.8091

O.I6642 1.8062 0.1435



Table 5,50

ConstantB in o
e

Buna j. Correlation 
q Coefficient

Boints

Batches 9-23 
Aragrame Results

144 -0.2037 29830 0.8825

Batches 9-23 
Graphical Results

144 -0.1942 29879 0.6746

Two-period curves 
on Hediua Temp. Rig

■el 35 0.7543 44490 0.7515

-0.5175 55929 0.844435“e2

Low Temp. Runs
13 6763 0.7435

7114 0.7124

5517 0.7964

■o1 1.8181

0.9709

0.5971

12“e2

11“.3

Constants in -"e

Correlation
Coefficient

Runs Points K
q

Batches 9-23 
I^granee Results 144 I.50I6 -0.01332 0.5972

Batches 9-23 
Graphical Results I44

Two-period Curves on 
Hedium Temp. Rig

1.2458 -0.01077 0.6328

35 5.6191

3.2392

“el -0.05725

-0.04056

0.8056

0.794235“e2

Low Temp. Runs
13 3.7756

3.0146

2.2896

“el -0.0264

-0.02758

-0.02478

0.8285

0.7934::

0.8971

12“e2

11“e3



Table 5.51

Constanta in k

for 100®C
8

Whole Grass 0.17552 0,007584 0.3523 28 

0.18537 0.01201 0.3000 24 

0,06514 0.02007 0.6220 24

Lssfes Only 

Stems Only
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Table 5,52

Constants in + Kg^i
8

■Sa Pointsr

k obtained by polynomial 
methodf batches 9.4')

k obtained by grouping 
and segmentation method, 
batches 9 *■ 41

Average of two values of 
k, batches 9 - 41

0.05269 0.0259 0.4590 23

0.05056 0.01215 0.5464 23

O.O617O 0.01471 0.3241 26

Constants in
S

*^b Pointsr

k obtained by polynomial 
method, batches 9 - 41

k obtained by grouping 
and segmentation method, 
batches 9-41

Average of two values of 
k, batches 9 - 41

0.01854 -0.000689 0.198 26

0.01774 -0.000600 0.2159 26

0.017066 -0.000582 0.1889 26

Constants in K* ■ ■Se ^ VG a

PointsrS
k obtained by polynomial 
method, batches 13-22

k obtained by grouping and 
segmentation method, 
batches 13-22

0.009991 0.0001827 0.0557 10

O.OI4O8 0.0005488 0.0617 10

Constants in
s

Pointsr
k obtained by polynomial 
method, batches 13-22 0.02266 -0.0005831 O.I869 10

k obtained by grouping 
segmentation method, 

batches 13-22 0.01897 -0.0005001 0.2315 10



Table 5.52 contd.

f,

Constants in

■Hi ■Hi X - Points

k obtained by polynomial 
Bsthodf batches 13-22

-k-obtained hy grouping 
and segmentation method, 

—batches 13 - 22

i

6.8331 1.412 0.3948 10

8.1835 1.3079 0.2669 10



Table 5.53; .
ir

Constants in

Correlation
Coefficient

!
Bat^ Points

29 & 31
[Whole grass) 15 
Leaves only) 9 
Stems Only) 9

30 & 32 15 
31

(Chop Varied) 25
33 15
34 16
35 16
36 13

-1.6588
-2.0220
-2.5167
-3.3397

0.01829
0.02416
0.02122
0.03080

0.9490
0.9694
0.9137
0.9007

0.8806
0.8176
0.9530
0.7687
0.9210
0.9892
0.9545
0.9548

0.02266
0.02565
0.03668
0.02436
0.03432
0.01352
0.01221
0.01460

-2.0005
1.0666

-1.0553
0.9595
-2.8844
-1.0350
-0.3492
-1.4078

37 4
38 5
39 11
40

Whole Grass) 14 
leaves Only) 7 
Stems Only) 7

-1.4726
-1.4283
-0.8119

0.01445
0.01625
0.00926

0.9535
0.9404
0.9710

41
[Whole Grass) 10 
.Leaves Only) 5 
’stems Only) 5

-1.7883
-3.2040
-1.5703

0.01717
0.02835
0.01596

0.9442
0.9193
0.9799

-1.8596 0.02468All 201 0.7119

All, excepting 
leaves, stems and 
Batches 30 & 32

0.69913144 -1.5043 0.02497

I,
a
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Table 5*54

(• Constants in K + sr r

Coixelation
Coefficient

Points
r

0.2655 0,7002 11Batches 29 - 41 -1.8495

Constants in K -S 8

Correlation 
Coefficient

0.01667 0.00154 0,5861

*1. Points

11Batches 29 - 41
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Table 5.55

Variation in Initial Koistuxe Content 
of Grass

')

Batch Mean a.e« Standard Variance 
Deviation(d.b.)s

1

0.2651
0.3896
0.4958
0.4637
0.6484
0.2266
0.2238

1 5.4417
6.1938
6.2620
5.7385
6.7130
5.1193
6.6265

0.5149
0.6242
0.7041
0.6810
O.8O52
0.4760
0.4730

2
3
4
5
6
7

(



Table 7,1,

Reeults of Barley Drying Sinulation

Expeximental Experimental Predicted 
Run tine,min Final m,c. Run time

169.5

Sun Predicted 
Final n,c.

S 159 
S 157 
S 156 
S 141 
S 142

157 0,2926
0.1514
0.1955
0.1909
0.2655

0,2887
0,1400
0.1941
0.2286
0.2574

568 610
440 455
527 531.5
206 240

93 0.2976
0.1331
0.1772
0.2239
0.2681

S 122
s 147
S 118 
S 120 
S 121

101 0,2958
0.1481
0.1819
0.2317
0.2728

491 535.5
390 403
303 324
185 213

0.2659

0.1594
0.1892
0.2308
0.2684

105 0.3019
0.1400
0.1817
0,2247
0.2620

S 145
s 134 
s 146 
s 126 
s 125

59.5
260 298
211 223
160 169
105 114

s 136 
s 140 
s 144 
s 143
S 148
s 135

361317 0.1400
0.1400
0.1473
0.1409
0.1400
0.1400

0.1570
0.1566
0.1576
0,1625
0.1667
0.1656

430 460
256 275.5

4O6355
149 184.5-

246.5205

Table 7.2

Results of Wheat Drying Simulation

Run Experimental Experimental Predicted
Run time,min Final m.o. Run time

0.2519 
0.2293 
0.1522 
0.1461

Predicted 
Final m.c.

0.2612
0.2267
O.I9O8
0,1581

S 1 130 142.5
107.5
186.5

S 2 110
S 4 140
S 5 140 155

NOTE; The moisture contents referred to are the average 
moisture contents of the bed. 
run time, the programme will produce the predicted final moisture 
content, which may be compared with the experimental final 
moisture content.
the predicted time required to reach the experimental final 
moisture content, 
with the experimental time.

Given the experimental

Alternatively, the programme may determine

This predicted time can then be compared



:1

Table 7.5.

Besults of Hay Hxying Simulation

Fred*
Final

m«c*dab«

£rptl. 
Run time 

nine

Exptl*
Pinal

niaCadaba

Ffed. 
Run timeInitial

m*Cadaba
**

AccuracyminsRim
5.78540.178

0.1795
0.3525
0.1769
0.1766
O.I8I4
0.1728
0.1739
0.1759
0.1719

1620 10300.798
0.815
0.834
0.812
0.715
0.712
0.760
0.730
0.687
0.760

0.14S 201 

S 202
s 205 

s 204 

s 205
S 206
s 207
S 208
s 209
S 210

-8.63541560 12800.23
-15.5054

2.59/0
7.9854
0.2654

11.0354
11.7254
8.2554

13.5054

0.40 14951740
0.161560 895

7051740 0.13
1680 0.18 1195

0.101020
0.101320

1680 0.13
1020 0.08

Predicted final m.c. - Experimental final m.c.
Initial m.c. - Experimental final m.c.

100** Accuracy «

The moisture contents referred to are the average
Given the experimental

NOTE;
moisture contents of the bed.
run time, the programme will produce the predicted final 
moisture content, which may be compared with the experimental
final moisture content, 
determine the predicted time required to reach the experimental 
final moisture content. This predicted time can then be 
compared with the experimental time.

Alternatively, the programme may
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fable 8»1

EBEDICflON OF ROTARY RRIER FERFORMANCE

Atr flow rate « 236 Ib/nln

Feed rate of grass dry-matter ■ 9*53 Ib/min

linlet air temperature ■ HOO’^F

Predicted 
Value

326®F

0.505

1.3156 min

Parameter Ei^erimental
Value

300®FBdiaust air temperature
■**

0.19Product moist\»re content

1.25 minResidence time

** The grass feed rate was not known exactly, and therefore

the predicted and experimental values of the product moisture

content do not agree closely.

fable 8.2

EFFECT OF TRAVEL RATIO, 6

Inlet air temperattire ■ 1000®P

Initial moistuxre content « 4*26

Air flow rate > 238 Ib/min 

Grass feed rate « 6.35 Ib/min

Predicted Values

T ■ TTravel Ratio “f f
6

3220.5548 1.58891.71

0.6343

0.6397

1.2729 3372.0

1.2604

1.585^

3382.4

3273.0 0.5243



XI

FIGUBES
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LEGEND

The legend for the diagrams is given 

in each figure, except in the plots 

of k and against T . In these 

figures, the letter p means that the 

values were obtained by the polynomial 
method, the letter g indicates that the 

values were obtained by the segmentation

and grouping method, and the letter v that 

the velocity of the air was varied
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The legend for the diagrams is given 

in each figure, except in the plots 

of k and against T . In these 

figures, the letter p means that the 

values were obtained by the polynomial 
method, the letter g indicates that the 

values were obtained by the segmentation

and grouping method, and the letter v that 

the velocity of the air was varied
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FIG.1.2 

TRAY DRIER
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FIG. 2.1.
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FIG. 2.2.
VELOCITY PROFILES

LAMINAR FLOW

V

X, distance from surface
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FIG.3.4
CALIBRATION CHART FOR ' 

BALANCE ON
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Fl«.3.7, Dzyiixg Chanber and Container
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FIG. 39
TEMPERATURE PROFILE
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FIG.39
TEMPERATURE PROFILE
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FREE-BODY DIAGRAMS 
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FIG.3.11
FIRST AND SECOND ORDER 

SYSTEMS
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FIG. 4.1 PIDT OF LEAF TO STEM RATIO Is 
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FIG.5.1
TYPICAL scatter PLOT OF 

MOISTURE CONTENT vs. TIME
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FIG.5.2
GRAPHICAL METHOD
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FIG.5.3
SEGMENTATION METHOD
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F16.5.4. DRYING CURVE BY 

SEGMENTATION METHOD
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FIG.5.5.
= e“ FOR VALUES OFm-m,
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FIG. 5.6.
SEGMENTATION METHOD WITH 
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F16.5.7 DRYING CURVE OBTAINED BY SEGMENTATION
METHOD AFTER GROUPING

1.0

0.9

0.8
O,

0.7

0.6
- dm

RUN esMIN

0.5
I

0.4

0.3

0.2

0.1

QL



FIG.5.8.
EIGHTH ORDER POLYNOMIAL

FITTED TO DATA OF RUN 89r

5

4

3
m

2

1

0 0 5 10 15 20 25
time

MINS



FIG.5.9. DRYING CURVE OBTAINED.
BY POLYNOMIAL METHOD»
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FIG.5J0
PLOT OF = e** for values of k 

and rr^ obtained by POLYNOMIAL METHOD
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FIG. 5.11.
DRYING CURVES
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FIG. 5.12.
DRYING CURVES
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FIG. 5.12.
DRYING CURVES
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FIG. 5 14
PLOT OF m vs. time FOR RUN 340
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FIG.5.16. k vs. \ BATCH 9
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FIG.5.17 k vs. BATCH 10
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FIG.5.18. k V£ T. BATCH 11
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k vs.' T, BATCH 12FIG.5.19.
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F IG.520 k. vs. T, BATCH 13
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FIG.5.21. k vs. T, BATCH 14
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FIG.5.22. k vs. T, BATCH 15
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FIG.5.23. k vs. T, BATCH 16 
A9 Vop • pv0.5

0.4

0.3

02

r

f

0.1

0
20 40 60 80 100 120 140

T. ®C



FIG.5.23. k vs. T, BATCH 16
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FIG.5.24. k vs. T, BATCH 17
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FIG-5.25, k vs. T. BATCH IB
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FIG.5.26. k vs. T, BATCH 19
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FIG. 5.28. k vs. \ BATCH 21
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FIG.5.30. k vs. BATCH 23
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FIG.5.31 ki,l<2>?3 vs. T,
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FI6.5.32. k, vs Two-period curves 

Medium Temp.Rig.
T T T T

0.2 o
o

I

ok 1 I o-1MIN
o oo ® 8o

o
090.1 oo £LO.

O ooO oo
o o o o oo

o
00

0
30 40 50 60 70 80 90

T, "C



FIG.5.33. 1^ vs T« Two-period curves 
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FI6.5.34. k vs V BATCH 20
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FIG. 5.35 k vs. V BATCH 21
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FIG.5.36. k vs. v BATCH 22 
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I.R.G. LEAVES 
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FI6.5J9. k vs. T, I.R.G. STEMS RUNS 319-407
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FIG.5>10 k vs. T. PERENNIAL RYE GRASS
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FIG.5A2. k vs. T, BATCH 33
OP
A9

o

A

3

o A
t

r1 OHIN
A

2 <p A 1
A i o o
A

A
1

{
0 400300200100 T, “C



BATCH 34FIG.5.4a k vs. Ta
op
A9

o
o

& oA
3

A

k
.-1 oAMIN

O

2 Ao AA
A

AoO

A oA o
L

oi
A

0 400300200100 T, “G



BATCH 35op F1G.5A4 k vs T,
A9

5

3

MIN

2

0
400300,L 100 200 T. or



FIG.5A5. k vs. T. BATCH 36
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FIG.5.46 k vs. T, BATCHES 37&38
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FIG.5^7 k vs. T, BATCH 39
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FIG.549 k vs T, BATCH 41
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FIG. 5.50. 
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FIG.5.51.
MEDIIJ»/1 TEMPERATURE EXPERIMENTS 
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FIG. 5.52. m„ vs. T, MEDIUM TEMPERATURE
EXPERIMENTS
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FIG.5.54 vs Whole grass 
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FIG.5.55. k, vs. T, Leaves RUNS 322-408
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FIG. 5.56. K, vs T. STEMS RUNS 319-407
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FIG. 5.57 K) vs. T. Perennial Rye Grass
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FIG.55akoVs. T. RUNS 378-401
NUMBERS REFER TO LENGTH OF CHOP. INCHES
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RG.5.B9 ko vs T, BATCH 33
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FIG.5. k, vs T, BATCH 34
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FIG.561 ko vs T, BATCH 35
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FIG.5.62 ko vs. T, BATCH 36
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FIG.5.63. koVS. T, BATCHES 37&38
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FIG.51B4. k, vs. T, BATCH 39
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FIG.5.66.k^vs T, BATCH 41
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FIG. 5.67 k vs. Ig at 100® C 
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FIG.6.1.
CROSS-SECTION OF ITALIAN RYE GRASS LEAF

FIG.6.2.
CROSS SECTION OF 

ITALIAN RYE-GRASS SHOOT
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FIG. 6.6.
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FIG73.
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FIG.7.8.
EXPERIMENTAL AND PREDICTED 

FINAL MOISTURE CONTENT GRADIENT
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F 16.7.9.

DRYING CURVES FOR DEEP BEDS OF HAY
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FIG. 8.2
CASCADING SOLIDS' IN A ROTARY

DRIER
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FIG. 8.4.
FORCES ACTING ON A PARTICLE 

IN A ROTARY DRIER

i!

mx r mgsinpc^ R^A'x
my = mg - RyA'y

4

m = mass of particle
g = acceleration due to gravity
u = velocity of air
oC = angle of inclination of drier
R' = resistance per unit projected 

area
A' = projected area of particle



FIG. 8.5
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FIG.8.9. PLOT OFm,.T.T, vs. T, F=7.94 Ib/min
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I-IG.8.10 PLOT OFm,.T.T, vs. T, G,=236 liymin
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FIG.B.11. PLOT OF m,.TJ, vs. Go F=7.94 Ib/min
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FIG.8.12. PLOT OF mf.T.Tf vs. F (%=238 Ib/min3
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FIG.8.13 PtOT OF m, vs.T, •
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FIG.8.15.
PLOT OF fDf versus AIR HEAT
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APPENDIX 12,1

DERIVATION OP BALANCE RESPONSE EQJJATIONS 

(a) First Order System t

Hie transfer function of a first order system is

1G(b) -
tB + 1

where t ■ time constant of system. 

Consider a step input of size at 

x(tsO) - 0 

x(t>0) - a

The transform of this input is 

XCs]. - %

I

8

ThuSy the response from the system is given hy

YEb3 - G(s)X[s]
»

1a
B yS -f 1

Using the method of partial fractions: 

YCsD - 4 B
TS + 1B

Equating the numerators:

A(t s -I- 1) <!• Bs - a 

(At + B)s + A - 

A B a

-a

Hence

and A T+ B ■ Of B B —AT B —aT

Thus atyCs] B # a a
B “ tS + 1 “ S S + 1/r

By Inverse Laplace Transform

y(t) = a - a expC-t/r) 

^ _ B a(l - expC-t/r))
►

•A •I •. • »,



(b) Second Order System:

The transform function of a second order system is

1G(b) -
T ^s^ + 2Ats + 1

where t ■ time constant of system

t • Bamping ratio - 1 for critical damping 

let & ■ 1, then

end

1G(8) -
(ts + 1)^

For a step input, X[s]» •§, the response of a critically damped
B

second order system is

1YCs 3 - ^
(tb + 1)^8

Using partial fractions:

^ ^ + 
8 ^ TB + 1 *

CyCs] -
(ts + 1)2

Equating the numerators:

A(t s + 1 )2 + Bs(t 8<i-l)-i-Cs - a

A( t^b^ + 28r<»- 1) + B(tb2 + s) + Cs - a

A at a

A-? + BT- 0

2AT + B + C - 0

A - a, B»-aT,

YCs 3 - #

Hence

Thus C « -ST

Th\iB ar ar
" t 8 + 18 (ts + 1)2

a a a
8 + 1/T “ t(s + 1A)^8

By Inverse Laplace Transform:

y(t) = a - a exp(-t/T) - a ^ exp(-t/T) 

.. -...a(l. (1 +„t/T )exp(-t/T ))



2. Response to Exponential Input,

For a second order critically damped system, the transfer function is

1G(8) -
(■^S + 1)^

®»s transform of an exponential input of the form

x(tso) ■ 0

x(-t?»0) ■ a(l - e3q>(-k't))

is ak*XCsJ - eCs + k»J

^Dms the response is

ak*nal - 8(s + k')('*'s + 1)^

I
Usln^r partial fractions:I

A B C BY[8 3 - 8 B+k* '*‘ts + 1 ''' (ts + 1)^

Equating the numerators:

A(b + k*)(Ts + 1)^ + Bs(ts + 1)^ + C8(8 + k*)(TB + 1) + D8(8 + k»)

- ak*

whence: a > a
aB * -

ik'T - 1)®

0 - .ar(l - z)1
(k<T . 1)

s - - tir^l + )1

UtaxB 1a ^ aTCb] - 2 8 + k*a (k'T - 1)

(k<T - 1)2)^^.a(l. 1

1 1
k'T - ■' J(.B + 1/')2

Hence

1a Mcp(-k't) -~a(-| --.......-y(t) - a -- ) exp(-tA) •- --
(k'T - 1)2 

-?(1.

(kT - 1)2

1 y)t exp(-tA)

• - (1 * ktA i)('* -

k'T

exp(-k't) ^ 1 + 7) exp(-t/T)■ a 1 - k'-r - 1.9



APPEWDIX 12,2

CALCULATION OP AIR PLOW RATE FROM ORIPICE PLATE READINGS 

ACCORDING TO B.S,1042 PART 1.

The density of air Is given by

(1A.7)(1AA)(28.6A)
1545(1^ + 460}

where T^ is the temperature of the air 

The term S is defined as

Pa

1E • - (od/id)^

where od ■ diameter of orifice, inches

id ■ internal diameter of pipe, inches 

The term is defined as

- 0.608 E

where g is the acceleration due to gravity 

The flow rate of the air is then given by

■ ftV®in

where ^P is the pressure drop across the orifice plate, inches w.g.

Plow rate

Example:

Let T^ - 60®P, od » and id » 2"

- 0.076 Ib/ft^

(od/id)^ - (0.625)^ - 0.152

E - 1/JO.848 - 1.087

0^ - (0.608)(1.087) ^n/2(52.174)(0,076)(5.2)

then

60
OIOT^

- 24.4

Hence, for a pressure drop of 4 ins w.g,, the flow rate of air is

ftVniin



APPENDIX 12.5

DERIVATION OP MOISTURE CONTENT FORMULAE 

Noieture content on a dry basis is defined by

B . _ Wight Of water , ^ /w
wei^t of dry-matter v d

I«t the total weight be v, then

. . - 7 - 1
a

l«t the noistuxe content at time 0 be then

"o ■ (W-’

(A)

whence
"d ■

Similarly, if the moisture content at the end of drying is m^, then

»d * V<“f +

Substituting for w^ in equation (A) above

- 7 ("„ * 1) 
o

• w.("r + ■')-■'

- 1m (5.1)

(5.2)and m
f

. i4,»,



APPENDIX 12.4 

SAMPLE CALCULATION 

(l) Calculation of Moisture Contentst

experimental readings of time, wei^t and temperature for

run number 89 are shown in table A. The time is given in integer 

minutes, i.e. parts of a minute are ignored. The weight is given in 

tenths of a gram, and the temperatures in tenths of a degree Centigrade. 

The tare wei^t is 6.1 gm, hence the fiml weight is 

19.0 - 8.1 ■ 10.9 gm

The final moisture content, dry basis, is 0.0275 gm/sm, thus from 

equation (5.2), the moisture content at time t is given by

1 ■» 0.0275m ■ (weight at time t)

- 0.0942 w^ - 1 

At time - 1 minute, the weight is 59.8 - 8.1

- 110.9

» 51.7 gm, and thus

the moisture content is
0.0942(51.7) - 1 - 3.8728

The moisture content of the sample at other times can be calculated

similarly

Ihe exact value of the time for each reading can be calculated 

from the number of readings which are the same. For example, there are 

Bi* sreadings of time ■ 2 minutes, and the real times are, therefore,

^*1 2+4 • ^*1
2.0? 2.1667? 2.5333; 2.5? 2.6667; 2.8333

The values of the moisture content of the sample, and the times of 

the readings are shown in table B.

(2) Calculation of Dryinfr Rates;

(a) Polynomial Approximation.

The coefficients of an eighth-order polynomial,fitted to the

- - - - - ^moisture content - time points,are given in table C.

is therefore expressed as a function of time by

■ - 4.7012 - 0.9208 t + 0.08030 t^ - 0.000587 t^ - 0.0007237 t^

+ 0.00008341 t^ - 0.000004575 t^ + 0.0000001136 ^

f I; 2 +: ; 2 +Z ; 2 +

i.e.

The.moisture content

O



Bar differentiation, 

dm - 0,9208 - 0.1606 t + 0.001761 t^ + 0.002895 - 0,0004171

+ 0,00002625 - 0,0000007952 t^ + 0,000000009424 t^

At time *10 minutes, 

dmdt ■ 0*‘>393 nin"^

The drying rate at other times can be calculated similarly, 

and the values are shown in table B, The plot of drying rate against 

moisture content for this method is shown in fig.5.9.

(b) Segmentation Method,

At time ■ 0,1667t the moisture content » 4.5137 

At time » 0.3333f the moisture content « 4.4100 

Thus, over the interval of time 0.1667 minutes to 0.3333 minutes, 

the average rate of drying is

4.5137 - 4.4100
0.3333 - 0.1667

Ihe average moisture content over this time interval is 

4.5137 + 4.4100

-1• 0,6221 min

- 4.46182

The average moisture contents and average drying rates over all 

the other time intervals can be calculated similarly, 

shown in table B, The plot of drying rate against moisture content 

for this method is given in fig.5.4

The results are

(c) Segmentation Method with Grouping,

The average of the first six moisture content readings is 

4.5137 * 4.4100 + 4.2636 + 4.1367 + 4.0141 + 3.872B
= 4.20266 I

iThe average of the first six time readings is

0.1667 + 0.3333 + 0.5000 + 0.6667 + 0.3333 + 1.0000
- 0.5833 min6

- - Thus, a''smoothed**point has been calculated. Similarly, the second 

six readings of moisture content and time can be averaged to give

3,4423 and 1.5633 respectively.



Thus, the average drying rate

4.2026 -
1.5853 - 0.5833 

and the average moisture content is

4.2026 +

the time interval 0.5833 to 1.5833over

is
« 0.7603

= 5-82252
Similarly, by taking successive groups of six values of time and 

moisture content, and averaging them, table E can be obtained. The plot

of drying rate against moistiire content for this method is shown in fig,5,7,

(d) Fitting of Equations.

The straight lines shown in figs.5,4, 5.7 and 5.9 are those fitted 

by the method of least squares to the respective plots of drying rate 

against moisture content.

I



Table A - (i)

Run Factor Tare

8;8');10;8J ; OUOO; -40273; jonss; -lOl??; 4J154; -4-3202;
ouun; -!02/2; -tUiBS; 4017/; -40 3 53; -4-3203;
0003; -4O2.’0; ->01C0; ->01/V; -t0354; -«-32')3; 
0000; .4023;'; -4)183; -4)377; -4)153; -4-1203; 
OOUO; -4)264; -?01SO; -4)178; -4)152; -fl293; 
oooo; -4)232; -4)138; •'0177; -4)154; ->-1202; 
0010; -4)230; -4)138; -4)177; -4)153; -4^1203 ; 
0010; -4)257; -4)188; -4)177; -4)153; -4^1200; 
0010; -4)255; -4)188; -4)173; -4)152; -4-1201; 
0010; -4)253; -4)188; -4)177; -4)153; -tl201; 
0030; -4)250 ; -4)187; -4)173; -4)154; -*-1201; 
0010; -4)248; -4)138; -4)1 iS; -4)153; -fl202; 
001:; -4)243; -4)lSo; -4)177; -4)152; -1-3201; 
0011; -4)244; -4)138; -4)177; -4)153; -4-1201; 
oul:; -4)242; -40130; -4)377; -4)153; -4-3201 ; 
0011; -*0241; -4)188; -4)178; -4)153; -4-1201; 
0013; -4)238; -4)188; -4)170; -4)154; -4-1201; 
0011; -40237; -4)188; -4)170; -4)353; -4-1202; 
0012; -4)234; -4)180; -4)170; -4)153; -4-1200 ; 
0012; -4)233; -4)180; -40 1 77; -4)154; -4-1200 ; 
0012; -4)231; -4)100; -4)177; -4)154; •f3 200 ; 
0012; -4)230; -4)130; -4)178; -4)154; -4-1200; 
0012; -4)228; -4)180; -4)17o; -4)355; -4-1200 ; 
0012; -4)228; ■4)1'X); -4)170; -4)154; +3201; 
0013; -4)226; -4)180; -4)178; -4)3 54; +1200; 
0013; -4)224; -4)100; ^0170; -4)154; +1200; 
0013; -4)222; -4)180; -4)178; -4)154; +1200 ; 
0013; -4)222; -4)100; -4)178; -4)3 54; +3 201; 
0013; -4)221; -4)180; -4)180; -4)154; +1200; 
0013; -4)210; -4)100; -4)170; -4)154; +1203 ; 
0014; -4)210; -4)180; -4)170; -4)154; +1200; 
0014; -4)216; -4)180; -4)178; -4)154; +1201; 
0014; -4)216; -4)100; -4)177; -4)153; +1203 ; 
0014; -4)215; -4)100; -4)178; -4)154; +120]; 
0014; -4)213; -4)100; -4)170; -4)154; +1202; 
0014; -4)213; -4)100; -4)170; -4)153; +1203; 
0015; -4)211; -4)180; -4)170; -4)155; +1203; 
0015; -4)211; -4)180; -4)170; -4)155; +1202; 
0015; -4)210; -4)100; -4)178; -4)154; +1202; 
0015; -4)200; -4)100; -4)178; -4)154; +1202; 
0015; -4)20 0; -4)100; -4)170; -4)155; +1203; 
0015; -4)208; -4)ioi; -4)180; -4)157; +1203; 
0016; -4)206; -4)100; -40170; -4)156; +1203; 
0016; -4)205; -4)100; -411SU; ^0155; +1202; 
0016; -4)20 5; -4)101; -4)180; -4)155; +1202; 
0013; -4)204; -4)101; -4)100; -4)156; +1202; 
0016; ->0204; -4)loi; -lOiao; -4)157; +1202; 
0016; -4)204; -4)101; -4)182; -4)156; +1203; 
0017; -4)202; -4)100; -4)181; -4)157; +1204; 
0017; -4)203; -4)100; -4)181; -4)156; +1204; 
0017; -4)201; -4)101; -4)181; -4)156; +1204; 
0017; -4)201; -4)l01; -4)180; -4)155; +1204; 
0017; -4)201; -4)101; -4)180; -4)157; +1204; 
0017; -40200; -4)102; -4)170; -4)157; +1205;

fine Vei^t T^

0000; -4)666; -4)187; -4)175; -4)152; +1280; 
0000; -4)655; -4)187; -4)175; -4)152; +1281; 
OOUO; -4)640; -4)186; -4)177; -4)152; +1281; 
0000; -4)628; -4)137; -4)176; -4)152; +1281; 
0000; -4)013; -4)187; -4)175; -4)152; +1281; 
0001; -4)503; -4)187; -4)175; -4)152; +1282; 
ouoi; -4)585; -4)187; •4)l.-5; -4)153; +1283; 
0001; -4)570; -4)187; -lOlTS; -4)153; +1284; 
0001; -4)557; -4)186
0001; -4)545; -4)186
0001; -4)534; -4)187
0002; -4)523; -4)187
0002; -4)511; -4)187; -4)176; -4)153; -*-1285;
0002; -4)500; -4)187; -4)175; -4)152; +1235;
0002; -4)401; -4)187; -»0177; -4)154; +1235;
0002; -4)483 ; -4)187; -4)176; -(0151; +1285;
0002; -4)472; -4)137 
0003 
0003 
0003 
0003 
0003
0003; -4)422; -4)187 
0004; -4)43 5; -4)3 87 
0004; +0408; -4)187 
0004; -4)402; -4)187 
0004; +0305; -4)186 
0004; -4)383; -4)186 
0004; -4)382; -4)187 
0005; -4)3/7; -4)187 
0005; -4)370; -4)186 
0UU5; -4)366; -4)187; -4)177; -4)3 54; +1380; 
0005; -4)360; -4)187; -4)177; -4)154; +1230; 
0005; -4)354; -4)137; -4)177; -4)153; +1280; 
0005; -4)340; -4)187; -4)176; -4)154; +1280; 
0006; -4)344; -4)137; -4)175; -4)152; +1230; 
0006; -4)330; -4)137; -4)176; -4)153; +1230; 
0006; -4)335; -4)187; -4)177; -4)154; +1200; 
0006; -4)333 ; -4)187; -4)377; -4)154; +1200; 
0006; -4)325; -4)187; -4)177; -4)155; +1200; 
OOO6; -4)323 ; -4)187; -4)177; -4)155; +1200; 
0007; -4)316; -4)188; -4)177; -4)154; +12n0; 
0007; -4)313; -4)183; -4)177; -4)155; +1200; 
0007; -4)308; -4)188; -4)176; -4)153; +12S'>; 
000 7; -4)305; -4)183; -4)177; -4)154; +1200; 
0007;^-4)301; -4)187; -4)170; -4)153; +1200; 
U007; -4)20/; -4)137; -4)178; -4)155; +1200; 
0008; -4)204; -4)188; -4)377; -4)153; +1200; 
0008; -4)203 ; -4)183; -4)173; -4)152; +1200; 
0008; -4)280; -4)187; -4)17.; -4)154; -'-1203; 
0008; -4)234; -4)387; -4)1/;; •4)35-l; ■*■1203 ; 
0008; -4)232; -4)3 87; -4)178; -4)153; -'•3202; 
«00S; -4)280; -4)187; -4)177; -4)153; +1202;

T, T. T2 3 4

-4)175; -4)153; +1283; 
■4)175; -4)154; +1284; 
•(0176; -4)152; +1234; 
-(0175; ^Ol52; +1235;

•4): v5; -4)153.; +12S5;
•4)463; -4)187; -4)176; -4)352; +1236;
-4)455; -4)187; -4)175; -4)152; +1283;
-4)447; -4)187; -4)374; -4)152; -'-1287;
•4)438; -4)187; -4)174; -4)153; +1287;
•4)430; -4)187; ■4)373; -4)153; +1287;

•4)175; -4)153; +1287;
■4)175; -4)352; +3287;
-4)175; -4)152; +1287;
■4)175; -4)154; +3280;
-4)176; -4)153; +1280;
-(0175; -4)353; +1280;
-4)175; -4)152; +12S0;
•4)175; -4)2 51; +1230;
-4)176; -4)152; +1230;



Table A - (ii)

0018; JOinn; 4)180; 4)157; +3 205;
U03S; 4J1«8; 4)3 ni; 4)3 33 ; 4)3 56; ■«-12')5; 
0018; 4) 3 in; a0 3n2; 4)132; 4>157; 4-1205; 
0018; 4)108; 40302; 40i8t); 40157; 4-3205; 
0010; 4)107; 40101; 40182; -)0157; -fl20G; 
OOjO; -4)305; -4)102; -4)133; -4)357; 4-1206; 
0010; -4)30^1; 40102; -4)382; -4)157; 4-3207; 
0020; -4)304; -4)101; -4)331; -4)157; 4-1207; 
00 20; -4)304; 4OI02; -4)182; -4)158; 41203; 
0020; 40 1 03 ; 40 1 02; -4)382; -4)353; 41203; 
0021; 40102; -4)102; -4)132; -4)153; 4.1208; 
0021; -4)3 02; -4)103; -4)3 32; -4)3 58; 4I200; 
0023; -4)103; -4)303; -4)180; -4)138; 41200; 
0022; -4)103; 40102; -4)332; -4)158; 41300; 
0023; -4)100; -4)102; -4)183; -4)158; 41301; 
0024; -4)100; -4)103; 40133; -4)158; 41302;

Termination
Codes

-i;43;42;

Figures for 
Moisture content 
Determination

538 .7004; 486.3217; 474 .3366; 
240.oOU3;249.4207; 230.8050;

Termination
Code

-50000;



Table B

RUN NO 89

calculated 'lOlSTURE CONTENTS AND DRYING RATES CALCULATED FROM 

MCDBtime P-RATE TIME MCDB PIRATE time

0*1667 
0*6667 
I*1667 
1*6667 
2*1667
2.6667 
3*1667
3.6667
4.1667
4.6667
5.1667
5.6667
6.1667
6.6667
7.1667 
7*6667 
0*1667 
8*6667 
9*1667
9.6667 
10*1667
10.6667 
1 1.1667 
11*6667 
12*1667 
12*6667 
13*1667
13.6667 
14*1667 
14*6667 
15*1667 
15*6667
16.1667
16.6667 
17*1667
17.6667
18.1667 
19.0000 
20.0000 
21.0000 
22.0000

4.5137
4.1367
3.7502
3*3732
3*0528
2.7700
2*5250
2.2893
2.0820
1.6935
1.7238
1.5730
1.4317
I.2997
1 * 1866
1*0735
0.9793
0.8944
0.8002
0.7248
0.6586
0.5928
0.5363
0.4797
0.4326
0.3855
0.3478
0.3195
0.2724
0.2441
0.2253
0.2064
0.1687
0.1593
0.1499
0*1310
0.1027
0.0933
0.0650
0.0556
0.0368

0.6941
0.8153
0.7397
0.6666
0.6025
0.5421
0.4875
0,4365
0.3949
0,3564
0.3226
0,2928
0,2667
0,2437
0.2233
0,2052
0,1888
0.1739
0,1601
0,1474
0,1354
0,1240
0,1133
0.1032
0,0936
0,0846
0,0762
0,0666
0,0616
0,0554
0,0499
0,0451
0,0409
0,0373
0,0342
0,0314
0,0286
0.0244
0,0186
0,0119
0,0063

0.3333
0,8333
1.3333
1.8333
2.3333
2.8333
3.3333
3.8333
4.3333
4.8333
5.3333
5.8333
6.3333 
6,6333
7.3333
7.8333
8.3333 
8,0333
9.3333
9.8333
10.3333 
10.6333
11.3333
11.8333
12.3333
12.8333
13.3333
13.8333
14.3333
14.8333
15.3333
15.8333
16.3333
16.8333
17.3333
17.8333
18.3333
19.3333
20.3333
21.3333 
23,0000

4,4100 
4,0141 
3,6089 
3.2696 
2,9491 
2.6852 
2.4496 
2.2139 
2.0254 
1.6369 
1.6861 
1.5259 
I.3940 
1.2620 
1.1395 
1*0356 
0.9604 
0,8756 
0.7813 
0.7059 
0.6400 
0,5740 
0.5174 
0.4703 
0.4138 
0.3855 
0.3289 
0,3007 
0.2724 
0.2441 
0.2158 
0.1970 
0,1687 
0,1593 
0,1310 
0.1216 
0.1122 
0,0745 
0.0650 
0.0462 
0.0273

0.8676
0,7697
0.7155
0,6459
0.5818
0.5233
0,4705
0.4234
0.3815
0,3446
0.3122
0.2837
0.2587
0,2366
0,2170
0.1995
0,1837
0.1692
0,1558
0.1433
0.1315
0,1204
0.1099
0,0999
0.0905
0.0817
0.0736
0*0662
0.0594
0*0534
0.0482
0*0436
0.0396
0.0362
0*0332
0.0305
0*0279
0*0226
0.0164
0.0098
0.0067

0.500( 
1,000( 
1.500( 
2.000( 
2.500( 
3,000( 
3,500( 
4,000( 
4,500C 
5,000{ 
5,500( 
6.000( 
6,500( 
7,000C 
7,500( 
8.000( 
0,5OOC 
9.000C 
9.500C 

lO.OOOI 
10.500C 
1 1 .OOOC 
1 1,500C 
12.0000 
12*5000 
13.0000
13.5000 
14.0000
14.5000 
15.0000
15.5000 
16.0000 
16*5000 
17,0000
17.5000 
18,0000
18.6667
19.6667
20.6667
21.6667 
24,0000



\

Table B

RUN NO 89

drying rates calculated

MCOB

E CONTENTS AND
from fitted POLYNOfli;^u

T I ME
time p-rate MCDB p-rate

0.3333 
0.8333 
1 .3333
1.8333
2.3333
2.8333
3.3333
3.3333
4.3333 
4.0333
5.3333
5.8333
6.3333
6.8333
7.3333
7.8333 

. 8.3333
6.8333
9.3333
9.8333
10.3333 
10.6333
11.3333
11.8333
12.3333
12.8333
13.3333
13.8333
14.3333
14.8333
15.3333
15.8333
16.3333
16.8333
17.3333
17.8333
18.3333
19.3333
20.3333
21.3333 
23,0000

4,4100 
4,0141 
3,6089 
3.2696 
2.9491 
2.6852 
2.4496 
2.2139 
2.0254 
1.8369 
1.6861 
I.5259 
1.3940 
1.2620 
1.1395 
1.0358 
0,9604 
0,8756 
0.7813 
0,7059 
0,6400 
0,5740 
0.5174 
0.4703 
0,4138 
0,3855 
0,3289 
0.3007 
0.2724 
0,2441 
0.2158 
0.1970 
0,1687 
0,1593 
0.1310 
0.1216 
0.1122 
0,0745 
0,0650 
0,0462 
0.0273

0*8676 
0.7897 
0.7155 
0.6459 
0.5816 
0.5233 
0.4705 
0*4234 
0.3815 
0.3446 
0.3122 
0.2837 
0.2587 
0.2366 
0.2170 
0.1995 
0.1837 
0.I 692 
0.1558 
0.1433 
0.1315 
0.1204 
0.1099 
0.0999 
0.0905 
0.0817 
0.0736 
0*0662 
0.0594 
0.0534 
0*0482 
0.0436 
0.0396 
0.0362 
0.0332 
0.0305 
0.0279 
0.0226 
0.0164 
0.0098 
0,0067

0.5000 
I.0000
1.5000 
2.0000
2.5000 
3.0000
3.5000 
4 * 0000
4.5000 
5.0000
5.5000 
6.0000
6.5000 
7.0000
7.5000 
8.0000
8.5000 
9.0000
9.5000 
10.0000
10.5000 
11.0000
11.5000 
12.0000
12.5000 
13.0000
13.5000 
14.0000
14.5000 
15.0000

15.5000 
16.0000
16.5000 
17.0000
17.5000 
16.0000
18.6667
19.6667
20.6667
21.6667 
24.0000

4.2686 
3.3720 
3.4863 
3.1659 
2.8643 
2,6004 
2.3647 
2,1 480 
1.9595 
1,7898 
1.6296 
1.4788 
1,3563 
1.2149 
1.1112 
1.0075 
0.9133 
0,8379 
0,7531 
0.6671 
0.621 1 
0,5551 
0.5080 
0,4420 
0,4043 
0,3666 
0,3289 
0,3007 
0.2630 
0,2253 
0.2064 
0,1781 
0,1593 
0,1404 
0.1310 
0.1122 
0,1027 
0.0650 
0,0556 
0,0556 
0,0273

1 0,8413 
0,7645 
0,6917 
0,6239 
0 » 5 6 J 6 
0,5051 
0,4542 
0,4089 
0,3687 
0,3334 
0,3023 
0.2750 
0.2510 
0,2298 
0,21 10 
0,1941 
0,1787 
0,1646 
0,1515 
0,1393 
0.1277 
0,1168 
0.1065 
0,0967 
0,0875 
0,0790 
0,0711 
0,0636 
0,0574 
0,0516 
0,0466 
0,0422 
0,0385 
0.0352 
0,0323 
0,0296 
0.0262 
0,0206 
0.0142 
0,0078 
0,0232

f
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IPPENLIX 12.5.

niTBGHATION OF THE DRYING EQUATIONS 

(a) The Constant Rate Eouatlon;

dm ■
" dt “ “o

dm - -k_ dto

I I

dn *

m ■ -k t 4- constanto

At t ■ 0. m ■ thus constant > m 
O' o

hence m_ - ktm •>
o o

(b) The Falliny? Rate Equation;

dm
dt -

da
- -k dtm - m

e

d(m - m^) 
» e' - k dt

m - me

log^(m - m^) = “kt + constant
G O

At t ■ 0, m o thus constant » log^Cm^ - m^) 

hence
loe^(m - m^) - -kt + logg(m^ - m^)

m “ me
log = “kt

e - meo

m “ m “kte e
m_ “ meo



(c) Falling 5ate Equation;

Period Is

The integration is the same as in (h) except that k is 

replaioed hy kj and by m^^ giving

a - “el
- exp(-k,t)

"o - “el

Period 2t

Txom (b)

logg(m - m^g) « -kgt + constant 

At t - t^^, a ■ m^^, thus constant - l®Se^“c1 " “e2^ *'■ ^2^c1

log^(m - m^g) - -kgt + logg(m^^ - m^g) + kgt^^hence

a - “e2
- expC-kgCt - tg^))

“cl “ “e2

Period

Py a similar procediire it can be shown that

a - “ei
- exp(-kj(t - t^g))

“c2 "'“ej

The time to reach the first and second critical moisture contents 

can be calculated if the critical moisture contents are known, and 

vice-versa* Prom the equations above:

*o1 ■ -k7^'’Ee tk, -

(kj - kg)k,(m^; - m^,)

(kj - kjjk^n^^ -

The critical moisture contents are related to the other drying 

parameters by

1

- 4“ log,^c2 “ k2 e

'=l“e1 - Vea ■ Vea -
. . ^cl ■ ”- ■ . ' “ea =k, -k^ kg -1^1



APPENDIX 12.6

MATHEMATICAL ANALYSIS OP THREE-PERIOD DRYEIG CURVE

Let the subscripts x, y and a refer to the three states of water, 

and the subscript o to conditions at time ■ 0. The moisture content of 

the grass,m, is given by

wn . j

where w is the weight of water and d is the wei{^t of diymatter.

Hence
m ■

d

w ww
. +-Jt + -£d ^ d ^ d

Let or, P and y be the proportions of dry-matter in each of the three 

^x -states, i.e.

d - Pd
y

Yd-

Hence w w w

I y I

Y + Vm^

- - fft<»y)

■ wm

+ Pm

Hmce, the drying rate is

- v|5(^)am
“ dt

In period 1, dm

- kgCm - m^g)

“^“c1“ dt

Jn period 2 dm ^m ^m”c2 cl“ dt

In period 3 dm
- “^“c2" dt

where
“c1>“c2“e1>“e2>“e3ki>k2>kj



Ld the first period, water is being lost from state x only. 

The dxying of this state is given hy the equation

dm
”dt "

A moisture gradient is set up within the state, and drying

- rk^(m^ - m^^)

proceeds until the moisture content reaches the equilibrium moisture 

Then the second state y also starts to lose moisture,content, m^« 

and the dxying is described by

dm
■ **' ^ V"? ■" dt

!nie resistance to removal of water from this state, however.

When the moisture content inis higher SO that the value of k is lower, 

the second state reaches the equilibria moisture content, the third state

starts to lose moisture, md the drying is described "bj

dm
“ dt

Once again, the resistance to removal of water is greater, resulting

in a lower k.

The critical points mark the movement of the drying front from

one state to another



I

APPEIIBIX 12.7

DERIVATIOH OP THE RESIDENCE TIME FOHMOIA 

(l) Consider the notion of a particle in a flxiid:

The flxiid exerts a force on the particle, which can be expressed by

P - R*A*

where R* is the resistance force per unit projected

A* is the area of the particle projected in the direction 

•of flow

Let u be the vlocity of the fluid relative to the particle, and 

the density of the fluid, then

A.
pu 2

It has been found that the term R*/nu depends on the Reynold's

Kxmber of flow. Letting R’/p'i^ “ r(Re),

P a fr(Re) (m^ A'

area

and

P -

(2) Motion in a vertical direction (y direction) - see fig.6.4* 

The equation of motion in a vertical direction is

» -P + ing(l - p/ Op) 

a -o(Rey) A* + mg(1 - r/Pp)

J - -<r(B«y)( A'/m)}2 + g(1 - P/Pj,)

where m is the mass of the particle

g is the acceleration due to gravity 

is the density of the particle 

For a spherical particle,

A'/m
TT 2 /tT , 3

- 4 s A *p 'p
where d^ is the particle diameter

For a cylinder of length 1 and diameter d^,

. dl/jd^lP a 
/ 4 P P

» 1.5/pdP P

4/ 0 dA'/m P P

Let ; - + b



J f.(Re )

J ■ 1»5 fo*’ ^ sphere

■ 4/^ for a cylinder 
«

b - g(l - r/p«)

where

P
Hence

^ . 1. ■V'dt

Si— . y t
*y

£ (1 - p/pp) and IntegratingLetting f -

At t - 0, ^ - VL^f

t + constant

1 , il-t2f ^‘’®e f -thus constant ■

f + t f - u^ 

£ f -2f
thus -V

4 +1 ^

4 - r exp(2fKyt) 

r - (f + u^)/(f -

r exp(2fK^t) 

r expC2fK^t; + 1

whence f -

where

and

£thus
- f “ r expt2fK t; + 1dt y :

Separating and Integrating;

(r exp(2fK^t) •»• 1)^

+ constant
y r erp^2fKytJ- 2«V e

At t - 0, y - 0,
Cr +

- 2Kthus constant ■ re
y

hence

r^oSe ^ + “l + - "i) exp(-2rKyt))y ■ ft +
y

$



(3) Motion of a Particle along the Drying Cylinder (x direction):

I*t u be the velocity of the particle relative to the cylinder, 

In the x-dlrection;. (along the axis), and ± be the velocity of the 

particle relative to the cylinder, so that (u - i) is the velocity of 

the fluid relative to the particle.

The equation of motion is (see fig.8.4):

Bx - mg sin O' + rCRe^^) pA*(u - kr 

X - g Bln fv + K^(u - i)^whence

If O' « 0, then

M
dt

Separating the variables;

di
- K^dt

(U - if
Integrating:

dx 1

At t « 0, 1 » 0, thus constant ■ 0 

Again, separating and Integrating:

X « ut -

+ constantK^t + 1/u

^ lofiTgCK^t + 1/u) + constant 

At t ■ 0, X > 0, thus constant « -(loggU)/K^

hence

^ loSe + 1)X ■ ut -



APPENDIX 12.8

CALCULATION OP PARTICLE DENSITY

at moisture content (dry "basiB) 

Let the volume of the particle he

Let the wei^t of the 

particle at moisture content m^ be and its vei^t at moisture content 

Lot be the weight of dry-matter in the particle.

■

weight of water 
“o “ wei^t of dry-matter

^0 " ^d

Let the density of a particle be npo

at moisture content m.■ot (,p

and assume that no shrinkage occurs as it dries.

■ be V.

Then: wo

Now

w
-1

'^d''d

'^d - +

^ _ w

therefore

Similarly w - s K * 1) -1- 1 -m
''d''d

m + 1

^ - ^TTT

The particle density is 

Pp " v/Tp

therefore

m -f 1

« 1 
P o

m + 1 
Ppo m^j + 1

w
o

" V_

•r*-



APPENDIX 12.9

CALCULATION OP CASCADE DENSITY

(i) Weight of dry-matter Weight of dry-matter 
In flights in cascade

Total weight of 
dry-matter

“c w+■

X

(li) Volume of cascade + Volume of flights ■ Total drier volxune

+ ^d

If the density of dry-matter in the flints, in the cascades and

in the whole drier is and respectively, then

^f “ V Pf
- V Pc I'd - V Px; ;

Substituting:

V'’f + V'c * V "x - (’'f + “c^/Px

The residence time in the drier is given by

- *

Let yt^ . Tj/t^ .

■ Vo

T . (H^ + 1)t^

Now, the rate of flow of dry-matter throu^ each phase is the 

P . W/- .

^''c ____ _
K + ■ Vo ' "o

thus

and

same.
i.e.I

I
! thus Vt

C!

I

therefore

Vvif+We) “ + +

thus 1
-C - H;«r

yi +1/E^)!£ .
pf Vc “ Px

Whence P.lPX f
C " + 1
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BEGINBlock Bia^iraa of 

Data Analyeia Prograane
I

initialize devices 
DECLARE variables 

AND PROCEDURES 
CALCULATE FORMATS

I
t freAD FROM magnetic TAPE

lOATA LOCATION INFORMATIONr

LOOP

READ RUN NUMBER
FROM PAPER tape

SEARCH MAGNETIC TAPE 
FOR WlA FOR REQUIRED RUN

AND READ DOWN THE WTA

YES

MULTIPLY WEIGHT READINGS 
BY aoi AND subtract tare

WBGHTFROM THEM

4

[calculate dry matter wt Is
5 CALCIA^TE DRYMATTER Wt

CALCULATE MOISTURE CONTENTS 
• FROM WEIGHT READINGS

IS^T.SI^'s^R»
I

7 FIT STRAIGHT LINE TO MC -TIME 
POINTS UP TO NEWP 

AND UP TO NEWP/28

T
a CALCULATE S.THE 

GROUPING 
frequency

to AVERAGE THE M C TIME POINTS IN GROUPS OF S

calculate AVERAGE MC s AND DRYING RATES

FIT STRAIGHT LINE TO AVMC-DRYING RATE

PRINT OUT AVERAGE MC i AND DRYING RATES

II

12

13

I
'*[ FIT STRAIGHT LINE TO LNIHMO) VS TIME

I
IS *WSTURE CONTENTS AND
>5 DRVINC RATES WITHOUT GROUPING POINTS
16 FIT STRAIGHT LIME TO THESE VALUES---------

PRINT OUT AVERAGE MC s AND DRYING RATES~17

I
FIT POLYNOMIAL TO MC.-TIME POINTS 

CALCULATE DRYING RATES FROM POLYNOMIAL"
^NT OUT VAUgs OF TIME. MC ml DRYlNr. bate

FIT STRAIGHT LINE TO MtODLE

18
19

20
21 half of POINTS

22 PRINT OUT SUMMARY OF RESULTS 
P^T OUT COEFFCIENTS OF POLYNOMIAL

CALULATE CO-ORDS OF FITTED CURVES 
AT 20 VALUES OF IIME, AND PRINT OUT

23

I
[ PUNCH KEY RESULTS ON TO PAPER TAPE~~^



Data Analysis Progratame (i)

AG22MD&*

begin library AO,A6,A7,A8,Ai2.At3; 

beeln“ ssSltisgss.—
^Vuemp jstandevr 114 jcarinojs 

procedure UNIPIT(x,y;p,a,J); 

ggrj Integer p; array x,y,a: 
pe^n real sx,sxs,sy,sys,syx; 

integer 1; ^
sx: «sxs; =ssy: =sys:=syx ;=05
^ ir^l step T until p do

sx:«sx+x[iTj sxs:=sxs+xri]xxri];
sy:-sy+y[lj* sys:=sys+y[lj>^ri] • 
syx:=:syx+y[ljxx[l] j

,mc

real

end,
ala] s=(pxsyx-syxsx)/(pxsxs-sxxsx): 
a[ 1 J •*=(syxsxs-s:»<syx)/(pxsxs-sxxsx):

-sxxay}/(sqrt((pxsxs-sxxsx5x(pxsysr;*» pxsyx -syxsy)));end;

procedure FORCEPI'r(x,y,p,a,r);
3?,a; Integer p; array x,y: 

pegln real sx,sxs,sy,sys,syx:
It^eger 1^
sx;*»sxs :«sy:s»sys :=syx:*»05 
for i;=*i step until p do 

. P^n sx:=sx+x ill sxsr^xs+xfljxxri];
sy;=*sy+y[lj; sys;=sys+y[lj:<yri]5 
syx :«syx+y [ 1 ] xx[ 1 ] 5end;

a;«sy/sxj
r;a (pxsyx-sxxsy)/( sort ((pxsxs-sxxsx)x(pxsys-syxsy)));end;



Bata analysis Brogxainae - (ii)

^22 Si"l step 1 until d do slgyxnf g] :*=o;
es*“1 step 1 until 2Xd do slgxnFg] ;=so; 

for k:**T step ^ until p do 
slgy;«slgy+y[icj; 
slgy5q:«slgysq+y[kjT25
for g:«T step i until 2Xd ^ slgxn[g] ;=slgxnrg] 
^ +xrk]Tg!
for g:«i step i until d do slgy.

+yW‘

Integer pjd;
Integer gjk,l,n,in,J,l;

xn[ g j :=slgyxnr g] 
xxfkjtg;end;

p? 1:»1 step 1 until n do 
oe^ for j:«i step i untTl 1 ^

^ ^nd J=i then afl^jjc^p else
H ^ *1=1 Men a[l,j];=slarelse
If J«1 then a[l7nT=slgyxn[l-i. ------

a[l,jj:«slgxn[l+J-2j;
else

end;
end;
p? m:«i step until n do 
begin t:«a[m,mj;

If t=o then for 1;= 
oegln t:=

m step 1 tint 11 n do
ariTml; 
tro then

Begin pr j;g»i step i 
Begin c;=»aFin, jj;

J]:=c;

If
until 1 do

:=»a[l,j];
end;
^to next;

end;
end; 
c:«afm,ra3;
^ J:=ni ste£ , until 1 ^ a[ni,j] :=a[in,j]/o; 
tSE l’=1 sW 1 until n do 
Begin If niKr“then —

Begin f;=ari,mj;
for j:=m step i until 1 do

a[l,jT:=a[ni,j]x(-i )xr+a[l,jj;

next:

end;
end;

1 step 1 until n ^ b[l] ;«a|;i,l];
end; 
for !:«

end;
end;



Data Analyoia Pxogxame . - (lil)

procedure CALC3 (mo,ine,k,inaxt,n,nin)|
array nm;

st^ entler(maxt+i.o)/20 until entler(maxt+r.o)xuOQOi 

end* •o)/2o)+i #n] :=»ine+(ino-ni^xexp(-kxt);

real ino,me,k,maxt5 integer nj
begin real t: 

ror't:-o

p^edure SUMPRINT5
be^n write text(3o,JXPlOc28s2D.J.MENZIESI7sjAJ22DMY^^^ ^•*l97orcc34sl 

«rtte(30,fh,nmno)3 results*ol-run*no*])j

p'r^ssSfe'S’"" -
£S'»;55=sij4nr“feSii..„,.rt,

end;

if state=4 gien write text(30whole*--])
If state=s5 then write tex ;(30,rieaves”onlvl)

Ige write text(3o7Cstems*only* 
v^e text(3o,p ^ variety*:]); “ 
ii variety=i then write tex^(3o,r*ltallan*rve** 1)Ige ^ varletj^ ^ write teitOo^lpeSeSial^^ 
^^®^®^^|30j]Xc20slnumber*of*polnts*recorded*=*

^®^b{30j 'rc20s]lnitlal*incd)!)*=»*])! wrlte^'^n f*»a wrtte text(30, ;^sni/g?nr4s]flnal*incdb*i!5); wrttl?3n 
write textbo.tsv'8Jnrc20sidn™atter

1 *incdhr cc20s2fItting>- in*s*mo*+*ct* ■ to* firs t* 1 ^ *
jext(30j r*points£G20s ] correlation*=* ] )T ^ 

wrtte texti,30,nc20s2c*»]y;“ wrlte(3o,fd,bar2] )•
^te text{3o,,T5sjmo-^T)| write'30,fe,bari ] );wrtte text(30,n;5sllog -c)*«*]); ^ V
If -l>a[2j>0 then wrlte(3o,fd,In(-bar2])) else 

. write text(30, r____ j)"^^------

^®^^(30^2^ points£c20s]correlatlon*=* ]); v/rltoY'^n f’n •w^te text 30,ILc20slc-=*j)r write(30,fdjb 2] f ^ ^
write text(30,Il5sTlog(-c)*^ j ^
If -bb[2]>0 then write(30,fd,lht-bbr2])) e

write text(30ef_ _ _ J):
write text(30,r£cc20s]fitting* m/mo*=*
write(30,fh,ap7;

wrlte(3o,fa,cfhi)5

qe-i);

5 write(30,fh,newp) 
write(3o,fn,ra);

else w

e^x^(-kt)* to*flrst*2)5



Data Analysis Progzanme - (iv)

wr^text (Jo JnliTlor ^ ^ ^ wrtte (3o, fd,
IT -^f^3>'0 then wrlte(‘^Q.fg.ln(-bdfgl))

^ write text(30,r-------3)5
T«rtte 'text(30, |cc20s]flttlns^polynoinlaX*to*flrst*])5 
wrlte(3o,fh,newp)5 • - ^
write text(30,£"^polnts^and*dlfferentlatlngf c20s ]-dn/dt^-^k(ra*-*me) 

*" fitted’^ to '^middle* hair* of * points 
r C20s J^correlatlon*** ]) 5 write (30, fn, rg); 
text ,50jrrc203]k*=a*3T! write(3o,fd,hg[2J);

»^te text 3o,r [5s3nie*«*]T; write(30,fc,-bg[i ]Ag[23);
—Kilte tert(30,IBsTlor»c“"]);

1£ bs[2]>0 then wrrte(30,fe,ln(bg[2])) 
write text(30,£----- £)5

write text(30*[fce20s3segnentatlon*method**--**-DM/DT>»k(m-me) 
**flttedTc20s3.correlatlon*=* 3) 5 

wri.te(30,fn,re7; write text(30,n.G20s3k*«*3)5 wrlte(3o,fd,her23) 
write text ,30,r£5s3me^=*3)5 wrlte(30,rc,-beri3/ber23)5 
write text (3o,£t5sTlog* k“=*- 3) |
^ be[23>0 then wrlteT3o,fe,ln(he[23)) 

else write text(30,£------£)5
(te5c^30jp_cc20s£averaging* points* in* groups*of*2)j

write text(30,r£5s3.and*^flttlng>^-dVdt*«»k(m*-*ine)£c20s3 
correlation'=*3)5 '

write(30,fn,rc)5 write text(30,£rc20s3k^^«*3)5 wrlte(3o,fd,bcr23) 
write text(30,££5s3me*»* 3.); wrlte(30,?c,-bcri 3/bc[23 )5 
write text(30, 75sTno-of-polnts*«*j7; write(30.fh.entler(D/s)): 
write text(3o,l£5sTlog*k*=* 3 )5 “
^ bc[23>0 then wrrte(3o,fd,ln(bcr23))
........ write"Text(30,£-------335

*”*3)5, -
-ta[23)5

write(3o,rn,rd)5

wrl1;e

else w

else
end;

procedure PUNCH;
ygin integer fa,fb,fc,fd,fe,ff,fg,fh,fl 
ra:«»roiTOatr£ss-nddddd52) 5 fb:«forraat 
fc;“fonnat ss-nd;3)5 fd:«forraat
fe:«foiTOat{£ss-d,dHd3o+nd; 3) 5 ff :»format 
fg:«»foiroat £ss-ndddd,dd! IT, fh:«»format 
fl:«format £ss-ndddodd^ij5 fJs*=format 
write (T 0 , fb , runno); v;rite (10 , fb. nev;p ;
write ,iO,fj,ra); v;rlte(iO,fd,ba[i 3 5; 
write io,fd,ba[23); write(io,f3,rb); k;
write 10,fd,bb[1]); write(io.fd,bb[23);
write{io,fb,ap); wrlte(io,fj,rd);
wrlte{io,fd,exp(bd[i3)); wrlte(io,fd,-bd[23);
write (19, f j ,:rg) 5 write (10, fd,bg[2 3) 5 
ii0wXin0 \ 10 > 1} 5 
ivrlte (10,i*d,- bg[ 13/bg[23); 
v;ri te (10, f j, re j; v;rl te 1 c 
write(io,fd,-be[i 3/be[2j); 
newline(iO,i):
write 10,fb,s); write(io,fJ,rc);
wrlte(ic,fd,bc[23); write(1o,fd,-bc[13/bc[23); 
newline (10,1) I 
eap(io,2o); 
end;

ss-nddd;£); 
''ss-doddddddio+nd;2);
^ss-ndd,dddd;2) 5 

/■ss-nd,ddj3);
^ ^ss-d«ddd<i3d52) 5

I

newllne(io,i);

! I

!,

4
'I

v;rlte 10,fd,ber23);



Data AnalyBiB FxogxaaM - (v)

f-ndd^dddd]);
X-nddd.ddJJj fc:=fonnat(r-nd,dddd])5
,I ss-nd,dd5ddd2) 5 fe:=»format (' "ss-ndd,d3dd]) 5 
,, ;-d,ddd)o+nd]) 5 fh;=f onnat '’ndddj); “
T-d,dddsdddsdddia+nd]);
Xnd ]_) $ fk :aformat (1^1) 5
, r-d,dddddd^ndj): fhi:«fonnat (' '’-nd.dd]): 
X“<i.<idddddT) j ”

fbz-fomiat 
fa;«format 
fd;«fo«nat 

-Tg: "format 
fl:"format 
fJ;"format 
fl;"format 
rft;"format

readbinary (100, control, rxcontrol ]); 
readblnary (100, size , rblockslz ]): 
blockno;«io; ~

number:"read(20) I if number"-1 then goto finish; 
for l;"ii step i until control[i]+io do

control [ i]"number then goto rHund; 
write text(30j fp3run> no*]); write(30,fhjnumber):
write text{3o,pnot^foundT5;
goto loop; “

4oop:

found; if l=blockno then goto loopj 
if i*^nextblock then goto ready; 
s®Lp (1CX), i- blockno-1TT^ 

blockno;"!;ready;

"begin real array tlme[i ;iooo];
^egln real array weightfi ;iooo]; 
begin realarray elementfi sslzefl]];

i^adbinary(1co,element,£dataflieJ);
runno:«element[i]; date:=eleraent[2]5
batch;"element[5 3; variety;=e1ement[4]:
chop;"element[5]; od;"element[8]5
id;"element[9 J; state;"element [ 6]5
dp;"element[7J; roomtemp;«element[‘|0]; 
mcdbln;"element[11]; mcdbout;"element[12];
mcwbln; =mcdbin/ (1 -Hncdbln); mcwbuut; "mcdbout/ {1 +mcdbout);
lnltlalwelght;=elementri3]; 
flnalwelght; "element r 14 J; 
sartorln;"6lament[ 15J 5 sartorout;"element[16 3; 
codeb;"element[i73; codea;"element[18];
s;»element[i93; mvd;=element[2o35 
mvw;«eleraent[2i]; mva;"element[22];
for 1:=1j2,3,4 ^ avtempfl]:"element[l+223; 
aWempf 1 J : "element[23 3 y ta;»avtemp[ i ; 
area;"elementr35]5 p:=element[36];
for i;=i,2j3>4^ standev[l];"element[1+433; 
td;"element[2735 tw;=element[283; 
pv;"eleraenti293; x:=element[3o3; 
tdp;»eleraent[3l J 5 rhum:«element[323;
clta;"element[333; 1bps:"element[343;
Is;“element[4o3; load;"element[4i3; 
for l;"i step 1 until p do
begin time[i];=element[4oo+(iX2)-i3; 

weightri3:"elementr400+1X2];
end; is

end;
begin real array mc[i ;tooo];

mlnmc;"0.3; maxt;=tlme[p];
. . . if runno>280 then

Begin for 1 :"i step 1 until p ^ welght[l] ;=flnalwelght 
+{weight[1]-sartorout)xo,01; 

diymatterwt ;=f Inalweight/(1 
dryma 11 erwt; "wel ght [ p 3/( +mcdbout 

1+mcdbouend else
:(



liftta Analysis Progxaame
for 1:«-| step -| until p do mcfl] :=welght[l]/drymtterwt-i 5 
for step 1 until p do if mcri]<0 then

ne\vpT^-i; gofo IfiA: 
end: ----

(vi)

newp:*p:
UNIPIT (time ,me , newp , ba , ra): 
liici 5*=nic[-| Jj 
for s:*«nev;p+20 do
^Sln real array at,am,aavm,arr 7:250]:

IWJ
If s<7 then s:«*7 5 
anseo:*=ansud:s=o; l:*=l+7 5 
for k:*7 step 7 until s do 
wgln anseo;*»anseo+tTmefTr-7 )xs+k]5 

ansud:**ansud+mcr (I-1 )xs+k]:
end;
at[l ] :**anseo/s ; am[ 1 ]; =ansud/s; 
ff (1+7 )xs<newp then goto 
np;»l5
for k;=7 step 7 until np-i do
]5egln ar[IcTT^(-i7x{am[k+7 J-amFk] )/(at[k+7 ]-at[k]); 

aavm[k] :=(am[k]+am[k+7 ] )/25

IRA: UNIFIT(time,mc,newp+2,bb,rb);

aaa:

aaa;

end;
■ UnTPIT(aavra,ar,np-7,be,rc); 
for 1:=S7 step 7 until np-i do 
P^n if or (i-7 )-i-50X50^-7 then

^gin v;rrte text (30 ,JXp 10c^iosTrun*no; 
write(30jfh,runno); 
write text(30j T F 7 Qs]segmentati 

fcPSsI
jang^polnts^' in* groups^ of* ]) 5 

wrlte(^30,fh,s); newline (30,2); 
write text(30,rr-47s]***tlrae******mcdb 
******avrac*****avra^e*]); 
newline(30,2);

on*method

- avera/

end; 
space(30,Po); 
write 30,fb,at[i]); 
write(30,fb,araf i]);
space(30,7)5 
space(30,7); 
write^3o,fb,ar[l]); 
newline(30,7);

space(30,7);

write(30,fb,aavm[ 1]);
i-

end;
space(30,40); write(30,fb,at[np]); 
write (30,fb,amf np]); space(30,7)5

end;
Uegln real array xx[7;7C00];

for 1:=7 step 7 until newp do xx[i] :=ln(mcri]/mcdbin); 
FORCEFIT('Eirae,xx,newp,bd[2]7ixi);

UVP:

end;
begin real array xm,xrri :500];n^:

for k:=7 step 7 until newp- 
begin xmfk] :=(mGrk]+mc[k+i ] )/^

xr[k] :=(-7 )x(mc[k+7 J-mc[k] )/(tlme[k+7 ]-tlrae[k]);

do

end;
“* ■ 0NIFIT(xra,xr,newp-7 ,be,re); u.

t , :



Data Analysis Sro^ramme - (vli)

write text(30,rrpi0c32s2run*no*2)5 write(30,fh,runno)| 
write text{30, Ti osJ segnentation*method* »no* grouping

^ L°°20s2
****avnic**^*avrate***~*****avmc**'**'av.rate**~**'* ***'avinc** 
*^*avrate**~^*-*^»avmc***-*avrater cc20s] ]); 
for k;*i step i until newp-i do 
Msin write(30,f&,xmrk]); wrrUe(3o,fh,xr[k]);

If k+4x4»k then
newlinetio, i); 

end else space(30,4)5
space(30,20)5

end;
end;
^Sln ^al array ratefi :iooo];

CtJRVFl T (time , me , newp , 8 , ca) 5 
■for l:*i step 1 until newp do 
he gin ratefij ;=ca(;2j j

If tlrae[l]>o then for J:=-| step t until 7 do
rate[l]:=ra t e [ i ]+(J+i) xca [ j+2 ] xtlme [ TT? J; 

rate[l];=rate[i]x(-i)j
end;
wiTte text(30j F [pi 0c55s ]run*no*2) < wrlte(30,fh,runno)5 
write text (30,(Tcc2Qsj * * *• * time* * * * **racd'b* ***** rate f Qs j 
tlme******mcdb*^***ra%er cc29s 3 ]); “
If tlme[nevjp3>3 then Inter:=0.5 
^se If tlmefnev/p]>i ,6 then Inter: =0.25 
else ^ time[newp3>0.8 then lnter:«o*i 
else Inter:=0*055 
0^05 J:«15
for tt:=o step Inter until time[newp]Xi,000i do 
begin for i:=j step 1 until newp do 

If lE^Fo then
be^n 37 abs((Hmefl]-tt)/tt)<0,00i then 

begin kk:=kk+i5 J:=*l5
wrlte(3o,fb,tlme[l]); 
write 30,fb,mc[1J)5 
wrlte(30,fb,rate[lj)5 
If kk4-2X2=kk then 
be^n nev/llne(30,T): 
end else space 130,4)5 
goto also;

spaoe(30,i)5 
(30,1)Jspace

space(30,29)5

end; 
goto djm;

end
else If 1=1 then 
be ^n~Tck:=kk+15

write(3o,fb,timer1])5 space(3o*i)5 
wrlte(30,fb,mc[lj): space(30,i); 
wrlte(3o,fb,rate[l])5 space(3o,4)5 
goto also;

end;

end;
djm:

also:
end;
UNiFIT (me , rate ,ne\iTD-?-2-1, bg, rg) 5
write text(30,IlPiOc55s2run-no-2) j' write(30,fh,runno) 
write text(30^TTgc20s J calculated*moisture*contents 

— *and*drying* rates * calculated*
from* fitted* polynomlalj^cci 2s2* * * * time 
* ** medb*** p-rate** * time*' 'medb** *p-rate*



(vlii)Bata Analysis Frograme

*******time**'^**mcdb 
***»p-rater CC12sJ2) 5 
r(a?~l;ai step 1 until newp do 
begin write(30,fbjtime[I])! write(30jfb,mc[l])| 

write(30,fb,rate[1]); 
if i+3>^«i then begin newline(30,1);

eng else spaceT3o,4;j

i

space(30,12)5
end,

l:««i step 1 until newFrt-2 do 
^Sln me [ i]; amc [ l+newp+4 ] 5

rate[1];«rate[i+newp+4];
end;

end;
real array nrafi ;5o,i :4];
sumprint;
write text(30,f rp20c36sTcoefficients^of*polynoniiaircc]]): 
ftr j!=1 step 1 until 9 do •

write^ext(30,ri40sTa])5 wrlte{30,fk, J-i); 
write text(30,p=^-]75 
write(3o,fl,cafJ]); newline(30,1);

end;
CALC3(mci ,-bg[i ]/bgf2] >bg[2J,time[newp],1 ,nra};
CALC3(mci ,-be[ 1 j/be[2] ,be[2j ,tlme[nev;p] ,2,nm)5 
CALC3(mcT j-bc[ 1 ]/bc[2] ,bc[2] «tirae[newp] ,3,nm55 
CALC3(mci ,0,-bdf2] ,tlmernewpj ,4,nm);
write text(30,r[PlOcSSsj^run^no^ J); wrlte(30,fh,runno); 
write text(30,rTcc4isJ “

--curves’^derived’^ from*-various*fittings^ : * r cc36s ] time 
*****poly*** ^ *poly* ****segm***grouplng***me=orc55s]exp 
******exp******exp******exprccJ]); 
for i:“i step 1 until 20 do 
Fegln xt:»(i-T )xentler(ina5ct+i )/20; 

space(30,32)j
ca[ij;

fpy J-=2 step 1 until 9 do xr:=xr+carj]xxtT(j-i); 
write(30,fb,xt); write(3o,fb,xr); 
for J:=i,2,3>^ ^ wrlte{3o,fb,nm[i,j]): 
newline(3o,i);

I .
1!xr:«

end; 
PUNCH;

end;
nextbloclc:ablockno+i; 
goto loop;

\

end; 
end; 
end; 
finish: 
end;
Mrlte text(30,LLPli)j , 
re;^ind(ioo); close (20); close(3o); close(TO); close(fOO);end-^

i!.

!

It--
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LIST OP IBENTIPIERS

LATA ANALYSIS PROGRi^lB

Identifier Heaning

SuBBBation termaneeo

•nsud Sunmation Term

Not need•P

Czose-sectional area of sao^le 

avten^ **A Average of temperatures recorded on channels 1, 2, 5 and 4 

of data logger; avtemp^ ■ air temperature 

A Intercept and slope of strai^t line fitted to m - t points

area

ba

up to "newp"

hatch Grass batch number

bb A Intercept and slope of straight line fitted to m - t points 

up to "newp"/2

A Intercept and elope of strai^t line fitted to plot of drying 

rate against average moisture content (Segmentation and 

Grouping Method)

A Intercept and slope of straight line fitted to plot of 

log^Co/m^) against time, but forced to pass throu£^ origin.

A Intercept and slope of strai^t line fitted to plot of drying 

rate against moisture content (Segmentation Method)

A Intercept and slope of straight line fitted to plot of drying 

rate against moisture content (Polynomial Method)

A Coefficients of polynomial fitted to plot of moisture content

bo

bd

be

bg

oa

against time

Air flow rate in

Length of chop of grass, inches

cfm

chop

Code number > 1 for data recorded in single scan mode

s 2 for data recorded in single channel mode 

Code number ■ 1 for data recorded on high and medium ten^erature 

rigs;

■ 2 for data recorded on low temperature rig

eodea
I.-

l •.
codeb

!



iDEiTIPIEHS IN DATA ANALYSIS PROGEAl-IME - CONTD.

oontxol A An axxay containing the run numbers in the order in which 

they were recorded on magnetic tape 

Sate on whi^ the run was carried out*

^^ssure drop across the orifice plate, inches w*g* 

diqraatterwt Weight of dry-matter in the san^le, gram

A A temporary storage array for data from magnetic tape blocks 

fa, fb, foi fd, fe, ff, fg; fh, fi, fj, fl, fto, fn 

finalweig^t Final wei£^t of sample, gram 

Countter

Internal diameter of pipe holding orifice plate 

initialweight Initial weight of saiiq>le, gram

Counter ’ '

date

dp

elestent

formats

i

id

i
k, kk Counters

Air flow rate in Ib/seo ft^

Vei^t of saaqE>le, initially, in runs earlier tlian 240 

Leaf to stem ratio of sample, hy weight

Maximum tdme for recalculation of drying curves from constants 

A Moisture contents calculated from sample weights 

Initial moisture content of saaqitle, dry basis 

Final moistiire content of sample, dry basis 

Initial moisture content of sample, wet basis 

Final moisture content of sample, wet basis 

Calculated moisture content at time > 0

1bps

load

Is

■0

Bodbin

modbout

mowbin

mcwbout

mol

minmc Moisture content below which certain calculations are not

tb be done

Millivolt reading for air temperaturemnra

avd Millivolt reading for dry bulb temperature of inlet air 

Millivolt reading for wet bulb te!!5)eratvire of inlet airmvw



IDENTIFIERS IH MOIA ANALYSIS PROGRftMI'IE - COIJTD.

Himber of points recorded until moisture content fell below 0 

A Array holding values of recalculated moisture contents 

by various equations

Number of points obtained by grouping original points 

Not used

newp

na

np

number

od Diameter of orifice, inches

Number of points recorded

Vapour pressure of water in inlet air, Ib/in

P

pv

ra, rb, to, rd, re, rg

Correlation coefficients corresponding to straight lines

fitted, ba, bb, etc*

A Dxying rates calculated from differentiated polynomial 

Relative humidity of drying air 

Temperattire of inlet (ambienb) air,

rate

sdium

roomtemp

Experimental run numberrunno

Number of points taken in a group

sartorin Initial reading on data logger channel 0 

sartorout. Final re2tding on data logger channel 0

A Array containing the sizes of the blocks on the magnetic 

tape, in the oirder recorded

standev. A Standard deviations of tenq^eratures on channels 1,2,? and 4 

of data lo^r

Code number « 4 lor whole grass, « ? for leaves only, 

m 6 for stems only 

Temperature of drying air, ®C 

Tenqperature of inlet air, ®C 

Dew point temperature of inlet air, ^C 

A Experimental time readings 

Not used

Wet-bulb temperature of inlet air, °C-

size

state

ta

td

tdp

time

tt

tw



IDEKTIPIERS IN DATA ANALYSIS PROGRAMME - CONTD*

Code number ■ 1 for Italian Bye Grass 

■ 2 for Perennial Ryegrass 

A Si^erimental wei^t readings 

Absolute humidity of inlet air 

A Average moisture contents for segmentation method 

Evaluation term

& Average drying rates by segmentation method 

Evaluation term

A!An array containing the values of log^CV^^)

variety

weight

X

xt

xx

**A indicates that the identifier is an array

;

I

t

1
I✓ j •

I,

!
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Block Diagram of Deep 

Bed Drying Programme
( ttCGlN )
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3
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1
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LIST OP IDENTIPIilRS

deep bed drying PROGHAl-IMB

Identifier Meaning

Code number, - 100 for onltting printout of Initial conditions 

Viscosity of air, Ib/ft hr 

Evaluation tezm 

Cross-sectional area of bed.

Depth of bed, ft 

Evaluation term 

Constants for evaluating CPG 

Constants for evaluating K 

Constants for evaluating ME 

Constants for evaluating HC

Code number for choosing the formula to calculate HC 

Specific heat of air, Btu/lb °P 

Specific heat of dry-matter in grass, Bt\j/lb®P 

Evalviation term

^ex number of set of data, - -1 to terminate programme 

Evaluation tezm

Tolerance to determine severity of temperature overshoot, P® 

Change in moisture content 

Bas^ticle diameter, ft 

Time interval, ft 

Thicloiess of layer, ft 

Enthalpy of air, Btu/lb 

Evaluation terms
2

Ai-r flow rate, lb dry-matter/min ft 

Evaluation term 

Gas constant for air

Volumetric heat trazisfer coefficient, Btu/min ft^ °P 

Initial humidity of air, Ib/lb

A

AIRVIS

ALPHA

-ift*
ABEA

BD

BETA

Cl, C2

CA, CB

CC, CD

CE, CP

CODE

CPA

CPG

D

DATASET

DELTA

DIEP

DP

DT

la

ENTH

EPSILON, ETA, P

G

GAMMA

GCA

HC

HO

CounterI



IDHiTIFIERS IN DEEP BED DRYI1^G PROGRAMME - CONTD.

10X4 Evaluation tern

J Counter

-1K Drying constant, min

KAPPA Evaluation term

L1, 12 Read in, but not used

Constants to correct latent heat for moisture content effectL3, M, 15

LAMBDA Evaluation term

Relative humidity above which no drying takes place, decimal

Counter to indicate whether condition OAMC MP has been reached

Equilibrium moisture content

Target (experimental) moisture content

Printout of bed profile given every MM time iterations

Initial moisture content of material

MAXRR

MCCOUNT

ME

MP

MM

MO

Evaluation termMU

Number of layers

Bed profile printed out every NN layers

N

BN

Evaluation termNU

Average bed moisture content
2

Atmospheric pressure, Ib/in 

Evaluation term

OAMC

PAT

PI

Frandtl number

Relative humidity, decimal

Reynold's number based on particle diameter

Density of air, Ib/ft^

Density of dry-matter in bed, Ib/ft^ 

Evaluation term

Specific surface of material, ft**^

Target (experimental) drying time, min 

]toitial temperature of material, ^P

PR

REIfi

REP

RHQA

. RHOD

SIGMA

SSA

TP

TGO



IDENTIPIEaS m DEEP BED DRYING PRCXSRAMHE - CONTD,

Thermal conductivity of aiXf Btu/hr ft F

Counter to Indicate whether condition TT TP has been reached
•*

Temperature of drying aiXt F 

Total drying time, min 

Porosity of bed 

Summation term

Weight of dry-matter in a layer 

Holding term 

Evaluaticm term

THCON

TIMECOUHT

TO

TT

VOIDAGB

WTWATER

X

Y

ZETA

Arrays;

Humidity of the air entering the layers 

Humidity of the air leaving the layers 

Temperature of the air entering the layers, ®F 

Temperature of the air leaving the layers, ®P 

Moisture content of the material in the layers 

Temperature of the material in the layers

H

NH

T

MT

M

TGR
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(ii)Rotaxy Drier Rrograaae
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Hotmty Brier Aragramie Saiiq[)le Besults (x)

SINLLflTICN CF A RCTARY GRASS CRIER 
CATA SET NO 
GRASS FRCFERTIES :
GRASS FEEC RATE =
INITIAL MOISTURE CONTENT =
INITIAL GRASS TEMPERATURE =
BULK DENSITY CF CRYMATTER IN FLIGHTS =
BULK DENSITY OF GRASS DRYMATTER IN CASCADE =
AVERAGE BULK DENSITY OF GRASS IN DRIER =
DENSITY CF GRASS PARTICLE =
AIR PROPERTIES :
AIR FLOW RATE 
INITIAL AIR TEMPERATURE =
INITIAL AIR HUMIDITY = 0.007CCC LE/LB
DRYING PARAMETERS :
TEMP < 600 DEG F : -CM/DT

K (MIN)-l = 0.020400 EXP( C.020280 ♦ TEMP)
ME = 32?24 (SC RT HUMIDITY / TEMPSG) +-0.224550

TEMP > 600 DEG F : -DM/DT = CONST = C
-1.83S6C0 + 0.024680 *TEMP

=» M.C.

1

7.5400 LB/MIN
4.2600 LB/LB 
5C.CCCC DEG F

7.00 LB/CU FT
0.003007 LB/CU FT 

0.012C28 LB/CL FT
55.OC LB/CU FT

233.CO LB/MIN = 32.96 LB/MIN-SG FT
5CC.G0 DEG F

K(M - ME)

C
CPG 0.30 + C

HEAT TRANSFER CCEFFICIENT FCR INITIAL CONDITIONS =
HC EVALLATED BY METHOD 

0.374=S‘AIRVEL«=«'0.46 
MAXIMUM VALUE CF (T GRASS 
DRIER DIMENSIONS :
DRIER LENGTH =
DIAMETER CF FIRST PASS OF DRIER =
DIAMETER CF SECOND PASS =
DIAMETER OF THIRD PASS =
CROSS-SECTIONAL AREA OF FIRST PASS =
CRCSS-SECTICNAL AREA CF SECOND PASS 
CROSS-SECTIONAL AREA CF THIRD PASS =
NUMBER OF STAGES = 540 
LENGTH OF STAGE 
RCTATICN SPEED
AVERAGE WEIGHT OF DRYMAITER PER STAGE = 0.014704 LB 
AVERAGE WEIGHT CF CRYMATTER PER STAGE IN CASCADE = C.CC3675 LB/CU FT 
NUMBER CF STAGES DRCPPEC PER ITERATION 
DELTA

8.08 BTU/MIN CUFT DEG
5

HC
T AIR) ALLOWED = 5C.C0 DEG F

5A.C0 FT 648.00 IN 
3.GO FT

4.83 FT 
6.83 FT

7.07 SQ FT 
11.28 SQ FT 

18.33 SG FT

0.100000 FT 
15.5C REV/MIN

1.2COO INS

1
3.CCCC
0.499999

l.CCOO
LAMBDA =
PHI(RE) =
VALUES OF PARAMETERS AT INITIAL CCNDITICNS : 
CASCADE TIME =
SCAK TIME
SOAK TIME/CASCADE TIME RATIC 
CALCULATED RESIDENCE TIME =

0.007155 MINS 
0.021505 MINS

3.0058 
1.0476 MINS
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LIST OP IDENTIFIERS

ROTARY DRIER PROGRAMME

Code number - 100 for omitting printout of input data, etc. 

Viscosity of air, Ib/ft hr 

Evaluation term
2

Looal cross-sectional area of drier, ft
2

Cross-sectional area of let pass of drier, ft
2

Cross-sectional area of 2nd pass of drier, ft

2
Cross-sectional area of 33fd pass of drier, ft

Code number - 100 for omitting some of the profile printout

Length of drier, ft

Evaluation term

Constants for evaluating CFG

Constants for evaluating K

Constants for evaluating ME

Constants for evaluating HC

Indicates which formula is to be used to calculate HC 

Specific heat of air, Btu/lb °P 

Specific heat of dry-matter in grass, Btu/lb 

Constant drying rate, iiiin“^

Constants for evaluating CRATE

A

AIRVIS

ALPHA

AREA

AREA1

iREA2

ABEA3

B

BD

BETA

Cl, C2 

CA, CB 

CC, CD 

CS, CP 

CODE

CPA

CFG

CRATE

CX, CY

Evaluation term

Index number of set of data, ■ -1 to terminate programme 

Local equivalent drier diameter, ft 

Diameter of first pass, ft 

Diameter of second pass, ft 

Diameter of third pass, ft 

Equivalent diameter of second pass, ft 

Equivalent diameter of third pass, ft 

Evaluation term

Tolerance for calculating severity of temperatxire overshoot, F®

D

DATASET

DDIAM

DDIAM1

, DDIAJI2

jmm
DDIAMB

DDIAMC

DELTA

DIEP



IDENTIFIERS IN ROTARY DRIER HtOGRAJE'E - CONTD.

Chan^ In noisture content of grass after passing throng 

a stage

Diaoeter of grass particle, ft 

Residence time of grass in a stage, min 

Length of a stage, ft 

Eval\iation term

DM

DP

DT

DZ

EPSILON

Evaluation ternETA

Evaluation termP

PA, PB, PC, PD, PE, PP

Formats

Cascade time, min 

Air flow rate, Ih/nin 

Evaluation term 

Gas constant for air
2

Local air velocity, ft
2

Mass velocity of air in first pass, Ib/min ft
2

)bas velocity of air in second pass,
2

velocity of air in third pass, Ih/min ft 

Grass feed rate, lh/®in 

Humidity of air entering a layer, Ih/ID 

Heat transfer coefficient, Btu/min ft^ ®P 

Htunidity of inlet air, Ib/lb 

Counter

Evaluation term 

Coimter

Drying constant, min ^

Evaluation term

Constants for correcting the latent heat for effect of 

moisture content

FTIME

G

GAMMA

GCA

GOG

G0G1

G0G2

G0G3

GRASSRATE

H

HC

HO

I

IOTA

J

K

KAPPA

L3, L4, L5



p

IDENTIPmS IN ROTARY DRIER PROGRAl'IME - CONTD.

LAMBDA Evaluation texm

Hoistuxe content of grasB In a sta^, dry Basis 

Maxinua relative humidity at which drying takes place 

(Not used)

Equilihriuffl moisture content« Ih/l^

Not used, hut read in

Initial moistiire content of grass, Ih/^^f basis

H

MAXRH

MB

MM

MO

Bvaluation texmMU

Number of stages

Humidity of air leaving a stage, Ib/lb 

Printout of conditions in stage every NN stages

N

NH

HN

Number of stages advanced for a time interval, ■ 1 

Tes^erature of sdr leaving a stfge,

Evaluation texm
2

Atmospheric pressure, Ib/in

HOLAYERS

NT

NU

PAT

Resistance coefficientlEIHE

Evaluation termPI

Prandtl numberPR

Ratio of soak time to cascade timeRATIO

Reynold's Number based on particle diameter 

Overall residence time, min (Fed in but not used) 

Density of ad.r* Ib/ft^

Density of dry-matter in cascade, Ib/ft^

Density of dry-matter in flights, Ib/ft^

Local density of grass particle, Ib/ft^

Density of grass particle initially, Ib/ft^

stage, Ib/ft^

REP

RJSTIME

RHOA

RHOC

RHOD

RHOP

RHOPO

Average density of dry-matter in a 

Speed of rotation of drier, rev/min 

Evaltiation term 

Sumsation term

BHOX

REM

SIGI4A

SRAT



IDENTIFIERS IN ROTARY DRIER PROGRAMME - CONTD.

-1SSA Speoilic surface of grass in flights, ft 

Soak tine, nin 

Sunoation tern

Tesqperature of air entering a stage,

Travel ratio

Loitial temperature of grass, ^F 

Temperature of grass in stage, ^F 

Thermal conductivity of air, Btu/hr ft ®F 

Evaluation term

Ratio of distance of fall to diameter of psiss 

Initial temperature of air, ®P

Distance along drier travelled grass in cascading, ft

STIME

STRT

T

TDELTA

TGO

TGR

THCON

TK

TLAl-IBDA

TO

TRAVEL

TRT Residence time based on local conditions, min

VOUAGE Voidage of grass in flights

Weight of dry-matter in a stage, lbX

Weight of dry-matter in cascade in a stage, lbXC

Evaluation termZETA


