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CABSTRACT

The relative importance of the various factors involvea
in the commarcial drying oi & -porous germnabl solld are discuss

H-ﬁ

2 e s
and related to the cost of the operation and the quality of the
"wduct

A basic mechanism and quantitative theory of air or superd

heated stesam drying by direct surfaces contact is presented, the
essential similarity between the two fiuids be 2ing stresssed, Four
foeriodsh of drying cre discussed, and fundemental equations are
developed to describe the flow oi heat, thﬂ flow of liquid and vapoq
phase water, end the equilibrium 1uvoiv in e&ch oﬂ“*oda The pre-
sent tilltf ol these equations is liaited bsceuse of the leci of
experimentel data needed both for the svaluation ol coefiicients
and for the de t“vmination of the nature ol certain reletionsniips
now known only in functional form.

Exjerlzentﬂl data mede svailable in the Shuwal &nd Freser
reports are analyzed in the light ol the theory uoveWOQde These
deta ars also used to ueVﬁlop simplified rmsaLlouv, whiich, &lthough
not accurately descriotive of the drying operation, ars ubxievad
sufficientiy sound for & preliminery study. The simjlified equa-
tions assume three perinds 21 drying: a Longtaut r"t° 3ﬁr10u {fol-
lowed by two oneriods in wiilc. the rate decresases linsarly wit" the
free moisture content o tie stoci,

A qudntlt'“"v“ comparison of the relative merits of lumid

air and steam as drying media is wade, The comparison covers alr
at verious humidities anc steam at verious pressures, boti over &
temperature rangs ol 300 to 5U0°F, the basils chosen beinp consteant
powar expenditure across the utO’T and stock (of 1-3/4 inch thici-
ness, 20 pef density) being dried from both sides.

f

O

The analysis shows the effect of the partial pressure
water vapor (related to the humlditf in the case of humid air and
equal to the pressure in the case of uup~rn“ tﬁd steam) and drying

temperature upoun the following cost-determining factors:

vl

a) Drying rete and drying time in each ol tie drying periods
b) Total drying tiume

¢) leat consumption

d§ Electricel energy consumption
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The restrictions of cou
are tpen paitlalTy Mmo ,l !
of these variables .oon t 2 drying ra
ships between power end thick }
but not elaborated.

pendifture an
r enalysis

o

The influence of partial pressure ol wa
1nb temperature upon the following quality-deteril
discussed:

d stock thicimess

showling the eifect
The more complex relation
deying times are mentionead

ter vapor and dry-
ining fectors 1is

a) Dguilibrium moisture content

b) Drying rate

c) Temperature and moisture gradients in the stock
d) Temperature gradients in the drying gas

the
and quality factors

A final analysis of
and temperature upon the cost
heated steam to be preferable
good quality is obtainable a
times of eight hours or less.
substantiate the theory upon
determine the effect of opsrating c
product.

xperlwemtal
ch this conclusio

composite influ

conditions on the

eice
indicates

of pressure
super-

to eir as a drying medium, provided

temperatures above 4Qu°F and in awyla:
data ig
n is bc S2Q ,
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and to
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HUMID Al AuD SUPBHHEATED SToAM

A5 DRYING MBEDIA FOrn nlGID POROUL SOLIUS
PROGRESS neOk1 HO. 2

0l

SUPBRHEATED STEAM IN DRYLLG

1, 1NTRODUCTIOIN

The study reported here has been made for the purposes
of developing basic tieory and prepering a preliminary evaluation
of the merits of sunerheated steam as an agent for direct-contact

drying of a rigid porous insoluble solid. The agents normally con-

sidered for this type ol drying ere moist air or moist flue gases
(whose properties approximate those of air). ouch apents are em-

ployed at or near atmospheric pressure. 1u tihe cass ol superheated

steam, lowever, it is reasonable to consider aiso operation ot pres-

sure above atmospheric. The analysis covers, tuereiore, & detailsed

discussion of the basic theory of drying end the reletive merits of

air at various humidities and steam at various pres.ure botii over
the temperature rangs of commercial interest.
An evaluection of the "merits" of a drying agent must be

1a¢ i S0 Wi onstitutes werit in such & case.
preceded by a decision as to what constitute

In drying, as in most industrial operations, merit is obvious.y
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associated with low cost of operation and high quality of product.
The cost referred to is tne total drying cost per unit of product,
which in general may be considered to cousist of':

C¢e - Interest on capital investment, per unit product

Insurance, depreciation, obsolescence, taxes, etc., all

cg - ;
assumed proportional to the capital investment, per unit
product

Co - Fixed overhead, as manageuent, etc., assumed independent

of the capital investument, per unit product

¢y = Direct labor cost, per unit product

C - Cost of heat, per unit product
Co = Cost of edlectrical energy, per unit product

Costs ce and cg, the interest and the insurance, depreci-
ation, stc., are proportional to the cost of installation and in-
versely proportional to the production capacity. How, the produc-
tion capacity of a given dryer unit is inversely proportional to

the time required to dry the stock; thus

Ce ¥ cq T keCcb (1)
where
ke = proportionality factor

Ce = total capital investment in dryer

e drying time, hours

The variation of the total capital investment (Cg) with drying
agent and conditions is nardly predictabie at this time., &5 a
first approximation, however, it may be considered that, for instal
lations of the same production capacity and the same degree ol re-

PR w)

finement, this cost will be reiated directly to the operating

T
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temperature and ajproximately to the peartial pressure of

vapor” in the drying agent. Thus,

Co =kt (at ng) (a + ePg)

c

a, b, d and e ars unknown coiastents

uem> rature ol the dryiung gases

3
o
i

1

e

Labo

3

sams production capaclty and equivalent relineuwsnt, as
1y independent of the drying time; i.e.,
¢, = constant

Thus the total unit cost may be re presented by

C = keCeo + ¢y +cg*cpt ey
C = k¢ (2 + DIg)(d + ePg) 6 + c1 + ¢o + cp * cp

and t

fa—)

P = partial pressure of water vepor in the
geses

APProX (imate-

: .
tne water

(2)

arying

(3)
(4)

e cost determining elements which ere iniluenced by tie

cost (cy) may Dbe taken, for installations of the

dry-

agent and its conditions are Tg, Pg, 9, ¢y, and Cpe Low unit cost

ig therefore favored by:
1. Low operating temerature
2. Low partial pressure of water vapor
3. &hort drying tine

4. Low heat consumption

*The partial pressure ol water vapor, as will be shown leter,

&

-

de

ter

mines the humidity oi the air in the case ol alr drying &t atuos-
Sud JVLI;L‘/(A 2a

pheric pressure, and the total pressure in the cese of

steam uxylng Thuo it serves as a measurs of composition in
in

first instance and as & medsure ol operating pressure
ond.

the s

b-..u
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5. Low electrical ensrgy consumption

The influence of the drying ecgent end its partieal

w3

=

[4h)

[}
b

sure, temperature conditions upon product quality is not so readi-
ly visualized. 1t may be expected that the important factors in-
fluencing quality will Dbe moilsturs contsnt of the stock™, drying

n

rate, temperature and molsturs gradien

ct
w

through the stoci, and

influence and

}_‘

uniformity of temperature of drying gas. The rea

It

importance of sucii factors must be delarmined sxperimentally., For

N
1

the time being, however, 1t may be assumed that good guelity 1s

L. High molsture content of stock
2. Low drying rate
5. Low stocxk temperature gradients

L. Low stocg moisture gradients

5. Low temperature gredient of dryiug ageu
its direction of flow '

-

These factors favoring low cost of opsration ‘and Ligh
guality of product are therefore of lmportance in sveliuating the
relative marits of drying agents and drying conditions. 4 uader-

influence of the propertics and the partisl pres-

wn
t
o
5
o
e
o
O
L)
ct
P

sure, temperature condaitions of the drying agent upon these "fac-
tors of merit" is the next essential step. This may best be done

through & study of the relationship between humid air and super-

D

weated steam and the mechanisu and basic theory ol the dryin; oper-

Fet

ation.

T 8 B B
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1. THE RELATIOLSILD uuw*v&u HUMID ALR AND SUPEAHEATED STRAL

[—=

It is desirable at the outset to clarify the relet
between humid air et atmospheric pressure and superasated st
Tuuid air comnsists, iu "Phase Rule™ language, ol &

componant system: air end weter. The variance of such a sy

present at constant atmospheric pressure in 2 single phase Ls

P = 2, whers V, = variance of systeu al constant

= C+1 >

sure, C = naumber of components, and P = number oi phases
in the presence of liquid water, where P = Z; Vp = 1. This

thet fixing two variables, e.g., tsmperature and phass Colipo

ionship
Sali,

Lo

s hem

RN N
G pregs—

5. 01,

mealls

sition,

complately definse ths single-phase system. Similarly, ixing one

variable, e.g., temperature, determines the two-phase system.
the various ways in which phase composition may be represent

(i.e., mol fraction, absolute humidity, etc.) it is expedient

or

ted

That this

to represent it by the partial pressure of water vapor. Tha

is & true measure ol phase composition is evident Irow the I

ships (22):

3

absolute humidity = = { = |
= v ,LZ’r@? == Pg \289Q/ ‘j

where Pg is the partial prescure of

e

accord with the phasa rule, the two-phese water-alr system at

mospheric pressure may be representsd by a singie line on a

vs. temperveturs (T ).
i o

nartial pressure of wabter vepor (Pé _
>

alationg-
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line is the vapor pressurs curve for water, designated later as Pg
I (Tg). Similarly, the single-phase system may be represented

-

by & family of lines on this seme plot, one line for each constant

- . P - . . .
value of Z-u—iia—a x 100; i.e., one line for each value of per-
Pg)sat. v

cent relative humidity.

On the other hand, superheated steam 1s & single-compon-
ent system, and without restriction of constant pressure, exihiblts
a variance of V=C+ 2 - P =2, where V = variance of system. In
the presence of liquid water, or when saturated, P = 2 and the var-
iance becomes V = 1. Thus, the phase rule predicts similar descrip
tions of superheated steam and atmosphsric pressure humid eir. The
suturated steam systew way be represented by a single line on a

plot of Pg VS. T., and the superheated system by a family of lines,

g’

P
one for each value of (§—7E~—~ x 100, on the sazme figure.
g’/ sat,

Figure 1 is therefore & two-dimensional representation of
humid air at atmospueric pressure (Pg <z 14.7 psi.abs.) and super-
heated steam (Pg = 14.7 psi.abst). The essential continuity be-

tween humid air aad superheated steam 1s clearly brought out. 1t

is to be noted that for Pg << 14.7 psi.abs., P, is the pertisl prey
sure of watsr vapor in the air-water system under a total pressure
ol 14;7 psi.abs., and is therefore & measure oI coumposition (nol
fraction, humidity, etc.). For Pp=> 14.7 psi.abs., Py, although
still the vartiel pressurs of water vapor, is also the total pres-

surs. The significance of thie adiabatic saturetion lines showvm on

Figure 1 will be discussed latsr.
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II1I. BASIC MECHANIS: AHD THEORY

The type of drying under consideration is that of a rigid,
porous, insoluble solid by direct exposure to a gaseous medium which
is unsaturated with respect to water vepor. &£11 heat for vaporiza-
tion, heating of stock, etc. is supplied directiy fromw the gas which
is assumed to flow parallel to ths surface oi the stoci in turbulent
motion and at constant velocity, tempsrature, and partial pressure
o water vapor.

The literature related to this general problem is fairly
extensive, although none too revealing. Most or the published work
falls into the following categories:

1. Experimental drying rate data for specific materials; mostly
in the form of instantansous rate ol drying per unit of ex-
posed surface as a graphical function or the instantaneous
moisture content and the conditions of drying (3)(9)(14).

2. Empirical equaticns based directly upon sxperimental date
expressing, for spacific materials, drying rates in terms of
the more im.ortant variables (3)(14)(18)(19).

3. Studies of tie mechanism of dryiug (3)(6)(5)(10)(19).

4. General articles dealing with methods ol operation, practi-
cal considerations, estc. (2)(21)(5).

Information from the first and third categories has proved
most helpful in developing thé following pictures of the mechanisn
of drying for the particular problem at hand.

It'is now well established (3)(6)(22) that under constant
drying conditions (i.e., constant temperature, water vapor pressure,
and flow velocity) several distinct periods of drying ares observed

as the moisture content of a solid is reduced from a high initial

o h
ey

¢ i mis . ey Ty ot e bR DU W : WS R S, oo
Tow final valus. These neriods are best distinguished through a
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study of atypical drying curve. Figure 2a is such & curve, represei-
ting the instantaueous rates of drying per unit of exposed surface as
o function of the instantaneous moisture content. In this figure:

initial water content, pounds of water per pound oI dry
stock

=
Y

Wy = water content at beginning of Period I, 1b/1lb
W2 = water content at beginning ol Perioda Ll, Lu/1b
Wy = water coutent at beginning of Period 11I, 1b/1b

W, = final watsr content, 1b/1b

W5 = water content corresponding to zero drying rate
Ry, etc. = l1nstantaneous drying re

ponding water contents
1t is to be notad that the drying operation divides itself

naturally into four periods as follows:

Period 1°: 4n 1n1tia¢ stage wherein the drying rate may
increase (or decrease) rapidly from Ry (or R,') to By = Rp. This
period is usually short and mey be wobserved.,

Period I: Aun early stage during which the drying rate
remains substantially constant.

Period II1: A stage immediately following Period 1 during
wnich the drying rats decreases, more or less uniforuly, with con-
tinued decraase in water content.

Period lII:‘ A stage immediately following Period 1I, but

not always clearly distinguished from it, during which the drying

®
w
o

€71

rate decrea , also approximatsly linecarly with the molsture con-

tent but in general at a different rate than in Period 11.
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On prolonged drying, Period III is terminated at Ws,
where the drying rate bescomes equél to zero. W5 is xnown as the
equilibrium moisture content of phe material (22), designated as B,
' and represents the minimum moisture content attainable under the
conditions of drying. This equilibrium moisture content is detsr~
mined by the nature ol the stock being dried, the temperature of
the drying gases, and the'partial pressure of water vepor in the

lceo,

3]

=
o

ryi

v

g £ases

AV

E = f (stock, Tgs Pg) (7)

The naturé of this relationship, even for a given stock,
is complex and must be determined experimentally, but it is inown
generally that E decreases rapidly with increasing Tg and lucreases
with increasing Py (22). The difficulties associated with the eval-

uation of E may be circumvented to some extent through the defini-

tion of F =W - E where F is the so-callad free water contant of
the stock in 1lbs/lb. This means, of course, that for a given total
moisturs content W, the free moisture conteant F will depend upon the
factors controlling B, Usual.y, however, B is small coumpared with
W, so that the variation of free moisture content with Pg aid Tg at
constant total moisture content is reasonably small., 1t shouid be
notad that at given conditions of pressure (Pg) and temperature (Tg)
and with a given stock,

E = constant

AW_ = AF_ o aegine pate. 1he/fHRnp
and TR 105 drying rate, 1bs/ftchr

Figure 2b shows the drying rate curve cof Figure 2a reported in terug
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of F, the free water content. Further discussion of drying rates
will Dbe bssed upon free water contents.

The mechanisu of drying and the descriptive mathematical
relations are different in each of the different periods. In the
following discussion ol these factors, it is convenient, therefore,

to consider each period separately.

Period I° - Initial Period:

This is essentially a period of unsteady state oberatiom
during which conditions are adjusting themselves to the steady statqd
represented by Period I.

Assuming that the stock is initially cold, i.e., below
the adiabatic saturation temperature of ths gas,% the mechanism is
believed to be as follows (22). Heat is transferred to the cool
wet surface of the stock from the hot gazses. This heat supplies
prehzat and latent heat of evaporation to vaporizing water and also
serves to increase the surface (and the average) temperature of the
stock., Simultansously evaporation is taking place at a rate con-
trolled by the instantaneous difference in vapor pressure of water
at the surface and in the drying gases. ks this situation contin-
ues the surface temperature increase causes a corresponding increase
in the rate of evaporation and a decrease in the rafe ol heet sup-
ply. After a short time the decreased heat, supply Jjust balances

the increased heat requirement for evaporation and conditions be-

come steady. This is the end of the initial period.

#See Period 1.
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With the stock initially hot, i.e., above the adiabatic
saturation temperaturs ol the gas, the mechanism is similar but the
latent heat requirement exceeds the heat supply from the gas, caus-
ing a decrease in the surface (and the average stock) temperatures,
ultimately to the same steady state.

Under special conditions where the initial temperature of
the stock is at the adiabatic saturation point, no initial period
is observed.‘

-The important physical phenomena of this period are:

l. Heat transfer from the drying gas to the stock surface.
2. Heat transfer from the stock surface to its interior.

3. Transfer of water vapor from the stock surface into the
drying gas.

4o Thermal and pressure equilibrium established at the drying
interface.

The mathematical relationships describing these phenomena and the

balance of heat energy are presented and discussed in the Appendix.

.

Period I - Constant Rate Period:

This period, which starts at the free moisture content Fy
and ends at Fp, is characterized by a uniform rate of drying and
constancy of surface and interior temperatures. It is the steady
state reached at the end of Period 1°,

Thé period continues so long as water is supplied to the
surface as rapidly as eanoration can take place (22). Up'until
this point, no reference has been made to the mechanism ol water
transfer from the stock interior. During Period 1° this mechanism

is of little importance, since it has no significant effect upon
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the drying rate or other factors. In Period I, however, the mechand4
ism of water transfer from the stock interior is important, since
it determines the duration of the period (3)(6).

It is now believed established that in the drying of por-
ous, insoluble solids, the mechanism of liquid water transfer from
the interior to the surface is by capillary actiouw (3)(6}(22). The
origin of the capillary forces i1s discussed by Coumings and Sherwood

(6) and again by Ceaglske aud Hougen (3). It is ascumed that sur-

face menisci of small radii exert sufficient capiliery puil to draw

water through intricate interior passages ending in gas-water interd
faces of larger radii.
To quote directly from Comings and Sherwood (6):

"The water drawn to the surface is nscessarily replaced by
eir which enters the solid through the larger passages con-
nected with the larger openings at the surface. bBecause of
the complicated interconnecting nassages beneath the sur-
face, it is possibie for the necessary &ir to enter through
a relatively few surface openings and thus for the molsture
concentration near the surface to remain reletively high...
The water will continue to rise to the surface through any
system of interconnecting passages until all of the various
menisci at the lower ends of the water column heve ths same
radius of curvature as the2 small menisci at the surface from
which evaporation is taking place. VWhen this stage is resached)
a small amount of evaporation from the surface menisci may
result in a retreat of these surface menisci into passages of
smaller cross section, and the increased cepillary tension is
sufficient to draw additional water to the surface. 1t is
possible, in fact, for the increased tension caused by this
retreat of the surface menisci to draw some oi the menisci at
the lower ends of the water column through thie nerrow con-
strictions into larger cavities wnd thus reduce the tension
necessary to cause movement toward the surface. The menisci
in the passages at the surface can then rise to the former
position and the process can continue.

"hs the drying process proceeds, & time will Dbe
reached when the menisci at the lower ends of the water col-
umn in any system of intercomniscting passages, ave, in gen=-
eral, about the same size as the smallest cross section of
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the surface openings, and water will not longer be drawn
to the surface through these passages.”

Continued evaporation then results in the depletion of
the surface moisture, a decrease in drying rate, and the end of
Period I.

The important physical phenomena ol Psriod 1 are:

1. Heat transfer from the drying gas to the stoca surface.

2. Transfer of liquid water from the stock interior to its
surface. '

3, Transfer of water vapor from the stocxg urface into the
drying gas. ' '

4. Thermel and pressure equilibrium established at tie drying
interface.

The mathematical eguations describing these processses, and the bal-
ances of heat energy and water, are pressnted and discussed in the
Appendix.
It is also pointed out in the Appendix that Fo, the first
critical moisture content, depends upon the nature of the stoci,
ne drying rate in Period I, and the stocit thickness. This may be
expressed functionally by the relationship: ‘
Fo = fy (stock, %%5, Xo) | (22)
It is important to note that this critical moisture content is not
a M"property" of the stock being dried, but thet it is dependent alsq
uyon the drying rate and the stock thickness.

The constant surface tewperature obtained during this per

iod ig shown (Appendix) to be equivalent to the wet bulb temperature

in the case of humid air and to ths saturation temperature in the

p
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case of superheated steam. Since in the cass of humid air the wet
‘bulb temperature is approximately equal to the adiabatic saturation
temperature (22), it is convenient to refer to tie constant surface
temperature as the adiabatic saturation temperaturse without distincH

tion between hunid air end superheated stean.

Period II - The First Falling Rate Period:

This period starts at the free molsture content Fy and
ends at Fa. It is characterized byra decreasing rate of evaporation
which results from the spot-wise recession ol the evaporatioun sur-
face into the first layers of the stock, with the consaguent expos-
ure of smell radii of curvature (6). The momeutarily undiminishied
heat supply causes an increase in the temperaturs at the receded
zone of evaporation. This temperature approaches a changiig equil=-
ibrium value determined primarily by the radii of curvatures of the
menisci slightly below the surface. As drying proceeds, the frac-
tional area accounted for by the receded water menisci increasas to
unity and the fraction of "wettad éurface" decreases to zero. At
this time all evaporation becomes subsurface and Period 11 ends.

The important physical phenomena of this period are:

1. Heat transfer from ths drying gases to the stock surface.

2. Heat transfer from the stock surface to its interior.

3, Transfer of liquid water from tie stocik interior to its
suriace.

L. Transier of water vapor from the stock surface into the
drying gas. i

Thermal and pr
interface at thc

Ut
.

essure equilibrium established at the drying
2 stock surface.
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6. Thermal and pressure equilibrium established at the dryilug
interface at the receded menisci.

The matliematical expressions describlng these phenowmena
and the heat and water balances are given and discussed in the
Appendix.

It is of interest to note here that the second critical
moisture content, like the first, is not a M"property" of the stock
but is dependent also upon drying rate and stoci thickness; i.e.,

Fy = I3 (stoci, %gﬁ’ %) (35)

Period III - The Second Falling Rate Period:

The second falling rate period starts at Fg {ﬁhen capil-
lary flow to the surface has ceased (3) (6)] and continues, under
prolonged time, to F =0 when the stock 1s &t its equilibrium
moisture content E. This period is characterized throughout by
subsurface evaporation from a continuously recading plane and by
the necessity for the heat for evaporation to senstrate increeasing:
thickness of pértially—dried stock. The surface of the stock ap-
proaches, but does not reach, the temperature of the drying gases,
Tg. The temperature at the receding plane of evaporation approache
a changing equilibrium value determined primarily by the radii of
the sxposed menisci.

The important physical phenomena of this period may be
summarized as follows:

1. Heat transfer frow the drying ga
s

nfilm" and the partially-dried
ol evaporation.

s through the surface
tocik to the receded zone

vapora—

D
ace

2. Transfer of water vepor from the receded plane ol ¢
tion through the partially-dried stock and the surf
neilm®" into the drying gas.

U7
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3, Thermal and pressure equilibrium at the receded drying
interface,.

The mathematical relations describing these phenomena and

the heat balance are presented and discusged in thne Appendix.

Over-all Process:

The over-all drying process may include all periods or

only parts of one or more, depending upon the initial and final

ook

moisture contents. A complete understanding of the process 15 best
obtained in terms of the squations in the Appendix (or their count-
erparts) for the periods involved. These equations ars useful in
clarifying the mechanism of the operation and in bringing to the
fore those factors of importance in any experimental study which is
undertaken. Moreover, they suggest thie proper way in which the
experimental variables should be correlated.

As an imsediste practical metter, however, the uirect use
of these particular equations is difficult. Ihis i1s because many
of them are at present known only in functional foru and becausz of

the limited knowledge of important properties and coefficients.
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1V. APPROXIMATE PRACTICAL RELATLIONS

The basic theory previously discussed is wathewatically
complex and impossible of direct quantitative application iu the
light of the present iimited knowledge of the nature or certain
relations and the lack of experimental data. Data made aveiiable
in the Shuman (20) and Fraser (7) reports have been studied care-
fully with a view toward the simplification and modification of the
basic theory into a tool of immediate practical utility.

It has been possible to develop a set of "practical"

relations which, although preliminery and approximete at best,
should serve to permit an intelligent comparison of air and super-
heated steam as drying media. The equations for the various peri-

ods of drying follow.

Generai:
E = f(stock, Py, T.) : insufficient data are available
o

to permit any reasonable estimate of the effect of Pg and Tg upo:l

(48]
ey

E, although for the tests reported, B i1s close to and may be assum

equal to zero.

F = W-EFE = VW for the tests reported.

where
E = equilibrium moisture countent, 1b/1lb
F = free moisture content, lb/1lb

P, = partial pressure of water vapor in the drying gases;
psi.abs.

Tg = temperature of the drying gases, °F

’
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W = total moisture content, 1o/1b
Period I°:
Tiis period is unobservad auna way be ueglected.
Period 1:
Fi = 2.20 1b/1b
Fp = 0.95 + 2%, + 0.50R; 1b/1b (42)
— i hC s I ! 1. 2
Ry = Ry = —XE—!(rg - T4')  1b/ft*hr (43)
S
where
F1 = initial moisture content, 1b/lb
Fo = first critical moisture content, 1b/1lb
Xy = thickness of stock drying from one side, It
= one-half thickness of stock drying frouw both
sides, It
- - [4dF = 3 ]
R = By = 540 = rate of drying in the constant
I rate period, lbs/ft<hr
' " X . o s
Ty = adiebatic saturation temperature ol drying gases,

°F (See Figure 1)

‘latent heat of water, BIU/1lDb, ot T

1]

= film coefficient of heat transizr for combined cons
duction and couvection, BTU/ft<hr°F

relationship between drying rate, %%5, and free mois-

F, may be assumed linear within this period.

f
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F, = 0.95 + 2X  + 0.50R, 1b/1b (42)
Fy = F2_ 0.59 F,  1b/1b (44)
3 1.70 2
h
Ry, = & (1, - T4')  1b/ftlnr o (43)
AT 1 g S ,
S
Ry = S (T, - T.".) 1b/ftenr (45)
3 AT11 g S,T :
S
L .-i. ! o ‘
Ts,r [ (Pg + zﬁPr) F (46)
where
Fy = second critical moisture content, 1b/1lb
Ry = (%gé)B = rate of drying at FB’ 1b/ftehr
AP, = vapor pressure depression due to curvature of
exposed menisci, psi.abs.
fL denotes equilibrium relationship
E
T "= temperature of surface at F,, °F
S,Ir 3

Period I1I1:
Ny It T vy m e 74 dF o " 5
The relationship between drying Ldte,’zaa, and free mols-
ture content, F, may be assumed linear within this period dowm to

values of F of the order of 0.10.

i

F 59 F2 1b/1b

3

F4 = 0.10 1b/1b




‘ DEPARTMENT OF ENGINEERING RESEARCH Puaae

i UNIVERSITY OF MICHIGAN , 22 ]
Ry = e (t, - T.") 1b/ftlnr (45)
3 >\T L & X ! 42
R, = = (T, - 7" 1v/rtlhr  (47)
SO VNS B -D A

X ﬁhc Kg /
where

- 1 _
T, "' = i (Pg + APp) = Tglp °F (48)
F4 = final moisture content, arbitrarily assumed .

= 0.10 1b/1b

FaF ) F
R4 = QKE_) rate or drying at F = ?% which 1is
assumed close to F; = 0.10, 1bs/ftenr

KE = average thermel conductivity the stock &t its

equilibriwa molsture contbut bTU/it hreF

These equations embody a large nuuber of asswaptions and
must therefore be used with extreme caution. They represent satis-
factorily the bulk of the present experiuental data, but may be in
error when applied to other conditions. They ars not applicable to
stock densities other than 20 pcf, although similar equations nay
be expected to hold for other densities. It is believed that these
"practical® relations are sufficiently sound for use in & study of
the relative merits of dllfe ent drying media and conditiouns of

operation.
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V. EFFECT OF TEMPERATURE, PRBSUUHJ, AL HaTURE OF

DRYING MEDIUM O COST- “ET%Q&IMING FACTORS

As.was discussed earlier, the relative merits of humid
alr and superheated steam as drying medie depend upon those factors
which influence the ultimate cost and quality of the sroduct. Since
the factors influencing cost ars subject to a more guantitative
treatment, they will be analyzed first. 1t will be recalled that
the cost-determining elements which are infiuenced by the drying
agent and its conditions are: Temperature (Tg), partial Pressure
of Water Vapor (Pg), Drying Time (9), Cost of iieat (cp), and Cost
of Electrical Energy (Cp). The first two factors, Temperature and
Pressure, not only have thelr own direct influence on cost, but
also exert an indirect effesct through the remaining items of Tine,
Heat, and Blectrica. Energy. It therefors seems advisable to select
Temperature and Pressurs as the independent variables and to deter-
mine the effect of these factors‘on Time, Heat and Llectrical
Energy.

Now in a study of this sort, it is necessary to selsct
some comuwon basis for comparison; i.e., if drying times are to be
compared at two different temperatures, it is necessary that the
values of the other important variables be kmown, and preferably,
that they be thie seme for each case, in order that the effect of
temperature alone upon drying time is determined. For this analy-
sis the following condit}ous_are ciiosen to deiine the constant

asls of the comparison:
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i. Stock density: 20 lbs/ft3

2. ©Stock to be driéd from both sides
3, Stock thickness: 1-3/4 in
4

. Constant temperature of drying gases throughout all
periods of the drying process

5, Constant partial pressure of water vapor in the drying
gases throughout all periods of the drying process

6. Constant expenditure of power for circulation of the
drying gases. This power expenditure is assumed con-
stant, not only throughout all perieds of drying, but
in gll conditions under consideration.*

7. Drying gases flowing in turbulent motion

On this basis, then, the infiuence of the temperature of
the drying gases and the partial gréssure of water vapor will be
determined for the drying time, the total heat consumption, and the
total electrical energy consumption.

An analysis of the influence of change in stocit tniciness
and power expenditure is then presented, in order, partialiy, to
remove the restrictions imposed by the arbitrarily-selected basis

for comparison.

#*#The power expenditure over the drying surface is arbitrarily taien
as that required to realize a film coefficient of heat transfer,
for steam at 30 psi.abs. and AU0°F, of he = 3.15 BTU/f££<hroF. With
steam at these conditions, this coefficient corresponds with a
lineal velocity of aporoximately 550 fpm and a rate of drying in
the constant rate period of 0.500 1bs/ftihr. The actual value of
the power requirement, per unit of drying surface, is dependent
upon spatial arrangement, surface roughness, and other factors not
considered in this report; its order of magnitude, however, 1is
0.06 watts per squuare foot.
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The Drying Time:

The influence of temperature, Tg, and pressure, Pg, upon
the drying time is ol course complicated by the severar periods of
drying. A detailed analysis of this problem has been carried out,
based upon the equations of the previous section. This analysis
involves, as a @relimjnary step, the expression of the Iilm coeffi-
cient for heat transfer, he, in terms of the power expenditure per
unit of drying surface and the propertiss of the drying medium.

The method of Parsons and Gaffney (17) was used in order to arrive
at the equation:

he = Bfy Eg0r<t0 (49)

B = constant depending upon width and spacing ol the
stock

0.4 0.6 00.571

C k ~

ﬁt = ——k - , the Parsons and Gafiney (17)
/u0.457

"ﬂtfunction" dependent upon fluid properties.

C = specific heat of drying gas, BTU/1D°F

k, = thermal conductivity of drying gas, BTU/ft hreF

‘g
/@ = density of drying gas, 1bs/ft7

M = viscosity of drying gas, lbs/ft hr

E_. = power_expenditure per unit drying surface, £t lbs/

5 hr £t

With Egthen chosen as & constant (and equal to the value nscessory
to realize an h, of 3.15 BTU/ftzhr°F with steam at 30.0 psi.abs.

end 400°F), the influence of temperuture, T, and pressure, Py,

o and drving time may be determined with the aid

(g

P L eyt ey re
upon the drying
i
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of the practical equations of the previous sectiou.

Period I - Constant Rate: The results of the calculations

for this period are summarized in Figures 3 and 4.

Figure 3 shows the net influence of temperature, Ig, and
partial pressure of water vapor, Pg’ upon the drying rate in this
period, Theﬂfollowing points are to be noted:

1. There is a continuous graduation in effect ranging Ifrom
numid air (Py = 1.5, 3.0 and 6.0) to superheuted steam
(Pg = 14.7, 30, 60 and 125).

2. At temperatures below about 375°F, the use of humid air
results in higher rates, whereas above &about 4OU°EF the
use of superneated steam gives higher rates.

3, The effect of temperature upon drying rate is more maried
at the higher P, values and is particularly marked in the
superheated stedm region when P, 1s greater than 30 psi.
aps. =

4. In the case of superheated steam there is a reversal in
the effect of pressure at temperatures in the general
neighborhood of 350°F. At the lower temperatures, in-
crease in pressure results in a decrease in drying rate;
whereas, at the higher temperature levels, increase in
pressure results in an increase in drying rate.

Figure 4 shows the effect of temperature, Tg, and pressure
Pg, upon the drying time in Period I. This reflects the influence
of Ty and Pg upon both the drying rate (as in Figure 3) and tie
first critical moisture content. The curves indicate several inter-
esting features:

1. At 300°F humid air results in decidedly shorter drying
times than superhected steam; at 400°F supsrheated steam
is slightly superior; at 500°F superheated steam 1s mark-
edly superior.

2. At each temperature, the drying time increases sharply

as the pressure is increased to a point approaching
the adiabatic saturation value. Actually these times
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= 300°F,

become infinite at P = 6/ psi. ﬁbs for °
] 481 psi.

Pé 247 psi.abs. £oR Iy = 400° and P.br
ebs. for T, = 500°F, =

HC-‘H

ion (a uuximum) exists at ecch
I
Tl

A point of inflecti

temperature at a PED value of 14.7 psi.abs.
rail: ts a slight “discontinuity in tiie change of
physicadi properties through humid alr to supsriheated
steanm.,

‘

A second point of i¢fl ction (u mimimum) exists at
gach tempsrature at pr ecur“g bayond 14.7 psi.abs.
This point 1uu1cath, at sach tempzrature, the pres-
sure corresponding with the u~glt st drying time in
the superheated steam region. Thase pressures may

be considered the optimum vaiuss at the corresponding
temperatures. The dotted line reflects the trend of
these optinmun pressures toward higher vealucs at nlgher
temperatures.

“
=
tFa)
()
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Period 1I - First Falling Rate: The calculations for this

period may be summerized by Figures 5 and 6, showing the efflect of

temperature, Tg, and prescure, Pg, upont the drying rates and times,
respectivaly.

Since the drying rate in Period 11 decreases constantly‘
throughout the period, the logarithmic mean rate® for the period is
plotted in Figure 5. The general trend of this wean rete with
change in Ty and Pg is seen to be similar to that of Period 1, &l
though the rates are of course much smaller, The extreme importaice
of temperature and tle reversal in the effect of pressure are again
evident.

Figure 6 indicates the influence of temperaturé, Tg, and
pressure, Pg, upon drying time; the effect upon both drying rate (as
in Figure 5) and first and second critical moisture contents being
considered. Features similar to those of Figure 4 are exhibitzd:
the superiority of humid air at low temperatufes, the raepid increase
in drying time as the pressure is increased to the equilibrium
value%*, and the two points of inflection. As in Pigure 4 the dot-
ted line indicates the trend'of the optimum pressure toward higher

values at higher temperatures.

# It may be shown that this is the proper mean when the rate is
linear with F.

#*This value is less than the adiabatic saturation value by the
amount of the depression dus to the curvature of the wmenisci.
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Period 111 - Second PFalling Rate: Figures 7 and 8 sum-
marize the calculations of drying rate and time in Period I11I.

Figure 7, which shows the effect of temperature, Tg, and
pressure, Pg, upon the logaritimic mean drying rate, shows features
similar to those of the two previous perioads, although again at
lower rates. The effect of partial vressure of water vapor, Pg, in
the humid air range is seen to be of some importance et tempere~
tures below 400°F, but of little above.

Figure 8 indicates the net effect of Tg and Pg upon the
time required for the removal of all the water from the second
critical moisture content, Fj, down to F = 0.10 1bs/1b. The tre-
mendous influence of temperature, articulariy belween 30U and 4uu°
F, is immediately apparent. A shift in optimum Py similar to thet
of the previous periods is evident, although less pronounced.

It should be noted at this point that since

W o= F+E

i

F+ 1 (Pg," Tg)

the reduction of the water content to F = 0.10 doss not mean to an
absolute water content of 0.10 1lbs/lb, but to tiis plus the pre-

vailing equilibrium moisture. : '
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Total Drying Time: The influence of temperaturs, Tg, and

partial nressure of water veapor, P., upon the total time required

=)
for drying is of course the factor of most interest. Figure 9
shows this relationship in full detail. DBelow the critical partial

pressure values at vhich the drying tiluwes increase asymptotically

4,
&L
-

|

to infinity, temperature is the important veriseble and particularly

4

so in the region 300-400°F. At temperatures ol 350°F and less,

[

humid air offers shorter drying times than does superheated steam.

Above 4U0°F superheated stezam is to be favored, eSpecially in the

optimum partial pressure range. This is cousidered to be that

range of PU in which the drying time is within iive per cent ol the
o .

minimum, The situation is summarized in Table 1.

The Total Heat Consumption:

The cost ol hewut consumed in the drying operation is of
courss dirsctly proportional to the guantity of heat used, and de-
pendent also upon the temperaturs level at which the heat is re-

quired. The quantity of heat rsquired for the evaporation of one

Sk

pound of water” has been determined under the full range oi condi-
tions oi temperature (Tg) and pressurs (Pg).

In the case of humid air drying (Pg < 14.7 psi.abs.) the
important factors determining the heet requirement éare:

1, The weight of equipuent per pound of dry stock, and its
specific heat

#This 1s ths awount of heat required Ifor tie dryimg ol one pound of
bone dry stock divided by 2.10, the pounds ol water removed per
pound oI stock.




37

(2) 05z = 23 01 28 = d Woar meeag 6°¢ (&) oST 006

(&) 06T = 31 o 9% = 33 woar weeag £°g 00T 05
3 3 .

98 = “d 0% 82 = “d woaI weelg f7eg oY 00%

0€ = 34 01 €2 = °d Wo1I wWeeas

m - mmolﬂ mm mbm
€°¢ = 33 o1 dn aTe prTUng

LY = m& 01 dn JT® DpTUMH T YT ¥ qnoay w oc¢
8°Y = wm o7 dn aT= prTunyg eGT . 2 anoay | cre
€ = mm 01 dn JTeB pruny 0° 02 > moTteq m 00€
M .
s3ury sangsead TeRILIIRJ *sait - (8) *sqe*Tsd sgpmoAmmv | o - AMHV
pue umiperw FUTAIQ wmmTadQ i eI, SuThiag ganssead TmmTadQ ] sanqeiedmsa] |

HWTL ONTAYC TYILOL WOWMINTIM HLTH DNTJHGESEECD

[l R

Ammv WOAYA UTTYM 40 TUNCATId TwIIvYd Nodn (B1) TUALYUTATII 40 TOmSJd - RUYARAS
TOAYA UIITYA J0 TU00an LTI N (1) TUNTYUIINIL A0 TONAIE 1S

RSP N P

I I79vL




38

T 1 pessssny SnEmesenesig -
R : @ |
s _ Wy
- S WN
S I e,
— ~ —— Iﬂf wm
..... L \ e
e \ - SS
ﬂ—— Z— o<
: \ -
A -
-.» —
== 7 7 : =
7 =7 = ======——
7— - Fi= w
7 7 «
P 7 =3
F—— =
y /— . o
: i w =
,, =8 =z 9 W
L | ,,W - “ “
‘‘‘‘‘ = =0 ©
-z
w> g
& P
5 0
© -
(e | :
=E== 2%
[« 3E =4 - o
O 3F=9 o E
1111111111 T e = 5
F=" O
O " o )
s = 1 0
— [ ;] ——
- <
- - —— @
- S - . S—
| SRS

200 3004Q0

3 4 6 810 20 3040 6080100
PARTIAL PRESSURE OF WATER VAPOR, Pg , PSI. ABS.

2

‘SH

H

‘e

o .

14
12
10

JNIL ONIAYA TV1OL



DEPARTMENT OF ENGINEERING RESEARCH Page
UNTVERSITY OF MICHIGAN 39

2. The specific hsat of the dry stock
3, The temperature of the drying gases (Tg)

L. The average rate of fresh air supply, m, (lbs dry air)/
(1b stoch%ihr)

5, The supply air temperature and raxatlve humidity (taicen
arbitrarily as 70°F and 65%)

6. The drying time, ©
7. The exposed heat-dissipating surface of the equipment in
££R/1b of dry stock
Item 4 of this list may be showvm to be related to the partial pres-

sure of water vapor (Pg) and the drying time (@) through the equa-

tion: )
o lffzo 4080) 00.715 | -
2.10 + 21 O (%%gg)ﬂjo.715 } °029‘<%%§%)ﬂ;o.715
where /
Py 18.06
SR VAL Py (28.97 = ?%?%%i?y of dryina gas, 2

© = density of humid air, lbs/ft’

\

8 = drying time, Lrs
It is possible to estimate Items 1 and 7, and then to couy
bine the several items of heat consumption to give the total heat

requirement per pound of dry stock as:

2.10 (2Q) = 30 + (.058 + .260m) (Tg - 70) © (51
51

+ 2,32 (Tg - 350) + 2.10 ng BIU/1b stock
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Figure 10
pressure (

being a fa

abs.) the
1,

©h

Rl

or

1eat requirement per pound ol water evaporated as:

14,3 + (L0276 + .124m) (T, - 70) 9

+ 1.105 (T8 - 350) + ATg BTU/1b water
is a plot showing the influence ol temperature (Tg) and
Pg) upon the heat consumption. The importance of Pg,
ctor in determining m, is particularly to be noted.
In the case of superheated steam drying (Pg;> 14;7 psi.
important factors influencing heat requirement are:

The weight of equipment per pound of dry stock and its
specific heat

The specific hsat ol the dry stock
The temperature of the drying gasss, Tg
The drying time, ©

The sxposed heat-dissipating surface of the equipment in
ft2/1b of dry stock

The operating pressurs, Pg

These factors may be combined to give:

0:Q = 2.10H - 708 + Tg (,0580 + .22) - 4.068
(53)
+ 940y - 38) BIU/1b stock
Pgrlg

G = Hp,p - 337+ 1 (.02760 + .155) - 1.9356

(54)
+ Q070 - 38) BTU/1b water
v »Tg evaporated
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where ip 7 = enthalpy of steam at P, T BTIU/1b
g)g g g

v = specific volume of steam &t Pg, Tg, It3/1p

The affect of Pg and Tg upon the heat requirement for
this case is also shown in Figure 10, where it will be noted that
the influence of Pg is small,

The situation covering the full range éf?ﬁumid air and
sunerheated steam is also shown in Figure 11, which is a plot of
#Q vs. Pg with separate lines for the various temperatures. This
figure brings out several Important points:

ssure values (i.e., low humidities) lead to

1. Low partial press
at requirements.*

axcessive he

2. At low P, values, temperature (Tg) is an important factor
in determining the heat requirement.

3. At high Py values (say P, 6.0 psi.abs.), T, is an un-
important factor in dete%mining tiie heat reqéirement.

4. At high Py values the heat requirement becomes almost
independent of P, until a certain limiting P, is reached,
after which there is a rapid increase in hea% requirenment.

Table II summarizes the effect of temperature (Tg) upon
the optimum range of pressurs (Pg) corresponding with the minimum
heot requirement. The optimum pressurs range 1s considered to be

hat in which the heat requirement is within five per cent of the

minimun.

¥S0 far as can be determined in the Shuman report, the Owens-1lli-
nois Glass Compeny now considers a wet bulb temperature of about
145°F as Miormal” and one of 180°F as "high humidity" when drying
at 330°F (Dec.1946 Montlly Report). hese wet bulb temperatures
correspond respectively with partial pressures o1l water vapor of
2.2 psi.abs. and 7.1 psi.&bs. (Figure 1). From Figure 11 it is
seen that at 330°F and these partial pressures, the heat require-
ment is respectively 1620 and 1110 BIU/1b of water evaporated.
These figures represent 154 per cent and 106 per cent of the mini-
mug heat requiremsnt of 1050 s5TU/1b at 330°F.
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The possibility of heat recoyery>must not be overlooked in
the case ol superheated steam, where é ﬂigh proportion of the total
heat requirement is available for recovery‘in the form of latent
heat in steam vented from the dryer. The efficient recovery of this
heat is contingent upon a large multi-unit installation permitting
scheduling and load levelling, and upon additioual capital outlay
for a recovery system. The attractivensss of this is not to be
denied; but it is believed wise in this preliminary analysis to as-
sunle merely that the possible savings of "multiple-effect" or other

steam re-use operation will cancel the higher unit cost or heat at

the pressure where re-use could be eff'ected.

The Total Electrical Bnergy Consumption:

flectrical power is required for the purpose of circulat-
5ing the drying gaszs over the stock, throﬁgh any system of baffles
which may be desirable, and over heating coils for supplying the
heat resquirsment. It is convenient to consider the power for these
tharee purposes separately, although in practice all may be supplied
together.,

Teking one pound of stock as a basis, the power over the
stock is 1.46 ES*, where Eg 1s the unit power discussed earlier and
taken as constant throughout the comparison. The actual nuuierical
value of Eg 1s dependent upon the spacing and arrangeiment of the
stock and its effective surface roughness -- factors which are not

| . .
ianalyvzed in this study.

%*Since one pound of 1-3/4 inch tnick, 20 pecf stocit exposes a surface
of 1.46 square feet.
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The power expenditure through the baffle system, etc., 1s
also largely dependent upon the specific arrangement and is incap-
able of actual evaluation at this time. It may, however, be repre-
sented as:

B, = ky (1.46E) | (55)
where ky, 1s a proportionality factor.

Similarly the power expenditure over tiie heating coils is
dependent upon their spatial arrangement and, in addition, upon the
ratio of heating coll surface to drying surface and the ratio of
heating coil temperature differential to drying temperature differ-
ential, Regardless of these complications, however, the power ex-
penditure over the heaters may be representsd by:

B, = ky (1.46 Eg) : (56)
wheare kh is a proportionality factor.

The total power consumption is therefore:

TE = L40E (1 + ky + ky) (57)
However, Eghas been cinosen as ons of the constant factors in the
compariscn, which means that ZE, the total power consumption, is
also constant, although unknown in actual magnitude. Consequently;

the total electrical energy consumption may be represented by:

KWH = 1.46B,(1 + ky + kp) © (58)
where |
KWH = kilowatt hours of electrical energy
@ = drying time, hrs

and is directly proportional to the drying time, 6.
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The effect of tempsrature (Tg) and pressure (Pg) upon the
.total electrical energy resquireuwent is therefore precissly the sane
as their effect upon the drying time (6). Figure 9 may be used as
& direct indication of the relative electrical ensrgy requireuent

at various temperatures and pressurss.

Influence of Change in Stock Thickness and Power Consuuption:

Although 1t has bezen stated that & coanstaut stock thicik~

)]
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est to detesrmine the influence of changes i these quentitiss on

his situation has heen given careful study, with resuits

=

which are summarized helow.

Period I - Constant Hate: In this period the drying rate

@ _Pe 7! bs/F201 5
i v (Tg - 74')  Llbs/ft2nr (43)
S

Substituting the expression for the filw coefficlent, h., in terms

&

1

0i the energy consumption,

) ! ‘

ar 0.286 [Tz = Ts "

760 Bﬁt ES AT : (59)
S /

\

from which it may be seen that the drying rate, %%T, is independent
it
of stock thicknesss, 2X,, but directly dependent upon E%'286.
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Period II - Firgt Falling Rets: Here the logarithmic

3,

mean drying rate may be shown equal to:

(Tg - T5") .
= B, EO.k86 & _ } lm (00)

lm / "TSH

(dF

e

1de

\,_,_(A,»"
H

«»""‘\“\

!

and again, the logerithmic mean drying rate,-gﬁaf) , 18 independ-
Ay

ent of stock thicimess, 2X,, but dependent directly upon EO 280

Period IIT - Sécond Falling Rate: In this period the

-

situetion 1s worse complicated, and the logeritiuaic wean drying rete
may be shown equal to:
\ 65Xoh R
Py . :65%ohe ng, 10-286( 1g ~ Ts_
s

2da ) G5k g * K
S im (.65%,h, + Kp) 1n OKE < Tg"

—
N
o

S

Degignating the first part of the right-land expression as ¥, the

(A - ¢BJ, £9-286

f

which 1s gimilar in form to the equations ol the previous periods,
Trhe expression %, however, depends upon the filuw coelficient, g, =
Eg°286, ana upon tie stock thickness, 2X,. For convenience,

¥ have been calculated Tfor various velugs ol he euc X,

and tihe relationship is plotted in Figure 14. li thils period, then

tie influence of X, and Egmay be determined &s Ifollows:

1. Evalucte the influence of the change on (4 as in
Period 1I. \Ade/ 1

2. Iveluate the influence of the chenge on ¥ (fvow Figure L)
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‘3. Multiply the factors of (1) and (2) to obtain the net influ-

. : dF . -
ence of the change on I in Period II1I.
: lm

Figure 13 has been prepared to facilitate determining the
influence of B upon the drying rates in Periods 1 and 11.
It is seen, therefore, that the influence of & cliange in

stock thiciness, 2X,, or unlt power expeunditure, Bg upon ths drying

ct

rate may readily be determined. This, of course, is drying rate in

terms of lbs/ftzhr, whiqh, except in Period 111, is independent of
stock thickness. Obviously lLowever, the drying times in the vari-
ous periods are not independent of thiciness, because the quantity
of water to be evaporated is directly dependent upon the thickness.
Changes in the two critical moisture contents with drying rate and
thicikness ol stock render an exact analysis of the net effect of
X, &nd Egupon drying tiues difficult, and in any case result in
unwieldy expressions. As a rough approxiuation, the drying times

in the various perioas will be inversely proportional to the new

(&)}

drying rate and directly proportional to tiie new thiciness.
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V1. INFLUENCE OF TEMPERATURE, PrES5UL, AnD HATURE OF Di¥1iG @inD1UM

ON QUhLlil DEYEAMIELIG PACTORG

At the present time it is impossible, uniortune tely, to

give other than the most preliminary qualitative tr setment to the

influence of tewmperature, Tg, and partial pressure, P, upon the
o

414 AN
ohie 1acCt

™
1

quality of finished product. Darlier mention was made of
pul

thet the absolute woisture counteut W, the rate of drying zgg’ the

. . ,

moisture and tempera ature gradients 9“ and Qi, and the temperature
aXx dX

cradi , iny peces GTE ape t etare most orobably of

gradient of the drying gases 1 are the factors wmost probably oI

importance in determining quality. Bach ol these will De discussed

separately.

Absolute Moisture Content (W)

)

It is believed that if data on strength and rigidity ver-
sus moisture content of tl.e finished matsrial were available, they
would show that the ability of the stoci to withstand the shrinkage
and thermal stresses encountered during drying is greater when the
stock is above some "critical! moisture coutemt."vr On this assump- |
tion it may be argued that the quality of the finished stock will
depend upon the approach of the local moisture concentration to
this M"critical" value. 1f the local concentration at any point
should fall below the critical, there is iucreased danger ol the
shrinkage and thermal stresses causing actual failure of the mat-

erial with the resultant "shrinkape cracics." HNow, the numerical

¥This contention is not supportad by actual data, but represants
the point of view ol Mr. J. i&. Selden and other workers in the
fi=1d.
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alue of the critical moisture content is unimown. 4lso, the mini-

4y

mum local moisture content,(which 1s E, the equilibrium moisture
content for the particular Tg, chonditions) is unknown except by
the functional equation:

E = £ (stock, Ty, Pg).

A1l that may bz said, therefore, is that probebly low teuperature,
T ., anc high pressure, %g’ values, which favor high values ol &,

will favor good guaiity.

. s £ A “
Rate of Drying (th = Qﬁ_\ :
Ade Ado /

It is usually assumad that rate oi drying, per se, may
have an influence upon quality. One cannot be sure whether tils is
ths case, or whether it is merely that factors favoring high rates
of drying, such as those discussed below, also favor poor guality.
In auy case, however, it is safer to assuwe that lhigh drying rates
may heve deleterious effects upon quality end that good quality is

daF

fuevored by those factors which favor low vaelues of drying rate, Tdo

or high values of drying time, 6.

Moisture and Tem)er ture (Gradients (gg gi) :

T

Moisture and temperature gradieunts tnrough the stocs are
responsible for the stresses which arise during tihe latter stag
of drying. MNaturally, the larger these gcradieunts, the preater the
strsgsss and the more szrious the possible demage to the stock may
+

The previous sunalysis of tie mechenisu 0i drying iludicetes

3 . N . ) . §
&L and %% remain swall until the sscond falling rates period.
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Moreover, during this period S will depend almost divectly upon

the drying rate end %% almost directly upon the drying rete and
4N

inversely upon X, the thermal LOIluU"tiVlt of the stock. lhus,

<

N

low sradients are dependent upon low drying rates and & high ig.
The thermal conductivity Ky is kmown to be dependent upon boti temp+

erature and squilibrium moisture content; i.e.,

, B)

Kp = (stock, Ty
= (stock, T., P,)

g’ 8

It may therefore be concluded that low gradients and good quality

will be favored by low rates of drying, low temperatures and high

nressures,

serature gradient in the drying sases in the direo

n deternining uniformity

P-

Ction of thelr flow is an importent feactor
of drying conditions eand, therefore, the wiformity of quality in

The permissible veristion in Tg without giv-

ot

the finished product

) 3 |

1

ins vise to appreciable non-uniformity wmust be determined by actual]
<t. Hdonstreless, it may be seen from bigures Ly, 6, 8 end 9 thet,
in the neighborhood ol Tp = 4OU°F and &, = 30 psi.ebs., & veristion
in Ty of 5°F (ing = 5) will cause & varletion in drying time of:
Period 1 (Figure 4) 0.0063 hrs 2. 5%

Period II (Figure 6) 0.033 urs 1.8%

period 1II (Figurs 8) 0.086 hrs 1.9%

Ovar-all (Figure 9) 0.182 hrs 2.1%
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1

This means that stock sxposed to the higher Tg will be dried to the
desired point &pproximately 0.18 hours before thet esxposed to the

lower T.. It is therefore ineviteble that & portion ol the charge
(] .

will be overdried, while another portion will be underdried. Stor-
Gge alter drying will tend to wileviaete this effect, but still it
must be considered undesirable.

In practice, tie golution to the problem is to locate th
nzaters at sucihh intervais along the path ol the passs that the wax
imuin ZST, will not cause serious difficulty. I1if the distauce be-

tween heaters, measuresd along the pati of the gaszs, is taxen as AL

then:
AL = (AT ) nax
dTg
dL
- dL .
©an RPN v . dT . ¢t AL
and the significance of the gradient Eig and its reciprocel I
&

becomes apparent.

An analysis of the eifect of temperature, Tg; pressure,

) . ‘ dT
gé and the properties of the drying medium upon Efg has been car-

ried out. It may be shown that the maximum value of ths gradient

is that ob sained in Period 1.
(i2¢)
\dL

wiere

(—J‘l@ = AV, (1, - 1) (64)
nax dL /g it 214 E.Son Lig T s '

B

unit power expenditure, ft 1bs/ft<hr

e
t

& num=rical constant

=
i
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h = the "thickness" of the flowing gas stream, It

7 = a combinection of fluid propertiss

t
K, 0.6 v0.144
= C O 0/40 L and dependent upon Tg and Pg
s dT . X P
The relative ( —b& , for coustaut velues of gas stream
AL pax

“tLlCLHQSQ, h, and power expenditure, E , May thierelore be expressed
in terms of Vi and (I - Tg' ). The inrluence of Tg aud Pg upon

\
i aT . . C . ; .
this relative (__g) is shown in Figure 14, where the gradicnt at
max

Tg = 4O00°F and Pg = 30 psi.abs. 1s taken arbitrarily as unity.

The figure shows that Tow gradients are favcered by low
temperatures aund high pressurss, superheated steam giving Lower
values than humid air at the same temperatures.

Since low gradients mean greater uniformity with the same
heater spaciug, or, thes sawe uniformity at greater heater spacing,

it is obvious that low temperatures and high pressures favor wii-

formity of product quality.
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VII. CONC.USION: THE COMPOSITE EFFiCT OF TEMPERATURD, Prbuisusi,

AND NATURE OF DRYIHG MEDIUM ON UN1T COOT AlD (UALITY

It has been stated that the relative merits of different
conditions of operation and of humid air vérsus steam depend upon
their influence on unit cost and quality. These influences have 10V
been determined sepavately, and it remains to explore the combiled
efiect and to summarize the conclusions. The task 1s mede dLlLLqu#
by the fact that the relative importaunce oI the varidus cost-deter-
mining and quality-determining factors may, at thils time, oniy be

s sumed.

<

5

Among the cost-determining factors, Tg, Pg, ©, Ch aund Cp,

1t will be assumed that the direct importance ol temperature, Tg,

end pressure, B is slight compared with &, ¢ and Cye Also, siucs
the cost of electricul energy, cp, has been shown to be directiy da;
pendent upon the drying time, o, the se three factors are reflected
in two: drying time, ©, anc cost of hesat, cp; or, drying time and
heat re qulrﬂm nt. How, the relative importance of drying time, re-
lecting as it does the costs cg, cg and Cps is considered to be

ol BN
!

ater than that of the heat requirement, which reflects only the

I

el

(&
i
(u

single cost cyp. Thus, in attempting to determine from Tabies I and
II the range ol conditions favoriug minimum cost, it is believed

.es

Y

rable to weigh thie conditions of Table I slightly more than

e

those of Table II. Moreover, an examination of Table I indicates

that within the optimum prescure renge, the Intluence cf temperature
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upon the heat requiresment is slight. This means that within the

optimum pressure range for both drying time and heet reguirement,

the variable part of the total unit cost will Dbe about proportional
to the optimum drying time, @min.@%e

The influence of tempsrature upon the composite optimun
pregssure range (i.e., the rangs covering the optimum pressures fowr
both drying time and heat requirement) is suumarized in Table 111,

-

This table represents, in effect, a summary of those findings ol

this report which are related to cost-determining factors. The

total unit cost of drying may be considered as equal to a coustaunt

©
Pae

plus a figure which is proportional to the dryiug time, @minaéﬁTgﬁ
reported in Table III.

To complete the picture, consideration will now ba given
to the results which have been obtainad for the zifect of those

factors controlling v»roduct quality. Here, even more difficulty is

sncountered in establishing ths relative importance of the factors
: T

dF 4w 4T e , o
Aoy T%y Ay & . unately how 2XC2] he ary- |

» 339’ ax’ ax? nd aL Fortunately however, capt for the dry
|
ing rate, dF , low values of all these factors, and consequently §
d i

B

good quality, are ravorsd by high pressure and low temperature val-
ueén Low values of the drying rate require high values of the dry-
ing time. Thus, good quality is favored generally by low tewpera-
tures, high pressures and long drying times.

A comparison of these latter’requirements with Table 111
indicates the need for a compromise betwsen low total unit cost andi

good quality. Opsration should, of course, be cerried out at the

[SIng

dmum benporaturse cousistent with swtisfactory quality and at an |
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operating pressure within the range ol optiuum pressures correspond-
ing (in Table 11I1) with this temperaturs. Regarding, now the rela-
tive merits of humid air and superheatedJsteam frouw the over-all
viewpoint, it is evident that:

1. Below about 375°F humid air is superior to steam.

2. Above about 375°F steam is superior to humid air.
The conclusion concerning the relative merits of the two media is
thus seen to be dependent upon whether or not good guality ies ettzin
able at témperatures in excess of 374%°F. 1f this is the case, as
is likely, then superheated steam becoues an attractive medium for
drying and offers promise of considerabls sconomy.

At this point it is well to recall that this is a preliu-
inary study based upon & minimum of experimental date. Thus, al-
though the indications favor superheatsd steam over alr as a dryiug
medium,.an experimental study is required to determine the effects
on quality and to substantiate or refuﬁe the theory which has been

developed.

§
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L¥N}

as

as

v

QT W

[43]

0

jab]

NOMENCLATURE

subscript, refers to initial condition

subscript, refers to condition at the first critical molsturg

content

subscript, refers to condition at the second critical mols-
ture content

subscript, refers to final condition

%

subscript, refers to condition corresponding with the equi.
ibrium moisture countent

total exposed area of 1 1lb of stock, £t

a constant

proportionality factor

a constant

number of components

specific heat of drying gas, BIU/1beF

total capital investment in dryer

interest on capital investwent, per unit product

insurance, depreciation, obsolescence, taxss, etc., all as-

sumed proportional to the capital investment, per unit prod-

uct

cost of heat, per unit product

direct labor cost, per unit product

fixed overhead, as management, etc., assumed independent of
he capital investment, per wnit product

cost of electrical energy, per unit product
a constant
equilibrium moisture content of stock, 1lbs water/1b dry stock

& constant

|
{
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Ey, = power expenditurs through the baffle system per 1lb of stocs,
£t 1bs/hr 1D ‘

E,, = power expenditure over the heater per 1b of stock, ft 1bs/
hr 1b

E. = power expenditure per unit drying surface, ft lbs/hr rte

F = W-E = free moisture content of stock, 1bs water/1lb dry
stock

functionel relationship

L}
1]

fp = equilibriunm functiopal'relationship

1 ot s s .
Too0= equilibrium relationship
E
H = hunidity of drying gas, 1b/1lb

h = the "thickness" of the flowing gas stream, ft

he = film coefficient of heat transfer for combined conduction
and convection, BIU/ftehroF

HPg,Tg = enthalpy of steam &t pressure Pg, temperature Tg; BIU/1Y
f
KWH = electrical energy requirement per 1b of dry stock, kiiowatt
hrs
Kp = thermal conductivity of stock at mean temperature and at

equilibrium moisture content, BIU/ft hr°F
k, = proportionality factor
ko, = proportionality factor

a constant

~
o
i

!
kc = g constant = kckc.

k., = thermal conductivity of drying gas, BIU/ft hroF
ki, = proportionality factor

L = distance measured along the path ol the gases, ft
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1m as

iIn denotes natural logarithum of

m

il

AL

"ﬁ)Pr

£

o

cl

il

]

subscript, denotes logaritimic mean value

average rate of fresh air supply, 1lbs dry air/lb stock hr
a numerical constant
number of phases

partial pressure of water vapor in drying gas, psi.abs.

saturation vapor pressure of water at temperature T
i ! i

oQ

Q';F._, = QJL = irrine ‘a g wate 2
TR 155 drying rate, lbs water/ft<hr

dry bulb temperature of drying gas
surface tempereture of stock during Period 1, °F

adiabatic saturation temperature of drying puses, °F
surface temperature of stock at wmoisturs content F3, °F

temperaturs of stock at receded plane ol evaporation X [t
below surface, °F

variance of system

specific volume of steam, ££2/10b

variance of system at constant pressure

water content of stock, lbs water/lb dry stock

one-half thickness of stock drying both sides, ft

thickness of stock drying from one side, ft

dlstance between heaters, measured along the path of the
gasss, ft
vapor pressurse depression due to curveture of axposed

menisci, psi.abs.

Cryilag time, hrs
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7,

VoA

it

latent lieat of vaporization of watzar at temperature T
viscosity of drying gas, 1bs/ft hr
density of drying gas, 1bs/ft”

total heat requirement of drying operation, BIU/Llb water
svaporatad

O g o 6 60.571

= Parsons and Gafiney "¢t function, "

,fAO'457 dependent upon fluid properties
'65Xohc , & combination of tine facutors
| 65X hc4-KE XO, De and AE ancountered in
(’65Xohc+'KE)ln" Kg the squation for aF \ ror
AdS /1

Period III.
a combination of fluid properties

£ and dependent upon T and P

0.6 ,0.38 g g
N -

less then

greater than
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7.

16.

L7,

18,
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APPENDIX

MATHEMATICAL RELATIONS DESCRIPTIVE OF THE DAYING MECHANISH

The following mathematical relations are descriptive of
the important physical phenomena and heat and water balances during
the various periods of drying. These relations supplement the word
description of the mechanism of drying as given in Section 111,

"Basic Mechanism and Theory."

PERIOD IO - INITIAL PERIOD

Heat Transfer to Stock Surfacs (Reference 22):

(

4@ m 1
140 (he + hy) (ig - Tg9)
= thc (Tg = Tso) (8)
where

%g_ = heat supply from gas, BTU/ft<hr

h, = coefficient of heat transfer by combined conduc-
tion and convection, BTU/ft2hr°F

hp = effective coefficient of heat transfer by radia-
tion, BTU/ft<hr°F

TL = surface temperature of stock at an instant during
Period IO, °F

Tg = temperature of drying gases, °F

h, + n . ‘
o = L—Q——E——Il)—, dimensionless factor

-c
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Stock Interior (References 13 and 11):

Heat Transfer to

where

O
<
3]

=
i

3
|
i

1]

and the boundary

0 = 0;
@:Ql'
9391

Gy Cav 11 _ 91 | (9)
Kay 9%y 3X4*

2 2y

average density of stock, lbs/ft2
average specific heat of stock, BIU/L1b°F

average thermal conductivity of stock, BTU ft/ft<
hreF

interior temperature at time 6 and at X; feet
from the surface

¢
Zz%—-éz = average thermal diffusivity of stock,
Av hr/ft

counditions are:

Ti = TO for all values of X

1
TS.; Xi=O

-
L=
'—.\.
H

, . ]
3 Ti ~ TS H ki XO

it

Water Transfer from Stock Surface (Reference 22):

where

> B
w

(o]

I 1]

o
i

aF o - -
dE. =k (0 - Py) (10)

coefficient of mass transfer, lbs/ftzhr (psi.)

vapor pressure of water at temperature TSO, psi.abs

vapor pressure of water in drying gases, psi.abs.

b
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Heat Balance (Refereucas 13, 11 and 22):

dw dTAv |
Ad@ AT © XE@ + (X Ay Cav) 3o (10a)
where
XTSO = latent heat of water a# TgO
Xo = thickness of stock for stock drying from one
: face, f't
= one-half thickness of stock for stock drying
- from two faces, It
dTpy - , . i \ , .
— AV = rate of increase of average stock temperature at
de any instant, °F/hr

Bquilibrium at the Dryving Interface (Refersance 22):

PO = fp (140 (11)

where

fg denotes the equilibrium relatiouship between vapor
pressure and temperature for water.

The simultaneous solution of the above equatiouns is poss-
ible in principle, but extremely difficult in practice. It is

apparent, however, that ar_= dg_ 1,0, and 4l 45 a function of X,

Ade’ Ad6’ dX
are all determined at any given time ©. When
aT
—AY - g = 4 459 = 6 and F = Fp;

de dXx

conditions become temporarily stabilized and Period 1 begins with

the surface temperature of the stock at its equilibrium value of

!

Tg .
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PERIOD I

Heat Transfer to Stock Surface (Reference 22):

= ang (15 - 15") (12)

Heat Transfer to Stock Interior (References 11 and 13):

T4 52T
—L = g, == =0 (13)
39 Ky

Heat Balance (References 11, 13 and 22):

1

d . ar_ |
540 )‘TS'V Agg T O (14)

Water Transfer from Stock Surface (Reference 22):

/dF _ '
(%) = =@ -p) (15)

Baquilibrium (Reference 22): Q

P = £ (1) (16)

Water Transfer from Stock Interior (References 4, 6, 10 and 15):

(%é’)i = g%? ,% (7 - % ('/“%j (17)
Hax,
Whefe
?; = surface capillary pull, lbs/ft<
A —— = (Refereuce 0) (18)

il
L
e h
fax]
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2; = interior opposing capillary pull, lbs/ft<

= gt 9

i

K = permeability of porous solid, £t?
f = viscosity of water, 1lbs/ft hr
© = density of water, lbs/ft3
g~ = surface tension of water, lbs/ft
ry = minimus effective radius of surface menisci, It
ry = §%rreSponding effective radius of interior menisci,

a! = a constant

gravitational constant, ft/lr<

g =
dF) ' akPla (1) d (1ﬂ (
ak = atg =t | & (=) - (= 19)
Ad6) B0 & \rg) T WX ry |
Mex, —= -

Nater Balance:

AdO) (Ad@) ; (20)

A study of these equations shows that within Period 1 the
rate of drying is controlled entlrely by Bquatlons (12), (14), (15)
and (16). Their combination leads to
Xhe oy = (o ' 5 =
/\'(Tg—TS)—kt‘?(Ts)—Pg (21)
T | & |

S

which, in the case of air drying, is the equation of the "wet bulb"

temperature (22). TS! is the wet bulb temperature which for the
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air-water system is approximately equal to tihe adiabatic saturation
temperature (22). In the case of drying with superheated steam, it
may be shown that PS' = Iy (Ts') is very close to Py. This arises

from the fact that the Q; - %; factor necessary for the transfer of

%%5 (Equation 15) is of such a magnitude that the difference between

the temperature in equilibrium with PS'.and the temperature in equil
ibrium with Pg is insignificantly sm&ll. Thus, in the case of stean

f
TS

becomes, to an excellent approximation, f% (Pg) or, the sat-
uration temperature corresponding to Pg. The relationships of Equa-
tion (16), i.e., the wet bulb or adiabatic saturation lines, are
given in Figure 1 for various values of Ts'. Data for these lines
were obtained from References (16) and (22).

The importence of Lquations (19) and (20) lies in.the fact
that they indicate the circumstances which cause Period I to be ter+
minated. As drying proceeds ry decreases, gradually approaching Tg.
When the difference.between ry and rg is such that the maximum cap-
dF

illary pull is just sufficient to maintain (KES) the period ends
"8

at F = Fy. The first critical moisture content F, is thus seen to

be dependent primarily upon dF Qﬁi Xo and the naturse of the

Ade’ M ’
s o » o Wad ;
stock as it influences a', rgy Ty» and K. ©Since 7;7 is dependent

upon temperature, F2 may be expressed functionally as:

)

F, = fp (stock, %ga, %oy Tg')

. 1 . 3 o o !
or, neglecting the probably small influence of Tg ,

F, = f, (stock, S, %) (22)
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POAIOD 11

Heat Transfer to Stock Surface (Reference 22)

r
dg ~ - " . N -
L= e |g, (4 - 1) ¢ (-5 - 1) (23)

whare

f = Tfraction of surface remeining wet at any instant,

fw 1.0 when F = Fp; £, = Owhen F = FB“

Ts" = temperature of Mwetted" fraction of stock surface
during Period 11, °F
Ts?r = temperature of "dried" fraction of stock surface

during Period 11, °F

Heat Transfer to Stock Interior (References 11 and 13):

L

= apy

T4 STy |
2
- %2 (24)

©

where the boundary conditions are:

6 = 673 Ti = Ts’ = Tg for all valuas of X

-s
B
i
(&}
s
3
[ies
i
-3
W

Heat Balance (Referenceg 11.113, and 22):

d = aF o ~ Qs
ol ’\TS" kg * %o /hv Cav T (25)

Water Transfer from Stoclk Surface.(ﬂeference 22):

\ |
v

4
(dF = " L n, ‘
\Adé)js = k £, (Py" = PB) +k (1= £)(Pg 1 - Pg) (26)

~,

p—

where

o . S 1
Ps" = vapor pressure of water at temperature Ts
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. 1 — . ,
and P = Quced vapor pressure of water at temperature

re
T and radius of curveture r

(€2}

Water Transfer from Stock Interior (References 4, 6, 10 and 15):

e '
afF \  _ a'ckP d /1\ 4 /1
(Ad@)i 2 Ty |3X <r) - ax <riﬂ (=7)

Vater Balance:

(35), = (), To % v s (z6)
where
r = effective radius of receded menisci, It
X = distance from surface to rcceded wenisci, It
Fr = local moisture content of wet fraction of thick-
ness X, 1b/1b

Bguilibrium (Reference 22):

fp (Tg") (29)

o
(621
i

U
"

g (Tg)p) (30)

As Dbefore, these equations will serve, in principle, for
the complete definition of the period. In practice, however, thelr
exact simultaneous solution, even with &ll factors known, would
orove extremely tedious, and certain simplifying assumptions are

therefores justified. Equation (25) may be written:

a9 aF
Kgﬁ = BAp Ad@> (31)
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iXo

Now,

if it be assumed ag before that Ps" - Pg

where B is a correction factor.
IdF > e\,hc ( "
T T, - T4 )+ (L -1 )(T
(Ade 5 T " whg w

that both quantities are numerically small,

Pg" = Psfr = Py
R |
E
mo 1
TS:r fE (Pg:r)

Combining Equations (23) and (31):

(33)

(34)

Equations (27),

(28), (32), (33), and (34) now give an

the process.

It is seen that the termina4

approximete accounting of

tion of the period, i.e., f, = 0, 1s determined by the recession

of the last of the surface menisci to subsurface positions and the

cessation of capillary flow. This corresponds to the "pendular"

state of Ceaglske and Hougen (3). The moisture content at this

second critical point, F3’ may be expected, therefore, to depend

upon ﬁ%% s a',I{,QElf, X and the nature of the stock as it influ-
ences the radii of ths receded menisci. Thus, & functional equation
similar to (22) may be written:
- dF X (
F, £ (stock, YL o) (35)

PERIOD 111
Heat Transfer to Evaporating Surface (Reference 13):

a_ - 1 _mMm 6

AdG I L (Tg = Ty) (36)

6 h,  Kg
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Xe

where

H]

(This equation neglects the effect of heat stored in the dried layer,

distance from the surface to the zone ol evapora-
tion, ft

N
thermal conductivity of the stock under couditio%s
near its squilibrium moisture coutent, BTU ri/ft
hreF

‘temperature at distance X from surface during Per-

iod 1I1I, °F

Heat Balance (References 11 and 13):

ae_
Ade

i

if

ar {dIay .
b (355) + A oav %o ("aa‘> e

B Ap m (%) | | ' (38)

X

from Evaporating Surface (References 15 and 22)

where

m
Px,

Waeter Transfer

r

il

]

ar = . 1 o
Ad0 vk 1 (Px!% - Pg) (39)
Kgov k

viscosity of water vepor, lbs/ft hr
density of water vapor, lbs/ft hr

vapor pressure of water at Ty' and from radius ry
encountered at distance x, psi.abs.
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BEquilibrium (Reference 22):

m - m ‘
Py £y (2",1,) (40)
where
r = effective radius of menisci at distance X from

surface, It

o . . m , o
Agein, if the assumption of Px r = Pg be made, BEquation
)

(40) becomes:

i

LY = 3 (B 1) (41)

g

=]

The drying phenomena in Period 111 are therefore described, approxi-

mately, by the Equations (36), (38) and (41).
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