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dHESIS



Atalrsct of Thesis
intitlaed

FUNDAVRNTALS CF TIYINCG ACSDICULTTUEAL CEOPS
by Ceorge L. Gellaher

e drying of arricultursl crops 1s consgldsred from
the funcameniel stendpolut of vspor pressure difference,
Vapor prsssure 1s the primary driving force which cauces
tl:®e movement of molsture from a matorlial, [y showing how
such factors as molsture contsnt, temperature, and hunid-
1ty influsnce the vepor prussures involved, a loslcel
pieture of drying 1s presented,

In addition, a posslile wmethod of making drvins cel-
culations 1s proposed, The method 1a Las=d on va,or pres-
geure ¢iffereonce and oemploys an sccepted formuls for cale
euleting the evsporation rate of free surfsce water, Vy
exteandiny the forwule and shownln: how thoe vapor pressure
of 8 material varics with drying, it 18 possivle to rieks
dryin: time celculations, The Informetlon requlrsd aend
mothod of maklin: tne calculations ers shown,

A eorizs of car2ully coatrolled exzerinential tasts
were maie on alfella ey to provido data for ¢ mperison
with the computed values, ‘the resulis of the teste and

the comparison wiih ecomputzd values ere siven,
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vapor pressurs of water, elthor froe or in a
comodity, "ig

vapor pressure of water in the air, "Hg
water surface arca, £t

experimontal constents

veloeity, ft/=in

2rying rats, ;db/hour

proportionslity fector, Zdb/(hour)("Ig)

instrumental constant in psychrometry; equals
approximately 3.67

barometric prossure, "lig

dry bulb tomperature, Op

wet bulb temperature, °F

moisture content, ¥ dry basis (7cb)
time, hours

experimentsl faotorg equals approximately 1.45
for bales of alfalfe hay

roportionality fectory equals £' times 1b dry air/

?hr (1b dry matter)



NTOOTUCTION

LCafinition of the Problem

The problem undertaken in this thesis 1s to explain
vhat ceuses éryling end to show how temperature, humidity,
air flow, molsture content, and density influence the drying

of agriculturcl erops,

Importence of tho Problem

1he proper drying of orops such as hay and grain is an
irmportant problem in azriculture today. 7The method of
natural field drying which has been depended upon for cone
turifos 1s no longer prectical.s 7Too much food valus is lost
when the crop i8 ¢éried in the rleld exposed to the elements
of nature., The longzor the drylng time, the more losses
sustained. Therefore, fastor drying by artificial nmeana is
desirable, FHowever, the current artificial érying practices
gro not based on well founded prineiples, dut rather on a
few miscellancous rules-of-theethumb, If the real benoefits
of artificlel drylng are to bes achleved, a fundamnental
understanding of the drying process end the varisbles ine

volved in drying 1s necessary. +iih such information,



ertificlal drying will;result in high quality procducts and

econony of opsration, !

‘Previous Investlgations

There were & flew ﬁeager attempts at ar.ificlal drying
of gralns maée during’the 19th eentury. Kot until the close
of the centufy, howevér, was artificial dryinz being used
wiﬁh aneregi succesﬁ; and then 1t was with such cormmodities
as prunes, ralsins, end walnuts, Eetween 1200 end 1225 the
first recorded attempts to Cry forage crops were wade, TDur=-
ing this period several drying plants were constructed, one
bty the Tnlted States Iepartmont of Agriculture at leyts,
¥issouri in 1910,

Cince 192325, artificlsl érying of ggorisultural crops wes
uncdertzken in earnest, Today, the literature is full of
reports on artificiel <rying experiences., A corplete
bitliosraphy on agricultural drylng for the past 25 years
w1ll contain several hundred papers, The papers are notice=
ebly lacking, however, in that they do not supply the
funcdamentals of ¢érylng necessary to set up and golve the
drying problems of ezriculture. They do not contein
complete iInTormastion so that thoy can be correlated with the
work of others, The fundamentels and design facts which are
common to all drying protlems have not bteen determined, 1In
late years the neod for thls type of informatlon has been
recoznlized and stricdes in this direction ere being made.

Some of the nmcre notable work along this line are



investigations by Barrel, Fentonz, and Hukills. Their
investigations have supplied some of the basic drying
information as applied to agriculture,

For the truly theoretical epproach to drying, the cheme
fcal engineers have made the bigrest contribution., ¥Vork by
Lewis4, Shervoods, end Newman® has provided the most funda-
mental picture of the drying process, A better under-
standing of thelr work will do much to solve the drying
problems &s applied to agriculture, %, E, Carrier of air
conditioning and refrigeration feme also has contributed
considerable baslice information to the drying field., He has

7,8

written several important psapers and 1s en asuthority on

the subject,
lethod of Attacking the Problem

An extensive review of the important drying literature
was made, The purpose was to start with the fundamentals of
the drying problem and find out exactly "what causes a
commodity to dry". It was felt that the theory of drying
should be understood before any experimentsl work was
started. As a8 result, the first part of the thesis 1s
theoretical and explains the drying problem from the funda-
mental standpolnt of vapor pressure difference., Vapor
pressure is the primary driving foree which causes movement
of moisture from a substance., By showlng how such factors

as molsture content, temperature, and humldity influence the



vapor pressures involved, ons can galn a loglical plcture of
drying.

In addition, a possible method of making drylng calcu-
lations 1s proposed, The method 1s based on vapor pressure

8 for calculating

difference and employs an accepted formula
the evaporation rate of fres surface water, Dy extending
the formula and showing how the vapor pressure of a
commodlity varies with drying, it 1s possible to make crying
time calculations, The information required and method of
making such calculations are shown,

In order to substantiate the theoretical calculations,
a serles of carefully controlled experimental tests were

made, These tests were conducted on alfalfa hay and the

results of this work comprise the last part of this thesls.
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EXPLANATION OF DRYIKG

Types of liolsture to be Removed

Agricultural commoclties may be termed hygroscopic
materials because they contein varying amount of hygros-
coplc water. They may also contain free molsture,
especially when thelr molsturs content is very high., These
two types of molsture make up the total moisture contents.

Free molsture 1s any water that 1s readlly evaporated
and 18 not held in the liquid state by any forces other then
those normally found for an exposed surface of water, Such
molsture exerts a vapor pressure acocording to 1ts tempera-
ture., A film or droplets of water on a leaf might be
considered free moisture,

Eygroscoplc molsture 1s that molsture which is held
internally in a substance. In this condition it is hsld
more firmly than 18 free moisture, Its vapor pressure 1is
reduced below that of free molsture by the absorptive effect
of the substancev.

A definite value of moisture content is the demarcation
line between the two kinds of moisture, All in excess of
this value 1s free moisture, Under natural conditions free
moisture will rapidly evaporate leaving only the hygroscopie
water, Some of the hysroscoplec molisture will then also

evaporate until the commodity reaches what 1s called

equilibrium with ths surroundling air., Generally cays and



even weeks ere required to reach equilibrium. The amount of
hygroscopic water in a material which 1s iIn equilibrium with
the surrounding alr depends on the relative humidity of the
alr., The greater the relative humidity, the more
hygroscopic moisture, (Also, the air temperature influences
the equilibrium but in a slight amount, Yith other things
constant, lower air temperature means more hygroscopic
moisture,) If the relative humidity 1s held at zero, all
the hygroscoplc molsture will leave the substance
(gradually) and the result will be equivalent to an oven dry
substance. On the other hand if the relative humidity is
raised to 1007, the substance will pick up additional water
from the alr and reach & maximum value of hygroscopic
moisture., This value 1s also the previously mentioned
dividing line, If any more moisture 1s added to the sub-

stance 1t will be free moisture,
Law of Evaporation

Drying 1s the removal of any evaporate liquid. In this
work, the term drying 18 used to denote the evaporation of
water from & farm commodity such as hay or grain. This
water in the form of a vapor then dissipates into the
surrounding air, All such evaporation processes when

involving free water are governed by the law of evaporation:



For a given condition of atmospheric move-

ment, the rate of evaporation 1s proportional

to the difference in vapor pressure between

the liquid and the vapor of that liquid in

the immediate vicinlty (see page 1694 of

reference 9),

In theoretical considerations water vapor 1s treated as

a perfect gas, This makes it amenable to mathematiceal
computations. As a gas, 1t 1s easy to understand that the
vapor willl tend to flow from a region of high pressure to
one of lower pressure, This 1s the primary factor that
causes the flow of water vapor. The above law states this
clearly and furthermore says that the rate of flow is
proportional to the vapor pressure difference. ¥ith such a

law many molisture flow problems may be understood quite

simply 1f the vapor pressures involved are known,
Drying Rate Expression

The rate of evaporation of free molisture follows the
law of evaporation and is falirly weoll understood. It depends
on (1) the vapor pressure of the moisture which is a
function of its tomperature, (2) the vapor pressure of the
surrounding alr, and (3) the effective velocity of the
surrounding air., ‘These factors may be expressed in the
following relationship which 1s the law of evaporation
stated as a formula:

Wt = X' A (p - pg) (1)

where V! equals pounds of water per hour, A 1s the surface

area, p 1is the vapor pressure of the liquid water, Py 18 the



vapor pressure of the molsture in the air, and K' 1s the
proportionallity factor whilch includes the effect of
velocity. For alr blowlng over a free water surface K!' hss
been found equal to a + bV vwhere V is the alr velocity
and a end b are experimental constants depending upon the
direction of air flowg.

Equation (1) may be considered the maximum rate of dry-
ing attalnable for any substance. In practice only the
initlal stages of drying of very thin materiels attain this,
In hygroscopic materlals, as the surface free molsture 1is
evaporated the rate of drying decreases, However, Carrier7
states that 1f the reduced vapor pressure of the material
(below that of free moisture) 18 known, the expression will
8t11l be valid. In other words the drying rate remains the
same function of the vapor pressure difference, the reduced
drying rate being accounted for by the reduced value of p,
Such a statement appears reasonably correct., The difference
in vapor pressure has long been conslidered the primary
funetion affecting drylng. Vhether or not the proportione-
ality factor remains constant throughout the whole drying
process, however, is a point not c¢lear, Since use of
equation 1 requires a value for K! and it 18 so important in

moisture flow considerations, the next section discusses X!

in detall,



I'rying ¥ate Proportionality l'actor

The proportionglity fesctor ¥' of tho drying rute
expression must Le deternined from expsrlimental data. Very
complete Inforriction is roguired before it can be evaluated,
Cecause such data are limited, valuss of X' are not reaclly
avalilable, Ivery matorisl wlll heve its own value and in
addition it may vary sonmewhat gs drylng progrosces. 1arro
indicates soumo varlation, in his worit with vapor prosaures.l
iny such veriation, 17 found, may be due to the "velocity
effoct". hen & suLstance is quite wot the dryin~ rate

10

varies gomewhat with veloclty™”, while at low molgture

contents tho veloclity has no apprecieble offect.ll

Some
apreront varliation, hovever, may be due only to added hsat
by radiation or conducttonl® which 1s difficult to account
for. The chances are thet if accurate vapor pressure
inforratlion 13 avallcble the variation in X' with drying will
be found quite slight. Tho reoduced &ifferencs in vapor
prossure with drying provides a logzlcal mouns of accounting
for reduced dryling rete. or the present, since any
veriation large or smell is not actually known, ¥' will te
assuwnod a constant, ethods of handling 1t as a verlable
can be iniroducold 1f exporlimental evidonce warrants,
fnother problem osncountored with the proportlonality
fecetor 18 the units involved, For evaporation from a water

surfecs, pounds cf wateor per hour per unit vapor pressure

difference per square foot of surface 18 rocasonable, For



w 10 =

drying a commodity such &s hey or grain, however, & surface
area is rather difficult to concelve, Cince the surface area
i1s roughly proportional to the dry weight, "pounds of dry
matter" in place of "square foot of surfsce" should be suite
gsble. V1th this chanre, the drying rate 1s in 1b of water/
(1b dry matter)(hr)., If this 1s multiplied by 100 the drying
rate will be change in moisture content (;’db) per hour,

Since the molsture content 1s the desired value in sgricul-
tural work it 1s convenient to include the factor "100". The
drying rate expression now becomes:

v. =K (p=-p,) (2)
where p and p, are defined as before; K 1s change in moisture
content (%db)/(hour)("Hg), and ¥ 1is change in moisture content
(’/éb) per hour.

Analogy Between Flow of Koisture,

Hest Flow, and Flow of ZFlectriecity

It 1s interesting to note that a direct analogy exlsts

between the flow of water vapor, heat flow, and the flow of
electricity. In heat conduction problems, the flow of heat Q
(fn Btu/hr) equals the thermal conductivity times the
cross-sectional area teken normal to the heat flow times
dt/dL. ‘Uhere dt/dL 1s the change in temperature with distance
throuch which the heat must flow. Thls temperature difference
is the driving force that causes the heat to flow:

Q = thermal conductivity x Area x %% (3)



-1l -

In electricel problewns, the flow of current I (in
amperes or couloiics/sec) equals the eleectrical conductivity
times the cross-sectional area tawen normal to the current
flow tlmos &7 /dL. Vhers d7/¢L is the drop in voltiege wlth
éistance through which the current must flow, Thils voltage
differcnece is tha driving force that causes current to flow:

I 8 electrical conductivily x Area x g% (4)

Likewlse in vepor problems, the flow of water vapor ¥
(in pounds/hr) equals the permeability times tha cross-
sectional area taken normel to the molsture flow ti:es
dp/dL.12 vhere dp/dL is the change in veapor pressure with
distance throuzh which the vapcr must flow, 7This pressure
difference is the driving force that causes the vapor to flow:

¥ % permeabllity x Area x %E (8)

The sbove flow eguatlons ere well established for heat
flow ané current flow, Ixperimental values of ther~al end
electrlical conductivlitlies have been obtalned for meny
materials. ixporience has shown the equations to bte qulte
accurate end valuable., .he vapor flow equation 1s not so
woll establlished, however. Ixperimental values of perme=
ability for varlous materlals are not too well known, The
expresslon for vepor flow is rslatively new.

In recent years, Iinterest in permeability has increased
with the demand for vapor tavriers for insulation and
packacing of foods, A wrasper with a low permeance 1is

considered very good because it greatly retards the flow of



water vapcr throurh it, f%he distinction betwecn permesance
end permroabllity 1is 1important end 1s similar to that
betwesn conduction and conductivity. Permeance is the rate
of water vapor transmission through any specified thickness
of material while pérmeability indicates rate per unit
thickness, 7h2 permeance of an Inch tosrd 1s much smsller

then the permeence of a shavinr cut {rom 1t, yet thelr

permeabllitlies sre the samo.



Tescription

A stucdy of molsture end 1ts removel willl invclve a knowe
ledgo of alr, molsture, and thelr mixturss. 4An understanding
of the psychrometric chuart provides most of thils Informatlion,
It presents ths propertics of alr-molisture mixtures in a
convenient form and 1Is & veluable key to investigating
molsture protlems. One dlsacdvantago of the chart 1s that 1t
applies for only one value of barometric pressure, Ior eir
or convection érylng of farm crops, however, stiandard
barometric pressure provlides sufficlent accursacy.

“he ususl form of tho psychrometric chart is shown in
fisure 1. The bottom scale 1s the dry bulb tempersture of
the eir In question. The vertlcal scele on the left 1s the
vapor pressure of the molsture in the air. 'Tha vertlecsal
scale on the right 1s the ebsolute humidity of the alr in
grains of wolsture per pound of éry air, The curves slanting
up to tho right ere lines of reletive humidlty in pereent,
“he lines slenting down to the right are constant wet bulb
temperatures, It cen be gseen that the important properties

of alr ere clearly ropressnted,
Constructlion of the Chsrt

Tne informatlion on the psychrometric chart has been
computed originelly from gl.ebrsie formulss. In certain

instances it may be ceslruble to compute the required
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information directly. ilecocuse of Llils reason and the
importance of the psychrometrie chert in drylin;, the theory
and construction of it ere given. "le theory involved In

its constructlon 1s only sjvroximato but for practicel pur=-
poges the chart is very uselul and gatlsfectory. (Yore
accurate alrevapor progarties will soon bs gvallable for
extremely critlical sclentlific work, 'hs Amerlecsn Soclety for
Heatlng and Ventlletlng Ingincers 1s sponsoring e complete
reavaluatlion of slrevapor propertlcs.iS)

The first step in constructing a psychroamctrio chart is
egtabllanment of a pressure=tomperature curve for satursated
water, Cuch valuos ere avallcble in sny steam tablea.14
Figure Za shows this curve, Lveryone 1s ecqualnted wlith one
point on thls curva wnhich 1s the btolling point of water &t
standard preasures, 212°7 at 14.7 pei. the norel pasychro=
matrie chert usesa only the lower psrt of thls curve for the
alr temperaturcs encountered are gonerelly Iin the 23-110°r
rang;oee. n3 water vapor saturation pressurecs In this range
ars quits small so that 1t 1s more convenlent to glve
prossure in inch:a of mercury ("!z), '‘hls curve 1s the
saturetion or 1007 relativs humidlity line seen on &ll paychro=
metric charts,

Ty definltion, relative humidity 1s tho ratio of the
actusl vepor pressure to tlic pressure of saturatsd vapor et
the prevailing dry bulb tomperatura,td° Theroflore, the
rolstive humidity llines may Le qulickly establishsd once the

saturation curve 13 drawn. Ior example the 50 curve Is a
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1ins drewn through points st sach vaslue of temperature that
are 507 of the vertical distance up to the saturation
pressure, Figure 2b shows the relative humidity lines et
inorements of 257,

In many peychrometric charts the vepor pressure
ordinate scale is not given eand inetead the sbsolute humldity
1s shown, Absolute humidity 18 pounds or grains of molasturs/
pound of dry air, Tho relationship betwsen these two scales

may be cdeterminod from the perfect gas lsw for mixtures,
PV = T
v = m&gx = (8)

where P is presgsure in 1b/Tt2. V 1s total volume in fts, m is
pounds of gas, R ia the ges constant snd T 4s sbsolute
temporature in degreos Rankine. The subeeript m is for the
mixture and x for one of the gases making up the mixture,

The mixture in this case 1s that of dry air and water vapor,
Let the subseript v represont the water vapor end a the dry

alr, Then (6) may be written for vapor end alr as:
PyVp 3 BR.T (7)
and
PVg 2 MR T ()

Lquation (7) may be divided by equation (8) giving:
? m_R

,!:;:g:;x 1.01 (9)

According to Dalton's law of pertial proessures Py * P‘ SE
or baromotrie pressure., Thus equation (9) mey be written as:



—t = 1,61 _V (10)

Let m, equal one pound of ¢ry elr &nd solve for m (1b vapor/

1b ¢ry elr):
m = Py (11)

M V% X o |

I T &nd Pv are in "Ilg, and m, 1a in gruins of molsture the
above expression will reduce to m equels approximstely
150 Pv for values of Pv up to sbout 1"Hg., TFlgure Ze includes
the absolute humldlty scale as estcblished from this rslation-
ship.,

Another value gilven on most psychromctrlc charts is the
wot bulb temperature, tw' This 1s the tompsrature of a
thernometer whose bulb 18 covered with an ebsorbent material
satursted with water. TFor accurate reacings the alr must be
rioving past tho thermometer st a veloclty of 10 ft/sec or
greater,

Thore ere two theorles involving the wet bulb tempera-
ture, One is the diffusional theory of Yaxwell &né the other

15
clalms that

1s the convectional theory of August, Arnold
the true wot buldb teunporature depends on both, In its
simplest form, the relationship 1nvolving the wet bulb

18

temperature” "1s:¢

-4
P-p, = CB (td - tw) 10 (12)

where p equals the water vapor pressure at thse wet bulbd

temperature, C is &n instrumental constant, e&nc¢ the remalining
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terms have been previously defined, The value of C 1s where
the theories differ. The Unlted States ‘eather Puresu uses

17 Thils variation

a value of C which vartes slightly with t'.
was cdetermined from a large serles of experiments by
Professor Ierrel., Iior ordinary work, when temperatures are
in °F and pressures in "Iz, C may be used as 3,67, v 1th this
valus, squation (12) ezn be used to construct constant wet

bulb tempoerature lincs. Iigure 2d shows the psychrometriec

chart with the wet bulb temperature lines added.
vethods of Locating a Point on the Chert

Any glven alr sumple 18 represented by some one point on
the chart, Jnce the point is locatec, the various propertics
of the sample, such &s humiclty, vapor pressure, etc. can be
read édirectly., Thore are many methods of locating a point
on the psychrometric chart, but three are more common,

le ''he cdew point method 1s probably ths most accurate

method, Iy dafinition, the dew polnt 1s the temperature at
which the alr-vepor mixture becomes saturasted by cooling at
constent pressure, .his temperature on the 100J relatlive
hunidity curve glves the vapor pressure, ‘he intersection of
the dry tulb tomperature and the vepor pressure locates the
polnt in question.

2« Use of wot &nd dry bulb temperstures 1s & very corrnon

method of entering the psychrometrioc chart. A sgling

psychrometer provides an easy method of getting these
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temperatures, The Intersection of thcse two tcmperature
lines locataes the desired point on the chart.

3= 1his halr hy: rometer messures the relative humidity

directly., It 18 not too accurate unless frequently calibrated
but is &1l right for some purposes. If tho air temperature

1s also known that alr can be found on the chart,
Uso of the Fsychrometrle Chart

411 the varlous procesgses of cooling or heating and dry-
ing or humldifying the elr can be followed on the psychro=-
metric chart, E£ince the drying generally practliced with
agriculturel products is convection or air drying, the chart
is very useful in solving drylng prob.lems, 4As mentioned in
a prcevious section the érying rate 1s dependent on the vapor
pressure of the alr, ‘his can be read qulckly from the chart
for any eir. Yany othor thlin:s can be Included on the
psychromatric chart such &s specific volume, senslble heat
factor, total heat of the air, etc,

Some of the more comnon clisnges that occur to alr can
quickly be shown. Ilor example, consicder air at point C on
the chart in figure 1., If this air 1s heated it follows a
horlzontal 1ine to the right from C.\'Cooling of the air
follows 8 horizontel 1line to the left from C., As the alr 1s
cooled 1ts relative humidity increases, 'he temperature at
which relative humidity reaches 1007 is the dew point
temperature, If 1t 1s cooled still further soms of the

nmolsture will condense out and the vapor pressure will be



lowered, Another method of removins moisture 1s to paess the
air through an adsorber such as 31lica gel. Such a process
followys a path downwerd and to the right from point C. The
alr §s heated because the hoat of vaporigation 1s released
when moisture 1s condensed out of the air,

The total heat content or enthelpy of the gir will bde
moentioned because it is important in drying processes, The
total heat content is the summation of the latent heat (due
to change in state) and the sensible heat (due to change in
tomperature)., The total hsat sontent has been found to be
alriost constant along the wet bulb temperature lines.
Decause of this, many psychrometric cherts have the wet bulb
temperature lines labeled in Btu/lb. Actually this value is
the sigma heat ss defined by Carrierl8 but the total heat
is practically the same. The total heat value 1s useful in

dotermining how many Etu are required for e certain process,



NEASURTVZNT OF VAPOH PRIUSSURLS J7" VARIOUS COWODITI:S

Direct Yethod of ¥easuring Vapor Pressures

There are sev:arel msethods of moasuring the vapor pressure
of a comodlity., A direct method which is actually very simple
but which requlres good equlpment and careful work 1is
éescribed herein. A rougch sketch of the necessary apparatus
1s shown 1In fizure 3., A 18 ths flask which contains the
materlial « for example, a handful of wheat « the vapor
pressure of which is cdesired. T 1s & U-shaped sgectlion of
glass tublng called a trap, A manometer of some form 1is
necessary for measuring the pressure anc is shown 1in the
fizure. C &nd D are stopcocks., Ground glass jJjoints should
be used to insure tight fits, The manornetrie fluld can be
elther mercury or &n oil of low vapor pressure, ‘‘he oill
provides greater sensitivity but requires more cere in using,
A mercury manorneter of the Dubrovin type 1s very desirable,
if available, It has a sensitivity about seven times thet of
an oréinary U-tube mercury manometer, heference 19 glves a
conplete description of some extremely accurate vapor pressure
measuring epparatus.,

The procedure for meking 8 measurement 1s &s follows:

The matorlal for which ths vapor pressure 1s desired 1s placed
in flesk A and the flask is then surrounded by a constant
temperature bath, The flask contalning the sanple and the

rest of ths aepparstus are evscuated through the open stopcocks
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C sn¢ I with sn oll puip. During the evacuation trap T 1s
kept cold by means of a solld cerbon dloxide-alcohiol mixture,
This czuses the water vapor to freeze in the trap whils the
noncondensible gasses (alr cr carbon éloxide) ere exhesusted,
“hen the equipment 1s evacuated, stopcock L 1s closed and
the small amount of 1ce In the trap is esllowed to evaporate.
It may require a half hour or more for the vapor pressure in
the equipment to resch equilibrium with the sample., This
pressure cen then be read on the menometer and is the vapor
pressure of the commodity., fIte total time per test should
not take over an hour. This method can bs used to cetermine
the vapor pressure of many materlals and also the vapor

pressure of the a&ir samples.
Inélrect Tetermination of Vapor Pressure

“hen a hygroscopiec substance is placed in an atmosphere
of constant humicdlty, its moisture content gracdually changes
until it reaches and mainteins a definite velue depending
upon the alr humicdity. Thias is called the equilibrium
moisture content, iquilibrium molsture contents have been
established experimeontally for many matorials in atmospheres
of various tempereatures and relative humidities,

A common method of obtalning alr with a definlte
relative humicity 1s with sulfurie acid eolutions.zo The
more concentrated the acid, the less molsture in the alr
above 1t, OJamples can be suspended in Jars over ecld sclu-

tions of different stren;ths. By welghing the samples at



t3

intervals and finding the ejuilibrium welghts, the equilibrium
moisture content can be dstermined, Ieference 21 tells of
such tests for alfalfa hay. Such tests generally tale
several woeks,

An 1llustrative equilibrium moisture content curve for
hard red winter wheat22 1s shown in flizure 4, Such curves
are gonerally established for a certaln temperature, (Figure
4 1s for 80°F,) 4 famlly of similar curves exlsts for other
temperatures, The actual difference in the ecurves for
10-20°r variation, however, hes gonerally bteen found to be
quite slizht., Cuch equilibrium moisture content information
13 quite valueble and may be usod to determlne the vapor
pressure of the glven conmodlty. Earrse makes this suggrestion
as an 8l1d in uncderstanding moisture transfer problems, TIenton
determinoed vapor pressures from such equilivrium informstion
and plotted the results directly on tho psychrometrie chart.”

Another method of handling the vapor pressure is to plot
it egainst the moisture content, making separate ecurves for
each tempersture, The mechanles of this operation are quite
simple, Consicder the curve of figure 4 which gives the
equilibriun moisture content for wheat in air st varilous
relative humiditles end 80°F, Since the molsture content of
the wheat is in equilibrium with the moisture in the air, the
vepor pressure of the molsture in the wheat rmust equal the
vapor pressure of the alr, (If the vapor pressures are
unequal, molsturs will bs transferred and the wheat will not

be in equilibrium.) tThe vapor pressure of the air 1s rcadily
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determined from the psychrometrie char%\for the given humidity
and the 80°P dry bulb temporatur;. ThisiVapor pressure is
that of the wheat at that noistuye content and at 80°F,

Table 1 presents an easy merner of calculat'ng the vapor
pressures for various molsture c&ntents.\ The rier two
columns are arbitrary points taken from the data used for
figure 4, Notlice that the moiaturq contentfis expressed on &
dry basis. The dry basis facilitates compariaog7and 1s
considered the best method by mostlinvestigatora. " The first
value in the vapor pressure gcolumn 1s the saturation vapor
pressure ot BOOF. 'he remaining values in the column are
simply the first value multiplied by the corresponding
relative humidity es a cdecimal., The resulting vapor pressure
curve is shown in figure 5, Its height is limited by the
maximum vapor pressure in the table, If the molsture content
18 increased, the vapor pressure curve remains level., This
1s the vapor pressure of free molsture and it can not go any
higher for this temperature, All molsture above the 34X
value 18 of course free moisture, The reduction of ths vapor
pressure, a&s the molsture content decreases (due to
absorptive effect of the material), 1s readily seen., In all
probsbility this curve goes to the origin as indicated by the
dotted line, It 1s hard to visualize water that does not
exert at loast some small vapor pressure, The ecurve, there=

fore, 1s quite well deflned and can bs & bilg help in undere
standing the process of drying.
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It is interesting to see what the vapor pressure curves
are like for this same winter wheat at other temperatures.
By essuming the given curve in figure 4 to be reasonably
correct for other temperatures within 10-20°F, new vapor
pressure curves can be quickly calculated. This is done by
adding another vapor pressure column to table 1 for the new
temperature., Flgure 6 shows the vapor pressure curves for
temperatures of 70, 80, 90, and 100°F, The inerease in vapor
pressure with temperature is quite noticeable and is impor-

tant in drying.
Change in Vapor Pressure as Drylng Progresses

If the temperature of a commodity remained constant as
drying progressed, 1ts vepor pressure would follow a constant
temperature line such as given on figure 6. Experience has
shown, however, that the temperature of a substance varles as
it dries, A water surface assumes the wet bulb temperature
as 1t ovaporates.7 Likewise, an agricultural commodity 1s st
wet buldb temperature when it has free moisture eveporating
from it, As drylng progresses and hygrosecopic water 1s re-
moved, the temperature of the commodity rises until it reaches
the dry dbuldb temperature at the equilibrium moisture sontent.
As the temperature changes, so does the vapor pressure,
Carrier shows that equation 12 may be used to calculate the
actual values of vapor pressure as drying progressec.7 For
this use, t_ 18 the temperature of the material which varies
from the wet bulb temperature to the dry bulb temperature and p
is the vepor pressure of the material corresponding to its

temperature,
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Az en exampls, assuus a <rying elr with t, 1co°p
end t, 3 70°P for the hard red winter wheat of fizure 6.
From the psjchrometric chert p, 18 read es .41"Iz, Table 2
shows how tho formula may te usad, The resulting veluss of
vepor pressurs heve bosn plotted on the curves of figure 6,
Tha dashed line érawn through them ropresents ths trus value

of the vapor pressure as crying prosrossas,
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TERWODYIANICS G PRYTING

Heat Fequired and Cources

YV hen agricultural crops dry, the water in them 1s
evaporated and dlspersed into the surrounding air, Creat
quantities of heat are required to vaporize this water, In
genoral there are two primary sources of hoat for. this pure
pose; heat in tho surrounding alr, and heat from respiration
processes during which dry mattor is consumed, Terry says
that €300 B,T.U. are roloasad por pound of dry matter
comum.od.23 Ieat mey also be condusted and redlated to the
material from surrounding wermer bodies. Crops in the fleld
receive great quentities of radlant energy from the sun, For
artificlal drying, however, heat supplied by conveotion from
the air 1s most important. Tho air may be elther at the
ambient temperature or higher because of some supplementary

heat source,
Tetermination of IHeat of Adsorption

Tho heat required Lo vaporize a unit qQuantity of water
from & farm ocomxodity 1s called the heat of adsorption, Its
valuo 18 greater than the heat of vaporization for free
water, The heat of vaporization can de read directly from the
steam tebles but the heat of adsorption is not so easily
obtalned, It 1is different for ocach material considered and

also varies with the molisture content and temperature,



Accurate values are not aveilable and have been holding back
drying research, lowever, i1f accurate values of vapor
pressure are known for a sutstance, the hsat of edsorption

can be caloulaeted, 4An equation developed by Othmerg4

provides
a convenient method,

log p (of = hoat of vaporization ., log p (of (13)
freo water) heat ol acsorption X material) +C

This indicates that the slope of & log-log plot of commodity
vapor pressurc vs free water vapor pressure 1s equal to the
ratio between the heat of adsorption end the heat of vapore
ization,

In ordor to use equation 13, values of vepor pressure
measured at different temperatures ere roequired. Davis of
the U.S.D.A. &t Virginila gathered such data for alfalfa.
Table 3 shows sonme of his cdata, It will be used to
1llustrate the procedure for determining the heat of adsorp=
tion, Figure 7 shows & log=-log plot of alfalfa vapor
pressure vs free water vapor pressure., The values plotted
give reasonably well cdefined straight lines, Thelr slopes
can be measurad to get the ratio between the heat of
adsorption of alfelfa and the heat of vaporization of pure
water, The data indlcats that over a wide range there 1a
some curvature to these lines, Therefore, the resulting
slopes are good only for the range of from about 85 to
110°7 which was plotted. Figure 8 shows the varlation of
the retio with moisture content, As the moisture content

docreasos, it takos considerable more heat to vaporize the
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mATIT T DT PLTUCTTNT AT AT TAT T
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(from tests by Roy Tavis of the USTi st Flacksburg, Virginla)

¥oisture
Content

(db) 120°%  116°F. 112°F 108°F 104°% 100°F  08°F
Tree Vater 3.45. 3:6§w¢-gjaénmmé:%gm 2.18 1.93 1.2
40 2.26 2,42 2,03 1.7%  1.40 1.50
30 2,77  2.17 1.83 1.48 1.43 1.40
20 2.74 2.22  1.87 1.67 1.47 1.20 1l.22
15 2.24 1.85 1.60 1.40 1.22 1.CE 1.00
12 1.8 1.57 1.5 1.1 1.03 .21 .83
10 1.5 1.23  1.16 .08 Na¥s 73 .f9
8 1.27 1.05 .03 .71 .4 .40 $25
7 .83 %) .35
MYoisture Vapor rressure ("Ig)
Cfontent
(;db) 60T 94°r  52°F  90°r  83%F es°F  g4®r
Freo vater 1.71 1.61 1.51 1.42 1.4 1.25 1.18
40 1.42 1.35 1.27 1.12 1l.12 1,05 el
30 1.72  1.24 1.17  1.10 1.03 .05 .29
20 1.15 1.0%9  1.00 .03 .23 .23 .72
15 .24 .83 .82 .75 .72 .67 .64
12 .75 .74 .69 REY Nl .56 .52
10 .63 .53 .52 .47 .42 .32 .23
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water 1n the alfalfa,

The data on hard red winter wheat previously glven 1s
not complete enouch to make such calculationa, It was
determined at one valus of témperature only. The small
édifferences in the equilibrium moisture content curve with
temperature are needed to determine the hsat of adsorption.

If there was no difference, the heat ratio would be unity.
Constant ¥et Culb Process

Consicder &alr rising up through a bin of drying grain,
Yest 1s required for the moisture in the graln to evaporeate
into the sir, If the heat supplied by respliration of the
grain 18 small, and conduction and radiation losses are also
emall, most of tho heat required for vaporirzation will come
from the air, Therefore, as the air rises its temperature
will decresse, On the other hand, the amount of water in
the air will increase. The sensible heat of the air lowers
as it rises through the grain, but the latent heat keeps
increasini, The total heat of the elr remains constant, As
previously stated, the wet bulb temperature lines on the
psychrometric chert are llnes of constant total heat. There-
fore, under 1cdesl conditlions, drylng may be considered a
constant wot bulb process. Huklll cdoes this In his investiga-
'cS.ons.:5 It helps greatly in visuallzing what happens to the

alr during drying operations,
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Efficiency of Crying

The overall efflclency of drying muy be computed in
a number of different ways. In fact each writer seems to
have his own method, rundamentally, efficlenoy equals
useful output over input, 7The useful output for lrying is
tho pounds of water eveporated, The input equals the cost of
oporating fans, supplying external heat, specisl equipment,
ete. Lebor may even bo consideorod. It 1s easy to undere
stand why there sre many ways of computing effioclency. Eince
some Arying will ocour without man's influence, efficiensy
calsulated on this baals may even be over 100 percent in
some instances,

The thormal efficlency 1s @ better measure of the
aotugl drying effiolensy. It is the ratio of heat usefully
employed in eveporation to the heat supplled., If radlation
losses are neglected, the heat usefully employed 1is
measured by the difference bstween the entering and leaving
tomperatures (tl = t5), while the heat supplied can be
moeasured by the diffsronce betwoen entering sir tomperature

and deow point temperature (t1 - tO).
ty = ¢t
Thoorotical thermel efficiensy = 1}-:1% x 100 (14)

It 1s not possible to obtein 100 percent theoretical
thermal efficliency even though the exit alr bo satursted and

thore are no racdlation lossee., Tho smallest velue that tz
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can have 18 the wet bulb tempereture of the leaving air

which is always greater than to.
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SOLUTION FOR SO TRYIRG TIVI

Yormula 2 gives the drying rate as
V2K (p e p‘) (2)
% (change in molsture content per hour) mey be written as
ar/et where !X 1s the molsturs content (Zdb) and t s time in
hours.,
$Kk@=-p) (15)
This expression eculd be integrated directly for ¥ if an
analytical expression for (p - P‘) in terms of t were avalle
able, Such an expression is not known, howevsr, and other
means of determinlng the drying time must be resorted to.
The reciprocal of equation 15 is
R
A typlcal varlation of p with ¥ has been shown in figure 6.

(16)

w1th such information and X, a eurve of dt/d¥ vs M can dbe
computed, £s an example, assume X as 10.07/(hr)("!g). Then
the dt/d¥ curve for the dashed line of flgure 6 is as shown
in figure 9. The integral of this curve with respect to ¥
is equel to time., EIxact integration again cannot be
acoomplished but may be epproximated by summsing areas under
the curve,

Area = % xdizst (17)

Starting at the maximum value of M the area or time inoreases

as ¥ dooreesss., Practically any degree of accuracy can dbe

obtained if small enough area increments are used, The
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resulting time vs Il curve is glven in figure 10. +1ith such
a curve it Is possible to obtaln the time required to dry
from one molsture content to another for the given drying
conditions,

This whole procedure of dstermining the drylng time can
be carried out quite slmply in tabular form. Table 4 shows
the values used in the 1llustrative examples of figures 6,
9, 10, The first five columns are self explanatory. 1In
order to get the sixth column eccurately a curve of columm 5
vs column 1 a8 in figure © 18 necessary, The area under
this curve betwesn the various values of ¥ can be approximated
quite accurately. The time value in column 6 for a given
valuoe of M equals the arsa under the curve between the given
value of ! and ! equals 40%, If it was found that (other
things being constant) X varied somewhat with », this vare
iation could alsoc be accounted for in columm S,

The above discussion assumes a layer of material under
uniform drying condlitions, That 1a, p and Py are the same
for all parts of the layer. Under actual conditions p and
Pg are not the same for all parts of the layer, P, will vary
as the alr progresses through a drying material, As the air
plcks up molsture its vapor pressure, Pg? increases, There-
fore, the above ealculations are good only for the layer of
material next to the point where the drying air enters,
Additionsl caloulations are necessary for obtaining the
drying rate of that material which makes up the successlive
laysrs of the material,
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Assume: K = 10%/(hr)("Hg)

@ ® © @ ® ©®
1 1
M P P = Py D - pg K (P - Pg) t
(@) (from  (p, = .41"Hg) (or dt/d¥) (Arca under
rig. 6) dt/dy curve)
40 0.74 0.33 3 03 0.303 0.00
34 .74 .33 2.03 .203 1.82
30 .74 .33 5.03 .303 3.03
25 .72 .31 5.23 .323 4,59
20 .69 .28 3.57 357 6.29
15 .64 .23 4.35 <435 8.24
12 .59 .18 5.55 . 555 9.68
9 .47 .06 16.67 1.667 12.68
8 .41 .00 00 00 00

ARLE 5. - COMPUTATIONS FOR LEAVING VAPOR PRESTURE

@ @ @ @ ® ® @
t p of Pa P - Py grelns 50 tncrease Pa
first laysr entering pounc air inp leaving
~ ("Eg)
(hours) ("rg) ("rg) 70(p - pg) 0 @+06
0.00 0.74 0.41 0.23 2%.1 0.15 0.56
1.82 .74 .41 .23 23.1 .15 .58
3.C3 .74 .41 IRG16) 23.1 <15 15)
4,59 .72 .41 W31 21.7 .14 .55
5.29 .69 .41 .23 19.6 .13 .54
8.2 .64 .41 .2 15.1 11 .02
9.68 .59 .41 .18 12.6 .03 .49
12.63 .47 .41 .06 4,2 .03 .44
00 .41 .41 .00 0.0 .CO .41



Consider elr beling forced up through a bin of grain,
The drying time for the bottom layer is as Just desoribed.
In order to got the drying time of the grain at various
distances above this bottom leyer it 1is necessary to consider
the grain as divided into layers of arbitrery thickness, The
thinner the layers the more sccurate will be ths calculations
for drying time, After the drying rate of the first layer 1is
computed, the increase in p, leaving the first layer can be
established, 1The resulting value of Pg leaving the first
layer will be the Pg for the alr entering the second layer,

The velus of p varies with ¥ in &ll succeeding layers
just as it does in the first layer. One might think that
because t3 decreases as the alr rises, the value of p would
also decrease, EBecause drying is s constant wet bulb process,
however, end the value of p is determined from the equation
involving t, (equation 12), 1t cen be shown that p varles
only with ¥ for any given drying condition. Therefore, the
values of p eand p, &re known for the second layer,

Calculation of the drying time for the second (and
successive) layer is not the same a3 for the initial layer,
p 1s given vs ¥ while Pg is now given vs time, The
procedure is not difficult but is rather tedious., To
11lustrate, the following example 1s givent

Consider the problem previously worked for hard red
winter wheat, Assume a bottom layer with 10 pounds of wheat
(dry weight) all of which undergoes drying according to
figure 10, Also assume an air flow througch this wheat of
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100 1b éry air/rre It 18 first nccsssary to esiabligh the
valuez of p leav?"; tle leyer, flnce tho dryins rets is

known, tho gr&ins of vater plexed up por pound of eir caa te

ccleulated,

I(p « pg) 1b 1,0 7000 gralns 10 1b dm, hr.

x x

10C 1uv ¢m, hr. 1 End 100 1o sair
P rrains
=770p = Pe) ooy

with tnla oxpressicn and the psychrometrie chert, ths velus
of pg leaving Lo flrst leyer cen be determinod, Tutle 5
clves tils in tabuler foruw for varlous velues of t. 7.8
sbova celculetions shiow thet if ths elr flow 18 incrcasad or
tha smount of cry mattor In ths layer deeroceasad, Lhieé gralns
of molsturs piclkod up por pound of alr will be lsss, "i's
would result In loss ralesing of p. leaving tho first layer
and would meie tha dryin; rete of tho gaeond layer faster,
“slble 8 presaentis a conveniont method of usins the now
veluas of Py to computa tie drying rate of tho escond leyoer,
T calculations erz o slop by stop proceadure whler ropests
1teclfs Coluua A glvzs walucs of tio whilehr have been
conputed for tho flirst leyer and tho flrst veluo of ¥ in
column B le the originel molsturs contont., A study of tle
tavlas 13 89l expleneiory. Coluwms A and B provids the drying
curve for ths second lajer, Calculatlions for otier layers
are simller, Figure 1l showe i@ resuliin, curvas for ssvoral
equal 10 pound lsyers. TFlgure 11 has bteen rotsted 50° go that
the tine 1s the sbeclssa scale, This 1s the enwrion mathod of

pres.ntation,
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IXPLATTNTAL PROCIDURE

Turing the spring of 1949 tho author designed and built
a smoll scale experimentel apparatus for drying ecriculturel
erops, It was oonstructsd so that the tomperature, humle
dity, end emount of drying air coculd be carefully controlled.
Munds for construsting the equipment were furnlished by the
Je I. Caze Company of Racine, ¥Wisconsin, The J. I, Case
Company was Interested in the comparative drying rates of
various types of bales of heys The equipment was operated
for this purpose throughout the summer of 1949, A series
of tosts on individual bdales of hay were made., iach test
was conductsed under constant drying eonditions and the
rosultin; loss of molsturoc with timoe was recorded. The data
provided a very good overall drying curve for each bale,
Theso tests are used in this thesis for comparison with the
theorys. Dscause they were not condusted exclusively for
this one purpose, the tests do not supply the exact kind of
data cesired, However, the dats are sufficient to provide
& comparison of experimental end theoretical valuss. The
theory coals with the drying rate at various layers such es
encountered in a mow of hay, vhile the cata shows the overe
all drying rate for sn Individual dale of hay,



DESCRIPTION OF THE APPARATUS

Details of the Equipment

A silde view of the test epparatus for drying 1s shown
in figure 12, It consists essentially of & fan, a duct
for conditioning the alr, a plenum ohamber, and test
section, PFigures 13 and 14 are overall photographs of the
apparatus from opposite ends, Detalls of the indivicual

parts are described below,

Figure 13. Ceneral View of
Apparetus from Fan End
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Pigure l4. General View of
Apparatus from Plenua End

A Clerage size 3/4 centrifugal fan with forward curved
blades 1s used. The fan is driven by a 1/2 HP single phase
motor with a V-belt drive. The size of the inlet opening
can be varied with a damper as shown in figure 15, The fan
discharge 18 led to the conditioning dusct through a sheet
metal transition,

The alr conditlioning duect 1s 12' long and has an
internal crossesection of 1' by 1', Tt is made of 1/2"
plywood and 1is lined with sheet aluminum in the center
portion, The steam openings for adding moisture to the air
are in copper tubing shown in figure 16, Just beyond them

are & gserles of baffles or eliminators to prevent any



Pigure 15. Closeup of Fan

condensed moisture from passing through the duct. The cone
densed molature 1s collected and drains through & hole in
the bottom,

The colled wire heater used to heat the alr is shown in
Figure 17. Three of the four heater elements each have &
nmaxirum of 2000 watts with intermmedlate steps of 500 and
1000 watts, The fourth heater eloment 1s variable from 0 to
1000 watts, This gives a continuous range from 0 to 7000
watts for heating the air,

The control section 1s the last part of the duet Just
before the air enters the plenum chamber, The alr tempera-
ture and humidity are maintained constant at this point for
tho tests., The dry bulb temperature 1s recorded with the
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Figure 16, Steam Inlet for
Humidifying the Alr
thermocouple shown in figure 18. The wet bulb temperature
is read manually with a thermometer at regulsr intervals,
The plenum chamber is a 4' x 4' x 4' box made of ply=-
wood and rests on platform scales (see figure 19), The
scales can be read to a quarter of a pound. The air
entering the plenum comes through a flexible canvas coupling
from the duct., The inside of the plenum was sealed against

melisture to prevent loss or gain in welzht of the plenum

1tself.



Pigure 17. Electric Heater Colls



Pigure 18, Control Seotion
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The test soction 1s mounted on top of the plenum so
that as the hay dries outl the weight on the scales below
is reduced, The unpainted portion of figure 19 is the
test sectlion, The test section is sdjustable in

cross-gsegtion from 15" x 32" to 20" x 37",

Figure 19, Scales and Plenum

The air that comes through the hay in the test section
is collected and exhausted through a 4" sharp edged orifice.
Figure 20 shows the orifice from ebove, It also shows the
two thermomoters used to determine the exit air dry bulb

and wet buld temperatures,



Flgure 20, Orifice and Exit
Alr Assembly

A supply of compressed air 1s necessary to operate the
automatic temperature conirols, Figure 21 shows this
equipment, The compressor motor has an autometic switch which
maintains the pressure in the reservoir above 20 psi. The
alr leaving the tank is reduced to 15 psi by a pressure
redusing valve. A dshydrator is also in the supply line to
keep the alr dry.



Plgure 21, Alr Compressor
and Supply

Neasuring and Control Devices

Two slanting tube meanometers are used to measure the
static pressure for determining air resistance and statie
pressure for determining elr veloeity., PFigure 22 shows
these manometers slong with the calipers and engineers!
scale used to get readings.

Thoe thermogouple in the control section actuates the
Brown tomperature recorder-controller, This instrument
operates on 15 psi air pressure., It controls the air
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Figure 22, Manometers

pressure to a ¥inneapolis-Honeywell Orad-UsMotor. The
position of the Crade-U-~Notor arm varles from minimum to
maximum displacoment as the controlled air varies from O to
15 psi., This am in turn varies the rotary position of the
variac through a reck and pinion gear linkage. The variac
is a variable A. C. trensformer which slters the voltege to
the 1000 watt hoater olement from O to 115 volts. Once set
at a given tomperature this system will maintain that
temperature at the control section sutomatically. This
epparatus 1s shown in figure 23,

The humidity i{s controlled manually with 20 psi steam
from the heating main, Part of the stesm to the steam jets
1s by-passed out the window, Figure 23 shows the piping and



Plgure 23, Control Apparatus

valve which 1s varied to allow differont amounts of steam to
be by~passed., Another pipe carries off the condensate from
the lowest part of the system,

Safety Devices

The electrical power to the heaters passes through two
lowe~voltage, no-voltage relays that are located behind the
cover next to the sterting switch in figure 23, The starting
switch 18 wired to the holding ecolls of the relays so that
the fan motor must be running before the heaters can bLe
turned on, In case the Vebelt breaks, the motor will drop on
a switeh (Rockwood drive, figure 15) which opens the relays.
Also the duct lining and other apparatus ia grounded., In
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case of a short, the instantaneous drop in voltage through

the holding coils will open the relay,



B

METHOD OF TESTIRG

The bale to be tested was squeeged into the adjusteble
test chamber as i1llustrated in figure 24. Any holes or
loogse spaces where air might slip eround the bale were
packed with loose hay., The test section wes then weighed on
the Toledo scales shown in figure 25, The tare weight of
the tost section was known so that the original bale weight
could be determined,

Flgure 24. Squeezing Bale
$H46 TE Do icn



Pigure 25, Weighing the Bale

Three thermocouplos were plaged in the bale when it
was placed in position on top of the plemum chamber. One in
the bottom, middle, and top of the bele., The dimensions of
the bale in the test section were 35" x 18" x 15" with the
flat side down, The exhaust section with the orifice was
mounted on top of the test chamber and was clamped down with
wing nuts., Veather stripping wes used to sesl the joints.

Defore the test was sterted the manometer tubes were
checked for levelness and gero reading, Also the thermo=
moters were put in place. %Yhen everything was ready, the
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fan was started, the hoaters turned on and the automatic
temperature aontrol set. It generally took a few minutes
to get the steam regulated so that the alr had the corrsct
hunidity. The volume of glr was adjusted with the damper
on thoe fan inlet,

whon air temperature, humldity, and volume were
adjusted to the desirod values the weight was read and this
time was reoorded as the start of the test. Throughout each
test these values wore malnteined constant. 7The tests were
rmmn continuously until the drying curve started to flatten
out, +hLon the welight did not changs rmoh {rom one reading
to the next thse teat was stopped,

ihen ths nights were cold 1t was noecessaary to turn on
more hoators to keep tho alr temperature high enough. The
automatie control kept the temperature constant within plus
or minus 2 degress, The absolute humidity of the outside
alr 414 not vary much throughout the dey and with slight
ad justments of the by-pass steam valve, svery hour or two,
the ontering wet bulb temperature aould be kept quite
constent, As the hay cried out it was easier for more air
to pass through 1t s0 that the air entranse to ths blower
had to be closed slightly every couple of hours in order teo
keep tho alr volume constant,

Vhen & test wes completed the bale was removed from the
tost sectlon and again woalghed., I'igure 26 shows a bale just
removed fram the teat section. Four samples were taken from

oach bale in order to got a representative final moisture



content throughout the test., The value of the molsture
content was known only approximately at the start of the

tests,

Figure 26, Dale lemoved
from Test Ceotion
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PRUSTHTATION O 7% DATA

The tests wero on individual bsles driod under constant
conditions, Thelr overall drying retes were dotermined,

The method of Arying used made it impoesible to estadblish
arylng ratos by leyors which is what the theory givos.
Thorofore, corrclation of the test data end theory 1is

rather difficult, Varlous methods of doing this were
ettemptod, After considergble study 1t was decided to alter
the drying rate equation so that it represents the overall
drying rate of the materisl being dried, This could be done
only epproximately, but was the best method of showing the
relationship botween theory and test,

It has already beon shown that the drying rate above
the bottom layer increeses with inereasing air flow, It was
also shown that tho greater the emount of dry matter passed
through, the lower the drying rate, These two facts cen de
combined into the term, lb dry alr/(hr)(ld dry matter), The
overall drying rate 1s roughly proportional to this faotor.
Actually the factor changes the drying rate by altering the
value of p, at various layers. For & given quantity of
material, howover, the overell drying rate may be glven
approximately by including this facotor in the equation and
sonsicdering Pa constant, Thls puts the drying equation in
the following formt

2" X i ey wrerer (P 7 Pa) (18)



where C' is an experimental eonstant, The product of C!

x 1b dry eir/(hr)(1b dry matter) is not the samo as the
fasator X in equstion 2 so it will de called X" in ordor to
differentiate betwaen the two,

The sbove equetion inecludes all of tha terms proviously
considored but in a slightly differsnt manner, Pa is the
ontering &ir vapor pressuro to tho quantity of material under
consideration, The variation in it which setueally ccours is
teksn care of by the 1b dry air/(hr)(1b dry matter) factor.
a1/&t vreprosents approximately the overall drying rate which
is known experimentzlly. With suoch a relationship it 1s
possible to study the drying results of the tests.

Table 7 iz a sumary of sixz drying tests which are used
to show tho correlation of data with theory. Thoy cover a
wide range of eir flow per pound of dry matter, and
considerable variation in originsl moisture contents, TIive
of ths teata ars for 100°F drying eir and the sixth is for
120°F drying alr. The change in moisture eontent with time
for these tosts is given in table 8, The data in teble 8
ropresent the sctual readings taken during the tests, These
data can bo plotted to glvs experimental drying ourves,

In orcder to computeo drying curvos for those tests it is
nocessary to have a valus of C* for alfelfa, and the variae
tion in elfalfs vapor pressure as drying progressed, The
drying temperaturos for the first five tests were 100°F dry
bulb and 84°F wet bulb and for the sixth test 120°F dry buld
and 88°F wet bulb, ¥ith these values and formula 12 the
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vapor pregsurs durling drying oan be computed, The method 1s
the same as 1llustratod in tsble 2 for wheat, Figure 27
shows the vapor pressure of alfalfa at various tomperaturses
and moisture contents (from table 3), and the dashed lines
represent the somputed values of alfalfa vapor pressure
duéing the toatls,

The value of C! for elfalfa was determined from a cere=-
ful study of the test date. The valueo finally established
was C' 2 1,45, K" was computod uasing this value in the last
column of taeble 7. The complete computations for drying
time for all six tests aro given in table 9, The lest soluun,
time in hours, was ozlculated in the same manner as tho
1llustration for wnoat in table 4. The resulting computed
drying ourves are given 1n figures 23, 29, and 30, The test
points shown on the figures are the values from the data
of table 8.
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DYSCTUSSICH OF T7IE PISULTS

Agroement of Deta and Theory

The data in figures <35, 29, cnd 30 are for tesis medo
under widely varying conditions, “he eir flow varied from
8.85 to 18,20 1b of air/(hr)(1b dry metter). The original
molsture contonts for the teetas veried from 29.87 to 48.17.
Two air temperstures were used, 100°F snd 120°F, The test
data agree falrly woll with the eomputed curves in all
cages,

Flgure 28 shows tho results for two tests which were
sllike 1n eovory respect except original moisturo contont and
alyr flow, Tost no., 8 has en eir flow per pound of dry
matter over twige as great &s for test no, 1, Tosts 3 end
4, glven in figure 25, are for other valuocs of original
molsture content end eir flow. Tosts 6 and 6, given on
figure 30, represent two tests that were practically allke
in every respect except tomperature of the drying air and
original moisture eontent. The egrsoxont of theory and data
1s quite good even with all theso variations in test
conditions,

One very notliceable characteristie of the computed
curvea 1s that thoy all tend to lioc above the test data at
rirst end then below the test data when the drying approaches
the equllibrium value (represented by the horigontal dashed

line), There may bs meveral reasons for this tondonsy, The
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equation used to computs the curves (equation 13) is only
approximate and this fact may socount for some of the
discrepancye. Another poesibility i1s that K" may vary
slizhtly during the drying process, It has been pointsed out
that the "velocity effect"” may csuse some variastion in dryling

i rate, Tho velocity tends to influence the drying rate at
hich moisture contents while at low moisture contents 1its
effoct 18 negligible, This would cause the sctual drying rate
to deereaso faster than the somputed value which essumes the
veloclty effect constant, Thia is the trend in the data,

fofore the theory can bs properly Judged 1t will be

negessary to have consldorable more test data. The small
amount of data included herein only serves to show that the
thoory does have poesibilities. DIrying tssts with other
values of absolute humidity and other orops are necessary,
Also, the tests should give tho moisture contents at various
lovels instosd of the overall velues, Regardless of this
lack of subatsentlation, the theory is developed in a sound
loiloal manner and cen be used to show ths relative
importance of various factors to drying, Tho data does
substantiate the theory sufflislently to enaedble ono to use it
to precled the effect of tamperature, humidity, air flow,

etc. on drying.
Influence of Temperature

If ths terperature of a sommodity is increased, its dry-
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ing rate increases. i'igure € shows that the vepor pressure
of a substance increases rapldly when its temperature
incresses end as p inereasaes the drylng rate W increases
according to equation 2,

Teasting of the commodlty 1s ths result in convection
drying when the alr 1s heated. Actually the heated alr
itself has no real advantage (provided it had sufficlent
moisture carrying capacity). It 1s the gonsequent heating
of the produst which produces the desired increass in crying
rato, It would be much more officlent to hcat the material
to be dried directly rather than to heat the air, On the
psychrometric chart 1t can be seen that the process of hoat-
ing sir only results in moving horizontally to the right
aoross the chart, 7True, the relative humildity is lowered,
but tho vapor pressure which influences the drying is not
ohanged.

Influence of Humidity

It is the abaolute humidity and not the relative
humidity that 1s the importent fsctor in drying, As the
abgolute humidity decreases the vapor pressure Pa deoreases
and this means an increased drying rate, A low reletive
hunidity, howevoer, does not necessarily indicate a low vapor
pressure, The psychrometrio chart shows that air with a low
relative humidity osn have & high vapor pressure if the
teuperature of the alr is inoreassd., Therefore, when talking
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ebout low rolative humidity belng good for drying 4t is also

nooessary to spocify tho temperature,
Lffect of Depth

The depth of grain or hay 1s an important fector in
drying. Consider air rising up throuch a bin of grein,
vhen drying first starts, the molsture eontent of the produst
being dried %8s uniform and 4if 1t 1s high enouch, ths tempera=
ture of the grain througchout the bin assumes the wet buld
temparasture of ths drying alr., The vapor pressure of the
grain, therefore, 1s constant throughout. The vepor pressurs
of the alr, however, varies es 1t rises through the grain,
As the air picks up molsture in the lower areas, its vapor
prossure i1s incroascd and gradually gets greater as the alr
rises, The difference in vapor pressure and thersfore the
drying rate decresses &8 tha alr rises through the grain,
This fact cauees unevon drying.

Influence of Air Flow

Increased alr flow will result in more even drying aend
a fsster overall drying rate. The data show this quite
oloarly. As moentionod above, the vapor pressure of the air
increases as 1t riscs through a bin of grain. ¥ore air mesns
less molsturs to ecarry per pound of air and this means less
rise in vapor pressure. 7This asocounts for the increased

drying rstos of the uppor layers with high alr flow,
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A disadventage of high air flow i1a that the efflclency
£ drying will be low, The eilr will not have enough time to
plek up its maximum quantity of moisture,

Lffect of Tonslity

Verying density coes not effeot the drying rate sg long
es the pounds of d¢ry matter romsins constant, For exemple,
varying the volume ocoupled by ten tons of hey will not
ohange the drying rate of ten tons if the air flow romains
eonstant, The bottom, middle, and top layers, etc., will
still dry in tho same mamner, Thle is so rogardless of
whothor the ten tons of hay is in a tall narrow mow or a
wide low mow,9 However, if & glven volums of hay is
oonsidered end the pounds of hay in this volume vary while
tho air flow remains constant, the more pounds the lower the
drying rate in tho upper laysra. This is understandable
because the air will pick up more molsture as it rises and
Pa will be higher in the upper laycrsa,

ons importent factor egalnst high densities is that
the greater the density, the mors stetlc prassure required
to force & glven amount of sir through it, This results in
hich priced fans and large power bills. Also, uneven drying
may result becauso the air will tend to go through any
channols of lower resisteance thut ma§ ogour end not penase

trcte the dense arcas,



w 80 »

Type of Yaterial

Tho drying cheracteristics are different for sach matere
ial being dried, 1In faet thoy very within e material when
it 48 prepared in s different manner. Crushed hay for
example drles differently from reguler hay. The reason 1s
probebly the more exposed water surface area and less
distance for the moisture to diffuse through to reach the
surface. The feotor K in the drying rats expression is to
take care of those differsnces between materials. Also the
vapor pressure vs moisture gontent curve varies somewhat with
different materisls. This makes p in the &rying rete
expression dlfferent for various materisls and helps to

acoount for the many shepes of the drying ocurve.
Yoisture Content

“hen a materlal belng dried has free molsture, its vapor
pressure and drying rate remein constant as the moisture
content deoreases, After the free molsture has boen svapore
ated, however, the vapor pressure of & material varles with
its molsture content, If everything else 1s hsld conatant
loss moisture moans lsss vapor pressure, Since the dArying
rate i3 proportional to the difference betweon the commodity
end the surrounding vapor pressures, the drying rate

decreases a3 the moisture content deoreases,
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CCICLUSION

1. A material will ¢ry when thoe vapor pressure of the
water in the material is groatsr than the vapor pressure of

the water in the elr surrounding ths materisl,

2, The rate of drying 1s proportional to the difference
betwesn the wvepor pressure of the materisl and tha vapor
pregsure of the surrounding eir. This relationship may be

expresssd as
Drying Tate 2 K (p e p‘)

where ¥ 18 a proportionality faotor, p 18 tho vepor pressure
of ths materlel, and p‘ is the vepor pressurs of the water
in the sir, Ths oxperimental results conductod on alfslfa
hay indicete that this relationship is approximately truoc.
Consicderable more data is necessary to estal.llih 1t
definitely,

3+ If the proportionality factor is known for a given
material the exprossion for the drying rete, given above,
ean be aolved for the time required to dry from one molsture

content to another,

4, ‘hen the temperaturs of a material is ingreased, its
vapor pressure inoreascs, and the result is a faster drying

rote,



5. When ths gbsoluts humidity of the air is lowered, the
vapor pressure of the water in the elr deoreases, resulting
in faster drying.

6. The vapor pressurs of the air 1s {nereased as it
ragaes through & drying materlal &t a rete which decreases
as the alr flow increasss., Ths result 1s fastor overall
érying whon the air flow 1s increased,

7« 48 tho moisture content of a drylng materlal
progressively deoreasos, its vapor pressure desreases, resulte
ing in slowoer drying retes., ithen ths vapor pressure of &
drying materiael has decreased to that of the surrounding air,
the drying rate is gero and the material is at the equilie-

brium moisture content,

8. The density of a material does not influence the
drying rete as long as the pounds of air/(hour)(pound of
dry matter) remcins constant, If the pounds of dry matter
in a given volume 1s increasod, however, whils the air flow
18 hold conatant (such es so meny ofm/rt2 of mow area), the
drying rate will decorcase,
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