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ABSTRACT

I'he drying of solids is commercially one

2f the most important of the unit processes of

chemical engineering. Problems involved in the

drying of solids are frequently of major practical

Impertance, either because of the desirability of

rapid drying, or because of the necessity of drying

without injury to the product. There is much

published information relative to the construction

of driers, and the vera» carryi.&gt; capacity of air

and humidity relations in general are fairly well

understood. However, the mechanism of the dryiag

orocess, that is, the exact manner in which the

liguid travels to the surface of the solid and

thence out into the air, has been heretofore

poorly understood. Since little information was

available, the cusntitative relations between the

rate of drying and the factors affecting it,

nave been Jnown only approximately at best. The

present work describes the mechanism of drying

prevailing under different conditions. and with

this mental picture of the actual mechanisms.

a rational anslveis is possible of the aguantitative

relations between rate of drving and the various

Pactors involved



I'he general mechanisms of drying are

three: first, evaporation of the liquid from the

solid surface, the resistance to internal diffusion

of liquid to the surface being great as compared

vith the resistance to diffusion of the vavor from

the solid surface out into the main body of the

air; secondly, evaporation of the liquid from the

solid surface, the resistance to internal diffusion

of liquid to the surface being small as compared

with the resistance to diffusion of the vapor away

from the surface: and third, evaporation at points

vithin the sclid structure, with subsequent

diffusion of vapor through the relatively dry

surface laver and thence out into the air.

Although the mechanism is found to be

jifferent for different solids over similar ranges

of liquid content, all very wet solids being dried

under constant drying conditions exhibit a

"constant rate period" during which the rate of

drying is constant. The rate does not continue

constant until the solid is dry, but at some

definite liquid content called the "critical

liquid content" the rate of drying starts to

decrease and the range from there to dryness is

called the "falling rate period". Obviously, if

the initial liquid content is less than the

ritical. no constant rate veriod appesrs



I'he mechanism of drying during the constant

rate period 1s apparently always the second of those

described above, or "surface evaporation controlling.

During this period the surface temperature remains

constant, and the rate of diffusion of vapor through

the surface gas film controls the rate of drying.

"hen the heat necessary for vaporization is supplied

only by conduction through the same surface gas film

through which the vapor diffuses, the surface temperature

during this period is the wet-bulb temperature of

the air. Where heat is supplied in other ways,

such as by radiation or by conduction from adjoining

dry surfaces of the solid, the surface temperature

is higher than the wet-bulb temperature, and the

rate of drying is increased. The method of

calculating the effect of radiation to the solid is

zxplained, and radiation from surroundings at

noderate temperatures is shown to multiply the rate

of drying several fold. The quantitative relations

between the rate of drying and the ratio of dry to

wetted surface are develoved, and as an example it

is shown that covering one of two equal faces of

3 thin sheet may reduce its overall rate of drying

in the constant rate period by less than 20 per cent.



The liquid concentration gradient across

the thickness of a solid slab is shown to be

represented by a parabola, when the rate of drying

is constant. In cases of drying of a slab having

an initial uniform liquid distribution the change

ls progressive from the uniform distribution

towards the parabolic liquid concentration gradient

which is the ultimate or "equilibrium" gradient

for the condition of a constant drying rate.

Under such conditions the licuid distribution in

the slab is continually changing, although the

3lab temperature and the rate of drying are constant.

I'ne equ~tions developed in connection with the

liquid ccncentrations during the constant rate period

have been applied to data on clay where it was

found possible to calculate the diffusion constant

of water in clay from the moisture gradient data.

The falling rate period was found in

general to be divisible into two distinct zones.

Ihe first of these war called "Zone A" and in

the course of the drying foilowed immediatelw

after the critical point, i.e., after the constant

rete period. This zone was characterized bv a

linear relation between the rate of drying and



the average liquid concentration, and the constancy

of the overall coefficient of heat transfer from

air to solid. Moreover, this coefficient during

Zone A was the same as during the constant rate

oeriod; and the rate of drying in this period

showed no great variation with the thickness of the

sample. It was, therefore, concluded that in

Zone A evaporation occurred at the a 1id surface,

and that "surface evaporation" was the controlling

factor. It is believed that in this zone the

decreased rate of evaporation is due to the decreese

in the surface area actually wetted.

In "Zone B", the region between "Zone

A" and dryness, the rate cf vaporization falls

offfsharply. the rate of drying vs. ?3auld content

“atter. In

this zone the rate of drving is found to vary

inversely as the slab thickness, and the overall

coefficient of heat

nelow the value found in the constant rate period

‘nd “Zone AM

For the analysis of data on drying

oy this mechanism, the solution of the fundamental

diffusion equation
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For the case of an infinite slab is used in the form

("/2)2T xT 1 -9(Y/2)®T  sxW
sin -- + = ¢ sin ----

2R 2 2R
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toy M/2) RI i oxi
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there v = free liquid concentration per unit volume

X = distance of the pocint from the sheet surface

5 = time

K = diffusion constant

free liquid concentration
A = meme ermmma

initial free licuicd concentration

R = thickness of half the slab

T = Ke/R®

The above equation gives the theoretical liguid

distribution at any time in a slab where internal

liquid diffusion controls the drying and the surface

resistance to vapor removal is neglihible.

Moreover, if we let

Fotal free l1idguid

 Ff =

initial total free liauid
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vhich is the theoretical drying equation when

internal diffusion controls. This equation wag found

valuable in the correlation of data on the drying

of soap, clay, snd wood and should apply to the

drying of similar slow=-drying materials. The

corresponding equation for finite surface resistance

is also derived.

Depending on the material and the drying

conditions"Zone A" may or may not appear between

the constant rate period and "Zone B". Thus,

the rate of internal diffusion and consequently

the rate of drying in "Zone B" is independent

of outside corditions, and if the averarce liguid

content falls to that value where the rate of

internal licuid diffusion is eadusl to the rate

of drying in the constant rate period, before



he surface liquid concentration falls to such

value as to cause the wetted surface area to

jecrease, then no "Zone A' appears. An increase

in air velocity will increase the rate during

the constant rate period and consequently

increase the average water content at the point

vhere the rate of internal diffusion is equal

te the rate of drying during the constant rate

period. .Such a change in air velocity may thus

sliminate "Zone A", and if the initial liquid

content is low enough, may also eliminate the

constant rate period.

When interns] licuid diffusion becomes

controlling in the case of a porous solid there

is a tendency for the locus of evaporstion to

retreat from the surface, as evidenced by an

increzcse in the overall coefficient of heat flow

From alr to solid. Thus, throughout the falling

rate period in the case of paper pulp, the actual

evaporation occurs st points within the solid

structure, as evidenced by a continued decrease

in the overall coefficient of heat transfer.

Inder such conditions it is evident that forced

21r convection is of little value in speeding

1p the rate of drying. With the fine-grained



colloidal clay the overall coefficient of heat

transfer remsined constant during "Zone BY,

indicating that the evaporation occurred at the

surface as during the constant rate period and

"Zone A".



PART I

INTRODUCTION



A —~ INTRODUCTION

"Drying" is generally taken to mean the removal

of water from a solid although in some cases the removal

from solids . 7 liquid: other than water is "led drying,

and in sti’ *Map cages the removal ~° wat -»» [rom solids

may be terme ing, or

absorption. ™

in general e

removal oF

Limiv""=~2

sma 11

“7 though

absc™ Jy ara tior

orL Wm: din

eJelilils

ores

T

210
~

xr Fe 8

of L ned, Wher t  sl Li a’. the

geld  "air dryinz" and 1 industrial practice

la + 1 pm COMM  MM v.nod of removing small amounts of

vater rom

Dri . ooneratlions are important in the

ranufscture of most non-metallic products and drying

is one of the most important and widely used of thre

so-called "unit oprocesses of Chemicsl Tnoineering,”



Drying 1s of major importance in the meznufsacture. of

pulp, paper, textiles, ceramic products, soap, lumber

sugar, rubber, dried foods, low grade fuels, leather

=tCe The drying problem is often that of how to

remove the necessary water as quickly as possible ena

vith the least expense, but in many cases, such as in

“he drying of lumber and clay products, the major

&gt;roblem is the removal of the water without distortion

&gt;r cracking in the product,

In view of the impotan

surprising that s

recarding the mechanism «

abounds with . “icles co

out the theoretical &amp;

deal with the molsty

~bject

2m polishedSC H

10 ie ~lberature

, equipment

vicles are usually found to

ery, cavacity of the air

ised, and humidity relations in genera; ratiicr than

he mechanism of the transfer of water from solid ho

21ir.

Equilibrium and Ie &gt; Wat~Content

3 nesraniswm of the

drying pro.

water cout:

appreciabl

with other than drv air for indefinite lengths of tine.

 ad Meguilibrium

\n equilibrium is reached and the amount of water



retained depends on the humidity and temperature of the

2ir. Thus, when 2 wet solid 1s being dried in air st

a definite am? crnstent humidity, the wat~r content of

valuethe soli” r
.

3}
| fo

ralled th

water abow

defined ac "”

wo ~ on de

“233 of

_ or
em

1

Cen oh
. may be

mi ~f theTl wy

nomenclatur: +
A Me

tal water

concentration »unlt of dry solid; Ty is the

egullibrivm water content: and T-Ty 1s the free water

roncentration. Tv

"and the alr humility and temperature will be

Jiscussed in another section.

classification °° Dr in

In the drying of a solid of appreciable thiclka-

ness by air or other gas, twee ~eneral mechanisms are

possible, These are (a) the diffusion of liquid fror

che interior to the solid surfosce, followed by

vaporization of the ligulid at the surface, and diffusion

of the vapor of the liauid into the surrounding gas;

or (b) vaporization of the water ab points within

she sclid structure, followed by diffusion of water

vapor through the porous solid to the anrface and oul

inte the air. Roth groups mav be {further divided



into those cases where the resistance to internal

jiffusion of liquid is very small or very great

ns compared with the resistance to removal of the

vapor. Four general cases may be noted:

{ o Evaporation at the solid surface:

resistance to internal diffusion of liquid

creat as compared with the resistance to

removal of vapor from the surface.

(Te Evaporation at the solid surface:

resistance to internal diffusion of 1liguid

amall as compared with the resistance to

removal of vapor.

[11 Evaporation in the interior of the solid;

resistance to internal diffusion of

liguid small as compared with the total

resistance to removal of vapor.

J. Evaporation in the interior of the solid:

resistance to internal diffusion of

liguid great as compared with the total

resistance to removal of vapor.



Be Diffusion of Liquid tnrougsh Solid

The first general mechanism of air drying described

above is the diffusion of liquid througsn the solid to

the solid surface where evanoration talzes plsce, followed

omals hey 07 oh alr,by diffusion of vapor int

A more or less stagnant © \ urface

presents a resistance

surface into tho gas.

v111 be discus.3dmc

drying proc

resistance

co diffuc:

constitute 1

liquid frou

&gt;f the gas

vo

 nm" o-

= from the

tancem
J

+3.
La wm | 4- Trwever, in the

Cad 1 at2 +

x,
— re 3lishance

y%
1

VL io surface

=»nf

main body

regaistance

is entivelw mn

resistances tt.

latter wi.

same degree «

&gt;f licguid will apply eoually well to the drying process

as a who’

 wv

 _

Assuming Newton's fundamental law of diffusion,

rnd using the principle of a material balance, it is

nossible to derive relations betwesn the time, liquid

~oncentration. nosition. diffusion constcant. ete.



complete derivation of the equation for diffusion

&gt;f liquid in a slab is given in Appendix II and the

resulting solution 1s

7 \E ve TTB,

=) -o(TyT -25(2=)7T
x7 1 2 By"7 2 xl

sin ---+=- e Sin --- + = © ain =--=-+...

°R 3 “RR 5 on
Pal A

vhere A =

free liguld concentration over unit volwne

ini*ial free licguid concentration per unit volume

a.

7 "ermeoe from surface

thickness of slab

-  1

{ = diffusion constant divided by density.

A represents the free liguld concentration at any point

between the slab Faces, as a fraction of the initial frec

liquid concentration, which is assumed to be uniform

chrough the slab. The assumptions involved in the

derigation of this equation sare:

The validity of Newton's law of diffusion.

- The constancy of the diffusion constant,

A uniform lioulid concentration throughout

ne solid at the start.

hat the diffusion is wholly normal to the

surface nlane.

That evaporation takes place at the surface

and that the cuirfaoce reasiztance to ranmovr



diffusion may be considered negligible,

i.e., that the liquid concentration on

the surface falls to zero immediately after

the start cf t» crying.

"ig. I shows graphi

squation (1). The per cent of =

roncentration. dalek !

is showh plot™-

"Iv the relitions stated by

free water

-time, +

. "i

against tw.

’ ~ ma

red

T

Lo L.

120 Sf

“he polar co resent

she 1 Tego
~ ™

3 process

T"J5a28 ind’©

repre + i ntent

of the =]

and is

sradie

the m

oh nFour

moisture

1 under

” the

 ry is;

&gt;quat

Serms ow.

mpsaTr i y later

th- moistur. cradients

nay be o

Fig, I fo

Jy sine curves on

Ne 1

y

RY + Fhe +

1 uation for

noisture distribution a
-

-— time in ~~ slab where

internal diffusion of liquid water is the process

controlling the drying. Knowledge of the total free

vater left, or of the variable E, is, however, of

sreater practical interest. Touation (1) gives the
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moisture gradient for any value of 4, 2nd these

night be plotted and the corepesponding value of In

letermined by graphical integration. However

since

1ZR

A

BS

mm
§in —==-v=

SR 3

oy?

Te

 A
- =, IT

gi

- aD
. ~

25

S17 ===--

2R

SIx

-25(L)7T

| UX

vhich is the theoretical drying equation when internal

diffusion is controlling. I'rom its derivation 1t is

seen to be subject to the same limitations as eoustion

(1).

Fiz. 2 shows equation (2) plotted on semi-log

baper, as T VS. . Since| = ----, eguation (2) or

R=

"ig. 2 obviously represents the relation between E

and © for any given slab. We would expect that if

he fundamental assumptions are valid, exmerimental

Jata obtained under conditions where the surface re-

sistance was negligible, would indicate a similar

relation between ® and &amp;
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- 7 4 . ° .

V.%7.Lewis™, assuming r linear moisture

cradient from surface to center line, derived an eguation

for the drying of &amp; solid under conditions of negligible

surface resistance. which may be written, using the

symbols defined above:

J
Cl

ry i

©

 mn
od 1

+

 eo »

 2 1

™~R

vhere
2

y constant. If lat .on between E

and eas
wy

trrmined by this eo :tlon. were plotted

on semis » as in Fig. ©

- BR.

ht line would

result, pe ™-&gt; theoretical

relation i:

&gt;ut curveg ovr

Pe Sur
ww  | 8

stwe. vel ANG

The linear pu tion, 17 continued. would cut the E

axis at E = 0.81. Both the theoretical equation (2)

and Lewis! equation (3) show the drying time to be

directly vroportional to the sauare of the slab thick-

ness, R. The discrepancy between the shapes of the

two curves at large values of ¥ is probably mainly

due to Lewis! assumed linear moisture gradient from

surface to center line being imrossible at values of

© greater than 0.5, since the assumptions specify

3 free water concentration of zero at the surface.

This limitation of Equation (3) was

&gt; . ° » 2

realized by Lewls, who derived another eauatbtion

for conditions of negligible surface resistance. whieh



in the symbols defined

n Ce

(T4=T) = -==-

RZ

above may be written

’ c! ©
1-B) = eee

Re

Nilere C and c! are 2 93atant  “~
c

3
‘nstant

. (3g

approximately equal to 2. The th 1 equalion

(2) may be compared with this e~u-** - = plotting

1-E as c¢ "~nlated from equation ( Y v P on logarithmic

done

paper. This has beenp#sevm as shown in Fig. 3, and

it is seen that a linear relation results, as called

Por b eauation (3a), over a w' ie rar~e of values of

BE. Moreover. between £E = ¢ '- and ™

“he slone: 1c very nearly 7
-

i

TAT YT

wa}

about 0.4,

io, to oa

Lewis! equation

(3a) is, therefore, seen to compare closely with

cquation (2) for the drying of a slab under conditions

&gt;f negligible surface resistance, during the period

in which the first 60% of the free water is being

removed. Since I approaches zero as the drying vprocecds

she curve on Fig.3must approach 1-T=1 as an

asymptote at larece values of MT. Touation (3a)

is similarly limited to values of 1-% less than

mitve
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Theoretical Equation for Rate of Dryingeeeetere Se et nl} A ett eet rnin. Sth Somat atti, mctmptisss  atmematomell cp eee

(Surface Resistance Negligible),

Since the rate ~° drying “5 often found to be

a2 convenient basis for the analysis cf experimental

data on drying, the theoretical equation for the drying

rate may be noted here. By differentiating equation

(2) with resvect to T
I 2 a7,
- ) -S (==

; 2

7

~25 (&lt;=) Am
2

=
-y

Equations {..;and (4) together give the relation between

dk dis dr
-~ or =-- and E, which when plotted as -- vs. Ek,

aft ae af

‘Fig. 4) gives practically a straight line up to

E = 0.5, and at greater values of E curves up, convex

to the BE axis, going off asymptotic to the line

"a

4, L1s00&amp;

Theoretical Fqguations for Internal Diffusion

of Liquid Water, Surface Resistance Finite.

[ ® + .

"me moisture gradient equation (1) was

derived n Avnvendix II using the conditions that the

vater concentration v was zero at x = 0 and at x = 2F

Lee. at the two surfaces. This amounts to the

sgsumpbion of neglicible surface resistance. It is

possible to derive a corresponding ecuation. assumings

Finite surface resistance, and a finite free water

roncentration on the surfaces. The conditions used

In solving the fundamental differential ecustions

 7 Yay wy
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oe

Ed

‘) and xX =

ov

out 3°" =x+hv at Xx = 0 and x = ZR
e

vhere h is a proportionality constant

The solution is given by Carslaw® as

v

yorl 2

“Am o

An Cos Ap X+h sin Apx

(A_%+n° ) 2R+2h

J

jf(=

&gt;
there f (x) represents the moisture distribution across

the slah at the start and A, is the nth positive root of

2hA

Lan 2AR = mce-ea ® © 0 0 0 8 oo

AR he

 { D

m

s + O

I'he assumptions on which equation (5) is based are

Fewer than those used in the derivation of equation

(1), and are:

Le The validity of Newton's law of diffusion.

2 The constancy of the diffusion constant.

3.

 he

That the diffusion is wholly ndrmal to

the surface plane.

That evaporation takes place at the surface

and that the rate of change of water concentration

on the surface with time is proportional to that

surface concentration.



[3 (&gt;
ts

i.e., the moisture concentration be

sssumed uniform at the start, then and

Nm Cho

A, Cos Ap

(A_®+n®) R +
 mn

1 31in An Xx
l sin 2kin 2h]

A
_.

On

2nd since E = -

2R

(7), by integrat-

y E may be found from equation

ing the right hand side between

he limits Xx = 0 and x = ZR. The result when simplified

7, i

4
Os;

2R
Qe

vhere A

7
ay

l=]
a

-—

sin 2 &amp;,,

A Bahl) R «+

P

(cos ~~
ed

. Ag R77

ry
vay !

.

a

LL (8)

and A 1s the nth positive root of equation (8).
4

The use of equation (8) is restricted by the Aifficult:

of the solution of ecuation (6). especially as a new

solution 1s necessary in calculating esch term of

soustion 8.

or, 4 - -

At beginning of next pace.



*Two simplifications of the calculations may be noted.

~quation (6) may be written

A® I”

tan ZAR hA hA L

Let gq = 2AR, then

2 q

tan q 2hR q

a hR
cot 0 = =e = =a

4hR %

and if q is within 4° of (n-1)W

gn h

and a, = == = -- + h=

oR R

then cot q = ~- cme

a- N(n=1)

\lso, since E=1, when 1' = 0. then from equation (8)

(Q +Q2+Qa+ . 3 @ ]
em

— 2R

As h is made smaller and approaches zero, the surface

resistance becomes controlling and the drying rate is

specified by the assumption that 27 =*hv. Under such

conditions, the moisture Abt on through the slab

vould be nearly uniform and the averace water content

vould be nearly equal to the surface water content. The

assumption referred to could then be written,



-=-===-- = C, (T-Tg
ae 1 -

I-Tq
vhence log ------ = log E in

-Cgo
yr PN 4 Qo 3

for any given slab where the dry density 1s constant.

Thus, when small values of h ars substituted

in equation (8) the result should approach the form of

equation (9), and when large values of h are used, the

result should approach the form of equation (2). In

order to check the derivation of the general equation

(8) various values of h were substituted, with the

following results.

Equations Resulting from Substituting of Various

Values of h in Rguation (8) for Slab of Thickness TW .

Eouation

0. 0000318 ;

-0.00005071

-0.000507"
J.000318 0

-U.0050T
Y. 00318

Y.0318

VY. 318

5.18

 mn

7)

2

-0.04677
L.997 a-

—

-0.425%
U8 a1

= 3.9186
-1.727 -16.3T 30.21

5 +0.038 e 40.097a



-47.87
J.013 ¢

3168

318

 BE
-2.3771 21,257

nN B27e + €,0885e

-59,17
+ 0,0295e

-\

N134e 1161 4-

-2.460 n 61.3 1
E = 0.8l4e + 0.0004e~-22:0! | ,03216

1L 0.0165e~ 120.11,

Tqu~tion (2) may be written

&gt;
Ay

a

N\ N

oe | -22.2 |
0.810e 47 + 0,09e i

a

0.0304018"

ay

- {

0.01656 1209.

and in this form is seen to check nearly exactly the

last egustion in the above table. The first eagustions

in the table for low values of h, check the form of

sgquation (9). Thus, the general equation is seen to

agree well with the special forms derived independently

for the two extreme vakues of h. 2nd the comparison

serves as a check of the derivation of all three

squations.,
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J @ The Kvaporation of a Liguic from a Liquid oDUTrIace

Tage TT Lo the cenamnal ATA ~qt Pr LLL © drying

mechanism “1a

Prom tt wo Ta that

“he re
1.

ta gurface

ducedis ne Lv

™et.heoy tT oa
1

Po.
+

{
tu % ;ly 8 under

such con. re. LO “nectecn
tw
Ca + TTT NT AY  by the

orinciples 1+ 4 lve 1... the evaporation of ao 1liguid

“vom a 1° surfac

™ Tomenda ff the cvaperation from a

liguid surfoce of © liquid into 5 gas has been deslt

» 1 - * - s 4,5,2 1.

vith in many sublications ’ A relatively

stagnant gas layer bs rec.TniL

licuid-gas interface =a

vapor through this film 2 ov tne effective

gas film thickness and the driving force causing

1iffusion. Theflatter is ecual to the cilference between

the partial vapor pressure at the liquid surface and

she partial vapor oressure of the vanor in the main

vody of the gas. The diffusion ecuation apvlying

nav he written

dw

== = EA (pe-p
wn =5 9
ae 8

A

,. 10

vhere

dw

ds

A

= rate of diffusion of vapor, weight ver unit time.

affective surface are:

~O Ll7])



)

3
= partial vapor pressure or vapor over liquic

nD = partis apor pr hg :. I 1 vapor pressure of vapor in the main

body of the cas

Ps-Pa) =p = driving force,

Kg= surface coefficlent

Although this vapor diffusion equation is sinple

in form, 1ts us2 in connection with the drying of sclids

ls complicated by the uncertainty of the terms, ‘lhe

constant Kg will depend on the direction snd velocity

&gt;f the air currents pest the surface = w "0. as the

cemperature a "s Q ors; the

crea A in 3 with

vary in som. Towoy with the w

"Tuoetive surface

Cer osurrace may

Josten of

~ ya
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but 1f this heet iu7low is 1io qual ve L.@ necessary

heat of vaporization, heat will be extra from

he 1liouid which will conseauently he coolicd. The
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values of pg, Ap, and fhe rate of wvaprorizetion sre

reduced. increasing the tenpverature difference botweroy

cas and licu®A unto
—

Ne

aqusl to 7
1.

+

A condit”

and the eo
—_

r

+ ry \

 FP the 1 4icul’ C
1

~
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nen a licuid * t

der ecuilibrivmconditions, it is 4

1 2’ - 2 [=

“on F 2 28 La
: ~~,

Tone

reached

evaporation

mreralture.,

atlceally

re welt bulb

semperature and the rate of evaporation, which remains

ronstant, as given by the equation (10) zs

3 WwW

There

3G

Ls

= a S (w= 0,. :

vy

-- = rate Or

9Q

eva~oration

SL. (11)

=~ effective surface srea

Py = partial vapor nressure

the wet-bulb temperature.

Pp, = vartial vapor pressure of the liouicd ir

the main body of the gas.

If Ty representsthelatentheat of vanorization cof the

licuid at the wet-bulb temperature, then this rate of

racorization mev also be expressed as

Iw A dar “

~= ZT -- == = == Ln (T -T,,)

16 ry ae Ty

(12)



vnere

dG
-- = rate of heat flow, gas to liquid

de

n= surface coefficient of heat transfer

gas tc liquid

w= wet=bulb temperature

* — 20 Sy Loin wm

., © gas temperatur.

“rom (11) and (12) gbove, it

) = -Py Pa
Ne

(t =t
a

follows that

Lee (13)

vhich equation assumes that the cas 13 noaintoained

ot a substantially constant temperature t,, even thougt

reat 1s flowing from gas to licuid.,. Outside influsznces

on the gas film conditions. such ss the «ffect of forced

ras convection on the film thickness may be expected

Co Influence h, and Kgto the same extent, The ratio

of hy to KE will, therefore, be constant, and since

ro. 1S nearly constant over ordinary temperature

ranges, we may write as a cloge aoproximstion:

(Py =D. } = (constant) (t,=t.) (14

Since py 1s a function of t,, this is eculvalent

0 stating that for given values of t,; and p,, t,

ls constant, 1.e., that the wet-bull btermnersture

Ls independent of gas film conditions.
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 5s independent of gas film conditions is based on the

cssumption that LW ig proportional to Kg, ond also

nn the assumotion that all of the heat transferred Ic

sonducted throuveh the gas film. In cases where the

vater receives heat by radistion from the surroundings,

»r by conduction through a solid, the latter sssumntion

does not hold, and the eguilibrium temperature of

“he water 1s higher than the true wet bulb. Thus,

in measuring the wet bulb temperature by means of 3

s i, £2 NY ] t Le C 4 » 2 ry Jz | lek 217 0U 1d C ¥ ww Lhd andthe3 1C¢ 3 Lo

"raction of the total heat {low to the wick may be

ov radiation from the warmer surroundings. 97 blowine

] ick the cl hes Tenesir rapidly mast the vwick the totsl heat interchange

nav be greatly increased by increasing thst fraction

~rargferred by conduction throush the sos film, =nd

“he heat flow by radiaticn, which is not cnsnged

appreciably, becomes a nesiigible fracticn of the

- ot — odts co 1 “ 11 +ne “iecls tynen co ~ 0 th 3 STPUE Wwon Vv el € £ y &gt; 4. be n4 r V } 8 nulb

-amners ture.

Tre rate of evarorstion of a licuid inte

3 gas, under sdlabstic conditions, 1s seen from

12) 40 be prorvortionzl to the wet-=bulh depression

(tg=t,)e The same relation follows frem the vapor

Jiffusion ecuszstion (11) snd ecuation (14).



“xpressing the rate of evaporation by (17) is eculvalent

co consldering the oproblew as one of hest btransgifer,
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avenient
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~onstant.

Sine.
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liqu.d surface 1s governed by the

rate of diffusion of vapor and heat through a surlsce

Tilm of gas, variables affecting the effective thiclz-

negs of the gas film are primary factors influcncing

the rate of evaporation, The direction and veloelby

of gas flowing past the surface are prcenadly the most

important factors, althougn the gus temperature,

sressure, snd the shape of the surface are other

factors known to influence the effective gas film

“lhhickness. Dats on the effect of 21r velocity on

the rate of evaporation of water into air has been

. . 6 ' 7

obtained by Carrier , Hinchley and Ilimus , ad

d 8 * * =y -

Coffey and Horne, which will be comnared in a later

section with data obtained by the writer,



Evaporation of a Licuid
retreive meena tsirrest | Spams tnt emma on rcs rt from the

Surface of a Solid,

In the fToregoing scction the vaporization

yf a liquid from a liguid surface has been discussed

c t y 1 a Ama Sh | 3That process 1s similar to the drying of a solid

vhere the liocuid content is so hizgh that free 1icnaid

rovers the solid surface, snd the same ecustions

nav be exnected to apply,

I dik0 1m 1gr nyVi ar \ I ory or r C €ad &lt;
oo

0 r id L 1 ons s NE= = Ir i oO i. t ]} 13— 5 UAT 7
- &gt;

“ren of the solid is not wetted bub is impervious

te the licuid being vaporized, The total surface

ares of the solid may be divided into two fractions.

she dry and the wetted areas. Although no liquid

's evaporated at the dry areas heat may be absorbed

y7 the solid at these cress, increasing the rste

&gt; evaporatlon from the wet areas. The e

-emperature of the wetted surface under such

sonditions may be shown to be higher than the wet

yalb temneracure of the sir

. arca and Al the

dry area. ¥gis the surfsc sicient of vapor

diffusion and h, is the surfsc ver ficient of heat

sransfer ot the wetted surface as hefore. Let H

represent the overall coefficient of heat flow from

air to licguid surface via the dry area Al, The

Let A represent tne

AT1TveTaro

1

18rionToraaravFf ¢0rate



oy

-- = Kg/ (Pp -Py.
30

tla

where pg 1s the partial pressure of vapor over the

11 uid a a wetted Ooquid at the wetted surface, and p, the partial

oressure of vapor in the gas. The total heat [low

is the latent heat rg times the rate of evaporation

rvhenece

lw

ie T

(La-bsr

Ia

\ ;

y aniFs

du J
Ry

. (15)

and from {(1la) sbove,

Fs &amp; (pg=p,)

(EL + he 4)

I a -

{Lo,
= i

-— eu +h
- + hry

“rom equation (13) the wet bulb depression 1S

ta=t :. cy) _ Fw
n, Pup

C CT

(t=

(om 3 a om em ow
Dg=Dg p,)

(77

Merefore,
{Ca=yu,

mo h,) (p,~p,

V1A

(17)



since rg 1s practically equal to ry,

"urthermore, from: (17)

(p,-p,) . (Py=p_)
smmSamme DB meo-a-Bol

(ta-ty) - (ta-t,)

+s L128

5ince pg imereases with to and py with

rom (18) for any given values of p, =nd t,.,

1Reel1o.ioGY
Wy

(0g=pg) &gt; (py-p,

(ta=tg) / (ba=ty;

cee (13)

Ce. (219)

+
ve ee (20)

[n other words, the eaullibrium surface temreraturc

Tq, under such conditions, is higher than the wet

&gt;ulh terimersture.

Furthermore, 2lthougsh the temperature difference

(t -%t ) 1s less than the wet bulb depression. the rate
2 “s &gt;

of evaporation, which is provortional to pg-pg, is

increased, From the heat transfer point of view, the

neat inflow st the dry area more tnan offsets the

lecreased heat flow at the wetted surface caused by

“Th &amp; |a1Ee 0 e = 94S e d t.LE&gt;10 er atSL1Tr ae a iFfee eT 7aeer1 C e

An interegting conclusion rom the above relations

is that the total rate of drying of a wet solid is not

decreased in proportion to the armount of surface

covered with a laver impervious to the licuid.



Tor example, consider a very thin sheet of porous

material wetted with water, the srea of each surface

being A. The material is to be considered to be =

vet thet the surface 1s covered with a layer of wate:

and when drying may be exvected to assume the wet-~

bulb temperature of the alr. Let the dry and wet-

bulb temperatures of the air be 40.0° C. and 27.0° ©

respectively, in which case P, = 20.6 mem, end Dy =

26.5 m.m. Then the total rate of drying, weight of

vater per unit time, is given by

Rg 2 XK (26.6-20.6) = mammm--

10 :

40-27

Tr

{2 LY
~

Now let one face of the sheet be covered with a2 thin

nembrane impervious to water or water vapor, snd whict

offers a neglicible resistance to the flow of heat,

lee., assume H = hare Then the total rate of drying,

veisht of wster per unit time, 1s glven by

dw 40-t 4

-- = KA (p.-20.8) = =------ (2h,

de 7
8

Nemlecting the difference tetween r_ and ry,

thie ratio of the rate of loss of water in the first

case to that In the second cage ic

Rate (both faces wet) 2(26.5=-20.6) 40-27

tate (one face dry) Pg ~ 20.6 40-t

Since pg is a function of t,, the last vart of the

squation may be solved by the use of steam tables,

vhence tT = 20.49 (¢. and pe = 30.6 m.m.



"ate (noth faces wet,

Rate (one face dry)

 oer [hd TOON 22(26.0 - 2.0

~~——

5 1 o0 6
2 0 . - © U s O

Thus, the rate © less of water has been (1€
Te YOY
Seilinbe. So =A

legs than 20

jecresscd

a’thourh the wetted Tuce ares was

rT
[

Sther Ir» neces of the

f Evapors

ne iaf2v me

of =o

 quid.
301id on the

© the £ ]ne total solid

surface Cror

heen ciscuy

. “yo

og
.

coTaDOor nas

Ly As La EL
Lo Lriils

2 -

 OCdhenonen:

rough 2»

solid jul

into the ~

«

~
“dd

ov Lal

"AU... SurL

LFodrs

£ yp pep

Leven
+s

rT no C 4 v decrease

-he wetter uence the surface

woefficie

wor Lressures

LT Ses of VE20NOYrizaati1 on

-O Do yore 1liguld.“

s01l1id AF ow SOT

Dressy. ration.

-1vauLly increase

Solids

contain

the vapc caauid, and this effecthe
«™N

provably le tin

9 ~~ - a .

saradox Von Schroeder found that selatine

tion of "Von Sclroeder!s

absorbed 1000% water when immersed In liculd waster



rut less than 400, when in satursted vot-r

at the same temperature. Later experimenters considered

vont Schroeder's data werthless slthousia still later

o , 10 a Cs 4 : 5% #8 el

Vashburn found that moistened clay will dry fairly

~ompletely 1f suspended In ag closed vessel above

rater.
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t lowered bx

mesg3ure data are

available in the form of humidity equilibrium

relations. These data sre of imoortance in

connection with the rate of drying, since the partial

oressure gradient is directly affected bv a decrease

in the partial pressure of water over the solid.



Jr = Constant Hate and Falling Kate Periods

4s long as the solid belng cried is sc web that

she surfaces are covered with a layer of the liquid,

he conditions are not greatly different from the
Fol oJ

svaporation of a licuid from a liquid surface, with

no solid presente. The surface will cool to an

souilibrium temperature, and 1f heat is supplied only

hy conduction through the gas film throush wnich the

Tapor dillfuses, this willl be the wet-pDulb tenverature.

Ag Jong as conditions remain unchanged the rate of

drying is constant, znd this psrt of the drying

rrocess 1g called the congstant-=rate rneriod,

tach exverimentael data shows, however, that

"he rate of drvinge of a solid does not remain

constant over theer tne commnlete range of licuid concen

rations, l.e, from the initial to the ecuilibrium

Licuild concentration. At some intermediate licuid

roncentration the drving rate falls of© from the

ronstsnt rate of the constant rate period, a2vproaching zero

ns the equilibrium liquid concentration is aporosched.

Phe liould concentration at the end of the constant

rate veriod is called the critical licuid concentration

and is designated by T,. That vart of the drying

orocess coming after the critical liquid concentrstion



 8s termed the falling rate period. If the 1icuildg

concentration 1s initially lower than the critical,

ho constant rate period will be exhiolted, and the

falling rate period will constitute the whole of the

drying process. some of the possible reasons for

the rate falling off from the constant rate have

"een mentioned - these snd others will be discussed

in detail in a later seclhione.

Eveporation of Liguid vixtares

Special processes, especially in the chemica:

industries, involve the drying of solids wetted

ith mixtures of two or wore ligulds ususlly

~ormerclal solvents. In cases where the struchura

YT the solid allows the reovid diffusion of the

Liouids throursn it, and evoporabicon tolres nlace

at the solld surface, the rate of vaporization oil’

Call continually due to the 1ncreasing proportion

of thie less volatile licuid in the liculs mixture

on the solid surface, Such 2 process is not

Jissimiler to bateh distillation and 1b 1s nrobash’

-hat relations worked out for the latter ease

nicht be apniied to such a complicated drying

DYroCcess.,



SPECT OF PRESSURE OF INERT, VACUUM DRYING

I'he work of X.C.Chang&lt;® has brought out

he fact that the rate of vaporization and diffusion

“hrough a surface gas film is a function not only

of Pg and Pg 5 but of the partial pressure of the

inert gas present. "hen the partial pressure of

the diffusing vapor is small compared to the

pressure of the inert gas, Chang's fundamental

differential equation may be integrated to zive

essentially the form of equation (10). However,

for the case of vacuum drying, or when the solid

temperature approaches the boiling point, egqu-tion

(1C) does not hold and the equations developed

OY Changshould be used in applying dats obtained

at one pressure to the case of drying at another

ressure,



5 - Vaporization of the Liquid in the

Interior of the Solid.

Cases III and IV of the general classification of

drying mechanisms involved the vaporization cf the liquid

at some point in the interior of the solid, followed by

Jiffusion of vapor through the porous solid to the solid

surface with subsequent diffusion of the vapor through

“he surface gas film into the main body of the gas.

It some ways this process is similar to the

evaporation of water from a pan filled level with

marbles. As long as the marbles are completely covered

evaporation will proceed at a censtant rate. Vhen

the level has receded so that dry surface of the

narbles protrude above the surface, the overall rate

of Joss of water will decrease. Similarly, a

porous material so wet that the surface is completely

covered with liouid will dry at a constant rate,

If the licuid level recedes into the pores of the

solid, ahd evaporation occurs in the intericr



fT the pores, the drying rate will [all off not

only due to the decreased area for orwm UPwn pw vp LN may ke To
suriace evarorsbior

Yul alsa due
a \

ne tgtence to vapor

1iffusion ¢~

A
9 &gt;

. t a.
13 process

 5s the dzcere Jicient of heat

sransfer from U where tho evaporation

Ls bakinm 70 e

only throuslh th

surfece layn-

1iffuses. T

Ts TTow, not

Vm me

thro . ar the

“2 wniolh thLo 6) vapor
 -—

crs {icient

- gr important criterion of the

occurrence of this mechanism of drying. Furthermore

he start of the decresse in II should coincide with

he critical liquid concentration,

Tne overall resistance to heat flow during

tne consten®t rote period 1s equal to the surface

ras film resistance. As the criticsl molsture is

reached and passed, and the heat must penetrate

srester and greater distances into the solid, the

surface resistance to hest flow becomes a smaller

snd smaller fraction of the overall thermal resistence

overs

&gt;f heat transfer |

es - oe Ff Br - . -

Ygetors affecting the surface resistance have a

rorresoonding decreasing effect on the overall?

resistance. For ~x2mple, the gas velocity mast the

1011ad surface has a marbled effect on the surface



roefficiicient n
‘nn However, In cesses where the svsoeooration

and consecuent heat consumption 1s an coepracinble

distance in from the surface of the solid, the surface

resistence 1/he may be a small fraction of the total

resistance 1/H. Since it is only this surfsce

resistance which 1s affected by the pos veloclty,

the overall resistance and consequently the rate of

drying under such conditions may te expected to he

nly slightly influenced by the gas velocity. This

is of importance in practical drying -~roblems,

since it is obvious that where this rechanism of

internal evaporation occurs, it is of little use tc

increase the gas velcclty In order To sveed up

he rate of drying, during the falling rate veriod

ren 1t is found that the rate of drying of =a

carticular solid during the falling rate neriod i

rractically independent of the mas velocity nast

1 npr Fp 1 5s Te 2" was ord i
he surface, the surfsce gas film resistance to

neat transfer or vapor diffusion may be concluded

to be neclicible. This is possible if the everorstion

is taking place in the interior of the s0l1lid or if

“he evaporation tekes vlace abt the surface and the

internal Aiffusior of water fs very slow and

sontrolline., However, 1° ‘A 1Tie. Towaver., 1 the solid is =o obviousl:s

~oros as to meite the latter mechanism imoropanles



she finding that the rate of drying is independent

or * .

&gt;f the gas velocity is a good indicetlon.that

svaporation is telring place in the interior of the

s011d.
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slane parallel to the surface, but from a zone

ff width depending on the structure of the solid.



PART II

VETHOD OF PROCEDURE



1 - Construction of Tunnel Drier

Most of the drying experiments made were carried

sut in a tunnel drier of wood and beaver board con-

struction, through which heated air was recirculated

oy means of a Sturtevant Monogram blower. The drier,

shown In Fig. 5, consisted of a rectangular tunnel

1.23 m., long having an interior cross-section 4€x46 cm.

The ends were fitted with rectangular galvanized iron

funnels tapered to fit 9 cm. galvanized iron pipes

"through which the air was recirculated. In this

return line and directly over the drier was a 5.00

2m. Standard thin-plaste orifice by which the amount

of air recirculated could be measured. However, this

orifice was seldom used as its purpcse was to

determine the air velocity in the drier, and it was

found by use of an anemometer that the air velocity

varied considerably at different points across the

cross section of the drier. The blower was placed

in the air return line just before the galvanized

iron funnel through which the air entered the drier.

In the air return flue and between the orifice

neter and the blower was an electric heater, attached

parallel to the length of the flue. At the end of

the drier where the air left was another electric

neater consisting of a zig-zag spacing of michrome

vire stretched on
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placed ai right sngl-s

direction of air flow at the point where the oir

entered the oc ry oe - fforremnl. Yen hoth

“rginle tc hest

 bhatt of the iz

~lectric heat  -

“he air in th \

in the rocm. Th
o’

“eae 5

means alr tight,

in fact there we “wanlings turoueh

X and ap tte me Ofteft. snd 2a tro volumeyvhich sir enterec co

oir in the systey was considerable, the vapor renova

doitle of fectProm the small samples dried had a nn

on the humidity of the air in the system. bo means

vas provided in this drier to maintain temversture

&gt; rumidity constant, although in most cases these

vere measured frequently throughout the period of

she exXperinent. The air temperefture snd humidity,

therefore, vneralleled those of the gir in the room

rlthoush due to beine hested, the air in the drier

ad &amp; low relative humidit-r.

The weilshts of the sample helng dried were

reassured either bv a laboratory nlatform balance

5Y Dv oa recording torsicn balance. in neither cace

neing removed from the drier. An ordinary olstform

nelence reading to 0.) em. was fastered on top

znd outside of the drier. A slot having several

cranckhes was cut in the panerbosrd rocf of tie drier



naling it possible to guide the Wires hook on wrich

wel 5nr ie sa 3 cedANnp 1 © WWIa 1 S un 3 P  &amp;oin Le* i 3 al Oo n tTLE S 1  Oo r t O a IDO 1Int

under the balance, where the welghing was performed,

[he sample was then returned to its original position

it being possible to dry several samples simultaneously

using this method. The drying was not interfered with

while the sample was being weighed, since the drier was

not opened, and the sample was not remov-4, Hhecords

Tow TT nos.vere kept of the weights and time

Tor several reasons

crmtinuous record co tT 0 ow

Por the duration of thr

a recordine torsi

spring was C7 L

about

f 4

mn

rales 4

eo sample

1 this

wd. The

c to

fey
df

Saand cow
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ciealver tf

3Pris assing
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ir.
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hend 1,
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ey +
ASNT

rec nr. mac 11
Tm

Ve 1 1% 4 ° ’ vertical

LY O Ll 47 *
dL
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0
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3 point above and cvubside the drier,

lhe pacer on which the record was made was attached to

by slowly rotating vertical drum. the supvort of



vhich rested on the top of the drier, This drum was

~onstructed of galvanized iron, and was €7 cm. in

Jiameter with vertical sides 19-20 cm. hich. Un

"he under side of the upper enclosed face wag fastened

&gt; circular iron track resting on three casters

cpproximately ecually spaced around the perimeter of

-he track. The horizontal top of the dru. rested

not only on the casters but on a wheel attached to

"he vertical steel drive shaft which in turn was

supported on a ball thrust bearing. Lost ff the

velcht of the drum was Lorn by this shaft and

shrust bearing, the troeck and casters serving main:

0 keen the perimeter of the drum horizontal,

&lt; of reducing gears &amp; small

synchronous moter 7 the type used in eloctric clocks

Fas mag + crive th
Fyn 11s LA. o Ty - n

 drum £7 a unLlio tn gpeed.

he speedo

hours, C

Strong wire

~~ El

1 drum wa.~ C . reve
Ad

- lll

’
1 .

3
FEET Cl. Dor a ve poerineter.

ISIERG:oer ~ 1 orn the

rertical fac AX DET Llu

was of auch

Tuan

court that the

vai 1anle he ow  the vnacer on the drum could

record a change in welght of about HU-6C crams,



zefore each cvperiment the balence was ~zlibreoted

ver the weight rance expected. Welghts approximsting

- andthat of +

ma ricIts mar renge I

5C gms.  ~~ garlicTTY wed

&gt;f line  RC

Tomary av

1 had on it“he 10v
ir

lines
- Nr,

EA, ;

orn la,

he tote” = Tou 17.
-

“stein the end of

the eXperinr

salance, end th

in welght., sinc

relghts differing Lv o

nearly 3.2 cil. avart each zram was represented by

2 vertical distance on the chart of 3.2 m.n,, and

che accuracy of the record was probably to within

considerably better than ¢.5 gm. The continuous

© nex a13 Co 3 Aii] yy nlatiorm

~ chanme

lines representing

always very

record offered an especially convenient means of

neaguringe the rate of dr ing, since the tancents

0 the recorded curves could bo measured with rvelativelr

hich accuracy.

The sample wae hung so that the drvine faces

vere rnarallel to theldirection of air flo. and

cramainad so except for some side to side turning

of larce light samples. The helical spring was



twisted slightly to hold the pen in contact with the

pacer on tne drum and this prevented turning of the

wire on which the sampl!c was hung. Whenever the

recordi T= T= en Wai 11” san  owas hung in

drier evcent for movement

1pwards as dryin- pron ded, The direction and

he same posivic: I.

velocity of the air in these runs was, therefore,

always the same, The alr velccity at this roint

vas too low to measure accurately, but was C.5-1.C

n. her second.

The alr temperatures, dry and web bulb

vere measured by either glass therrometers or thermo-

couples. When thermocouples were used 2 single

copper-Ideal counle was used to measure the dry bulb

cemeerature, and a plle of eight couples in series

used to meadure the wet bulb depression. For the

latter purpose alternate 10 cm. lengths of ZZ gauge

copper end Ideal wire were twisted and soldered at

the ends with fine spaghetti rubber tubing as

insulation between joints. The wires were bound

zomether, lyingoarallel to each other, with eight

iunctions. at each end of the bundle. 4A cloth wic

vas fastened around onset of junctions, and fed

Oy water in a2 small bottle kept full bv a sirvhon from

y small constant level tank outside the drier.



‘he junctions under the wick were the cold junctions;

he others exposed to the air in the drier were the

not junction. The bundle was calibrated by lvmersing

the cold juncticns 1n ater at various temperatures,

#hile the hot junctions were exposed to the air of

the room, the temperature of both water snd air being

neasured by glass thermometers reading to (.1° C.

lhe dry and wet bulb temperaturc- of the air

vhen measured by thermocouples were alwey r=acorded

oy a Brown recording prrometer kindly loanc

the Hcod Rul 7 Thi. i» ve

recordint

couples, =

temperati dry and wet bulb

1ir ten [ re ~ Ler.
¥

surface

of th

he .

D5 eat. WAT
ce B80, nn Walle

the surface
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re —
jt f

fl Lo near

‘wed toEile L

orotrude inbo t.

actually of the temud

and solid. This vl

rement was

tween alr

allarly

LW

~o thet used for th. me i sal €E ite "the wet bulb

jevression, and the leads were of lightly coiled



fine wire so as not to influence the recorded weight

e f oa a &lt; Yr Tr ™ oN Tp ~¥ i &gt; ] SC % ° hn 513 ad \ = As oce SL

class thermometers were used for the wet and dry bull

cermperatures of the air, a Leeds and Northrup

r&gt;otentiometer indicator was used in connection with

his trermopile measuring the temperature of the

sammie.

Vith the helical spring used throughout,

che deflection corresponding to the width of paper

on the drurt was caused by a change in weight of

50-00 gms. In cases where the sample contained

nore than that weight of free liquid, 1t was necessary

0 readjust the position of the spring 2t some time

during the run. The height of the spring was

cdiustable by means of the windless on which was

vound the cord from which the spring was suspendec

"his also adjusted the vertical position of the

cen on the reccord. At the start ci the run the

vindlass was adjusted so the pen was near the

sottom of the pawer and left there during tre first

cert of the run. As the drying proceeded the ven

rose and when at the top of the paper was replaced

at tre bottom bv readiustment of the windlass. This

rocedure was reveated as often as necs=ssry during

Che run.



3 Preparation of 8amples

Whiting

he whiting used was fine calcium carbonate

prepared for use as 8 pisme-h ir rubber compounding.

"This was mi” ~~ d in a mortar

forming a

Poplar wo-

C3 oahinme,

 rd of the thicl-

nega desire wood was shellsced

 with hot paraffin to ovrevent

mid. At intervals around the

and rubbed &lt;

“he absorntic.u .

-wo sides and ton of the wood froce gmall holes were

ingserted tie cold junctiors

of the eight-junction pile uscd to messure the

temperature of the sample. These junctions vro-

truded 2-3 em. into the interior of the wood

”

frame and the het “unctions 6-7 cm. out into the

surrounding ail. "hen the whiting paste was well

nmeaded 1t was pressed into the frame and both

spen faces leveled off. Care was bLsken to have four

~ouples nesr each face and all counles as nearly

1a possible 2-4 m.m. from the surface. Thig

forming in the frame wes done auicklvy and the sample

hen hung in the “rier tc start Lhe exeriment.



Then dry tr» dry welght and tare were “tained by

velghine = "7 platform baleona. Tater, samnles

Tined with tia foil withoutsere fo

sherm-orecnd frome revoved before the stuart

YE run. 1e whiting block with edges

2overed with tin f

Ile o Wa ose pulp Tap obteined

"pom the fasta Veo LD oy Ae » ~™ £3 . —

+ Co. Some samples

ried were cut from the shoast-

other cases the pu™m wa " nressed into

blocks. The sheets werev.omu inte gm nieces and

ligested in steam and het water, forming a fsirly

Pine and homogeneous suspension of ths libres. This

material was screened and vressed by hand into thick

sheets. In the "pressed pulp" samples these were

oregsed mechanically between heavy brass plates,

1sing a pressure of about 24 ¥g. ver sqg.cm. The

"hand pressed" samples were pressed by hand rather

J 1 !ve (1 ® +V

shan mechanically. No wood frames were used with

hese pulp semples. Smell holes were drilled sround

:he edges of the thick samvles, and the cold junctions

of the trermwopile inserted 2-3 cm,.,, the hot Junctions

orotruding into the air, The edees were covered

7ith varaffin or colleodion to vrevent loss of water

nd secure the thermocouoles. In the vuln samples



she thermocouples wer. inserted ab the center line

&gt; the slabs. The sample was soared under wabter

an. hour or rore th “riace water shaken

&gt;Ff, and the sazmole hr Tan2B1el
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Jem YVoilsture Cradient LDeterminetions

Volsture gradients were determined at various

~ Ea or ~ 31 . ATV Yo T “3 ~ ~~ Oy LY yam t oy ALi! LJ voy an
pt [Sh -— So Aa y on A wo ANC ¥ Yd bd kd - ~iN { \ (5 IK; ce aD OF 0 9 1 oy 31 &amp; i. “+ &gt; .
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Lhe same soon “loo
~

wd a I

TRLGT was

ised Tor gradient mepsurewments at difreront bies

Turing the drying process. A square chunk about

3.3 X 3.3 cm. wag cut from the face of the soszp slat

ceine dried, snd the edges of tine square hole

so formed immediately lined with Tin foll To »mrevant

drying from these surfaces. The chunk cut was

placed in a square welded steel frame into which

It just fitted, Square ricces of iron 3.5 cm. xX

33 Xie X 1.9 mem, were placed in this sheel

“rame under the soap chun one at 2 time, thus

» . = ~ ¥ a. iL Ns opis » 5) J

raisins the uvner face of the soap by increments of

\ rr A sn - 3 0 wn 1 deVa on mmm Pe A “AY Te

aprroximetely 1.9 nm... above the uonper [sce of the

steel frame. Tach time the sosp was vreiced in this

vay the soap protruding above the upper face of the

steel frame was sliced off with uw sharp lnils,

[n this way the whole chunk woe sliced parallel

che drying faces into thin slilces aoproximately

cgual In thicknesses, As each one was sliced 1t

vas welshed cuickly on a welghed watch glass and

olaced in the heated drier. The soap chunks wers



3liced into 13 slices, the first and 13th belng

" C }- [vie 2 VV 62 3 i 7i After comings to conshant weiehthe Tece slices, After

he slices on the watch lasses were asain velgned

nd the originsl water content of escn slice

~aleculated.

- . wl, BL Po VTE 7 eo] 1s &gt; ora nts in vhiting wereThe molsture gradients 1

Jeterwincd in a sinilar manner excent the chunks

ut for slicing were each taken rom a separate

vhiting block in a wood frame. Iloreover, these

Frames were 3.10 cme thick so that instead of

cutting 13 slices from face Lo fzee ¢f each blocl,

only nine slices were cut, from the surface In to

croint a little bheyond the center line of thie slab.

In the cast C* the pressed pulp the chunks

TareT Dufire the shart

oeubtiier

ceed Grying.

Ta she sian
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Jrvine face as In the case of the soap or whiting.



De— nrxperiments on the Effect of Air velocity

4 gerles of experiments was carried out be

jetermine the effect of varying alr veloclty pasty

the surface of wet pulp (Runs V-1 tc V=19), These

vere carried oub in a horizontal L

iron pipe through whi~ air was forced by a blower

Jriven by an elcetr’»motor. Sore tv To the

cls 1.8 gcolvanilzeo

cower line toe the motor 07°F means Jf varying

“he blower speed and the Co locity. Ll

“lock pf pulp with tre edge “veered wlio

cement was plscoc upto 7

From the exit ¢

ander weber fF

removed by a.

minutes ©

nis w:

&gt; war fift=en

ninute 7
 ma Al 1 ur

eJ

Alron a J

ve 100.

Jirect

-

position

ample.2 oYre
N

 ud  or hn sg,

Me wet and dry Hus: y temperatures of the alr were

neasured by thermometers placed in the air blast
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required from three days to two weeks, depending

&gt;n the type and exposed area of the sample. The

ry weight of the sample was obtained using dry

1ir conditioned with concentrated acid. The

wmidity of the air used was found from the acid

strength by reference to published humidity

 U2 Bares Liwasn 5 . eq 12 + i 4

sguilibrium data of sulphuric acid. At the tine )

the final weighing of the sample, after a constant

wey ghteerte had besn reached, the acid In the sccond acid

bottle was titrated with standard sodiwn hydroxide

solution, In order to speasd up the determinations

“ive trains as described above were used, and the

samples switched from one to the other, five

Jifferent acid strengths belng used. Lguilioriuw

vas approached from the wet s 2 in some cases,

and in others from the dry a:

1ifficuit to do both for the sane strength acid,

38 the acld strength changed slowly.



PART ITI

DISCUSSION OF RESULTS



Definite examples of the three general drying

nechanisms described in the introduction will be dis-

sucsed in detail, These are: internal diffusion con-

trolling (Case I): surface evenoration controlling (Case II,

and internal evaporation controlling (Case III or IV),

They will be discussed in that orcer, the first ceing

illustrated by data obtained on the crying of soap

(Runs © — 10). The second case is illustrated by data ob-

tained on the drying during the constant rate period of

water from several solids, ana of several liouilds from

whiting, The third case will be illustrated by data obtained

on the drying of puln durinz the falling rate period,

The drving of svecific solids such as clay, wood.

ouln and whitinz will be discugsed in detail in lster sec-

{ons



{NTZRNAL DIFFUSION CONTROLLING — SOAP

Soan is a well known exam&gt;le of that class of

solics through which water

rate o7 drying 13 .

nal diffusion, Thc a fT oruns

3 period of five month. © the .rriarx

&gt;f soz2p slabs Fiva thoor

J.e3, 1,27, 1

the 2 5% om, 81:0 wa: ue.

The init® ~

determine.

"ffuses ser T-wly thet the

 =» rate of inter-

“*ained over

——

731 thicknesses

*s were used,

velv, although

sstwuTe gradient date

 Ye Ivy tasis as

ff well-

med, 4

C.i1 T=

nixad wv

cert “NQ cent re-

Ere
~.

total

ad 2 area ni to:

~ &gt; the two

sider wr

ares for duvs

22,7 of the face area, Moreover, since the swace between

frame, the fresh

~ Was au the 208t 4.5 to

the slab =tze face ant the wood frame was never more than

soout 3 mm,, the difficultyofcryingfromtheseedsesur-

faces w=g8 lar;ze comparad to that from the face areas nast

rhich air was flowin, The conditions therefore aporoxi-

nated the drving of infinite slabs,



»

The drying of solids under such concitions was

tiscusesed in the introcuction anc the following relstion

Jerived:

nw 2 Q Tr, or (yp

s | te EN
7 = TE &amp; ST &gt; + oF e

Thare

mom
~— J +7 » I 1 +3

T=. 3 = ratio of free water to initial

To— Tg free water

nN. X8
= 25

{ = licuic¢ diffusion constant

 YD -—2 = half e£lab thickrece

&gt; = tizrxe from start of drving

Tig Telation vetween © and | is shown ~lotted

on semi-log paver in Fie, 2. In order to compare exneri-

rental data with this egcuaticn, various values of X mav be

J 0 0J

ssgumed and the deta plotted ee E ve, } on Fir, 2, the

neat value of X beinz that which gives the best comnaricon

of tre data with the thenretical curve. This method is

lacoricus, however, and was abandoned in favor nf the use of

n anecial nlotting vaner.

L smecial plotting paner was constructed, using a

aniform abieiidsae scale, but so chaning the ordinate scale

a8 to force the theoretical relation (2) to be a straicht

Line. Then using this special naner. since the abscissae



acale is uniform, data followinz the theoretical relation

(2) will fall on a straight line when plotted on this

. = N ™ - &amp; =" :

2aner as E vs, | ae B ve og or as &amp; vs © By compari-

gon of the location of such a straight 17 nr

fneoretical line, the value oF X may +  *=+3d for, directly

The data of several runs for slebs of the same material but

»f different thicknesses plotted as E vs &amp; should fall on

ctreight lines the sloves of which would vary inversely as

he square of the slab thickness,

Fig, ( shows the data of runs

"JR)2, Lines are shown as there were So

»

nletted as E vs

nany readings as to make to plot confusing if it were at-

tempted to show the voints, The plotting paver used is the

snecial scale mewner descrikted above, on which the theoretical

relation (2) is represented by a straight line, The lines for

the various slab thicknesses coincide fairly well, in spite of

the 25-=fcld variation in the term R2, The thicker slabs

appear to drv relatively faster, when compared on this basis,

This vnhenomenon ies no doubt Gaue to the relatively oreater

2dge surface. exnosed bv shrinkage away from the wood frames.

af which a certair amount of arving takes nlace., As ovnointed

out above, the face area of all the slabs was the sare, so

that the relation of edge surface tn face area was propor-

ticnal to the thickness. Althouch the theoretical relation

ie represented by a straicht line on this nlot, the lines

renregentine the data on soavn are seen to curve in eseh
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case, at values of E of 0,50 = 0,55, This curvature may be

explained as being due to a decrease in the diffusion con-

stant XK ae the drying vroceeds and the moisture concentration

falls off, The decresse in K is no doubt intimately connected

in this case with the shrinkage of the soan, It shows up in

the plot of the data as a decrease in the slope of the drying

curve and a conseouent curvature.

An apvoroximate value of K for the soap may be ob-

tained by comparing Fig. 6 with the theoretical relation on

Fig, 2, For example, in the case of runs 6 and 7, a value

&gt;f E = 0.60 is reached at 6/(2R)® = 210, Fig. 2 shows the

sorresponding value of 1 to be 0.126

MN = 0,126 = XK6/R® = 310 x 3600 x X

and K = 2,82 x 1072, which is an anvnroximate value of XK be-

tween E = 1,00 and E = 0,00, i,e,, between average water con-

centrations of 20 and 12%, dry basis, The value of K is less

then thig in the later gtages of drving, but its relation to

i

the moisture concentration of the soavn is not easily ceter-

nined from the data obtained.

The decrease in diffusion constsnt X with moisture

concentration is also indicated by the moisture coradient

data obtained in Run 9, Fig, 7 shows the moisture gradients.

with vercent free water on the dry basis plotted versus the

location in the slab. The vwoints are vlaced at abscissae

representing the center lines of the slices analvzed. The
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initial moisture gradient is represented by a horizontal

line at 20.2% free water,

Date was obtained on the moisture gradients in the

same slab after 166, 283%, and 1152 hours, and are reoresented

oy the three solid curves on Fig, 7, By gravhical integra-

ion of the area under the third curve the average moisture

concentration at that time was found to be 1%,1%; E is there-

fore bes or 0.65. The theoretical moisture gredient curve.

(from Fig, 1) corresponding to a value of E of 0.05 is shown

by the dashed line on Fig, 7, The actual gradient curve is

therefore seen to be much flatter than the theoretical curve

for the same free moisture in the slab, Thie may be exvlained

5s being due to the lover values of the diffusion constant X

2t the lower moisture concentrations, i,e, near the faces.

There X is low a relatively steever zradient curve is neces-

sarv to cause the water to diffuse than in the center where

moisture concentration and consequently K is sreater.

Discrepancies in the sosv drying data as compared

1th the theoretical relations are therefore found to ap-

near in three ways: in the failure of the curves of Fig, 6

to coincide; in thelr failure to be linear; and in the com-

parison of the moisture &lt;oradient data. The first is ex-

olained by the exvosure of the slab edges to drving as the

soap thrinks, the thicker slabs exposing a relatively larger



2&gt;dge area, The last two are explained by the decrease of

the internal aiffusion constant XK with moisture concentra-

ion.

As pointed out in the Introduction, values of 1-%

calculated from equation (2) when nlotted vs. on log

paper give a curve linear over a wide range, but asymptotic

to 1-E = 1, (see Fic, 3), Fig, 8 showe the data of Runs

65-10 on soap, vlotted as 1-E vs, ©, on log paper, By

plotting in this way, the data are seen to fall in nearly

straight lines, anc in generel to parallel the theoretical

curve, The decrease in X with moisture content shows un in

the fact that the slopes of the data curves decrease more

repidly than does that of the theoretical curve, indicating

a relatively lower Oryinz rate in the later stages of drying.

By dividing the abscissae by R2®, the gurves could be broucht

rerv- close tozether, althouzh at hich values of 1-E they would

oe found to fall in orcer of the slab thicknesses, due to the

sxposure of the slab edzres as descriped above,
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B — SURFACE EVAPORATION CONTROLLING

Constant Rate Period

The second drying mechanism to be considered is

described briefly as "surface evaporation controlling",

The liouid evaporates at the surface and the resistance to

diffusion of vapor through the surface zas film is large

comnared with the resistance to diffusion of licuic through

the solid to the surface,

The adiabatic evanoration of a liouica from a

lisuid or from a wet solid surface has been discuseed in the

Introduction, The fundamental equation aonplying was seen to

oe the gas film diffusion ecuation,

dW = KoA - Dp
5 s (pg "

rhere
W a . .

eu = rate of crying, weight evanoratedverunittime &amp;

A = effective surface area

Dg = Partial vapor pressure of vapor over liquid

py, = vartiel vapor pressure cf vapor in the main

bodv of the gas.

Koa = surface coefficient of vavor diffusion.

Effect of Forced Aim Convection

In manv drving overationg all or nesrly all of

the drving is accomnlished during the constant rate period,

and the mechanism is that of surface evaporation controlling,



Factors affecting the rate oi arying unaer these conuitions

are therefore of great importance, High air temper=ture

will cause pg tc be large; dry air corresmoncs to low

values of pg; anc thin sheets expose large drying surfaces

per unit weight of material, Fowever, tor a oiven shave

of the material being dried adiabatically uncer definite

conditions of air temperature and humidity, the rate of dry

ing can be influenced only by factors which influence the

coefficient Kg. The most immortant variables affecting Kg

are the direction and magnitude cf the currents of air or

&gt;ther as used,

In runs V-1 Lp 7-19 inclusive, very wet blocks

5&gt;f nressed pulv (5,0 = 5 2 x 1,52) (cm.) containing over

100% water, were dried in « sm.ll flue throuch which air

ras forced by a blower, Freauent we’ghings were made and

the rate otf drying at the instant when th+« vulv contained

100% water was calculated, Since the edges of the block

rere covered with a cement, and the block was nlaced lencoi-

tudinallv in the flue, the actual drvinzs took place from

faces placed warallel to the airection of air flow. The air

velocity was chanzed from run to run, and measured in each

case bv an anemometer in the flue.

The actual temnerotures nf the sample were not

neasured, but assuming for the moment that this verv wet

vuln actually reached the wet bulb temperature, the rate ot

svavoration as gms./(hr )(sa.cm.)/(oc ) mav be calculated



oy dividing the rate as gnms,/(hr,)(sa.cm.) by the ob-

served wet bulb depressicn, This has been done and is

shown plotted vs, air velocity in Wiz, 9. In this plot

lozarithmic paper is used and the slope of the line is

roughly 0.6, indicating the rate of evaporation to be

proportional to the 0,6 power of the air velocity, This

Is approximately the same as the exponent found by Chavnell

and Moadamstt for the variation with air velcecity of the

coefficient of heat transfer from alr to the outside of

pipass, An analoxy might be expected, since the resistance

to aiffusion is in each case an air film whose thickness

devends on the alr velocity past the surface. The curve

aporoaches an asywptote at the lower ena corresponding to

the value of the rate of vaporization under concitions of

natural air convection,

The same data tozether with that of Tul? are

shorn replotted on ordinary coordinate paver in Fis, 10

Tu'e data was obtained in a similar manner, but using s

thinner pulp block | ,32 cm,) The actual

temperature of the bi » wan measured tv several thermo-

couvrles in series inserted in the sample, The actual

temverature difference so founda, rather than the wet bulb

depression, was used in calculating the rate of evaporation

ser ©. Since the temperature of the samnle was 2lwavse

3lichtly hicvher than the wet bulb temperature. the actual
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temperature difference is less than the wet bulb depression,

and the rate of evaporation per ©C, calculated using the

actual At mizht be expected to te relatively greater than

she same rates calculated using the wet bulb decressions,

The temperature of the pulp may be shown to ap-

proach the wet bulb temperature as the air velocity is in-

sreased. This follows from equation (16).

(t, — tq)= KsTs A (pg-pa)
a S (HA + NA)

where t, — to 1s the actual temperature uifference, hy, 1s

the surface coefficient of heat transfer from air to wetted

surface, and H is the overall coefficient of heat flow from

air to wetted surface, via the dry surface; i,e. from air

to the drv surfaces, ana throuzh the solid tc the wet sur-

face where evaporation takes place, Since the resistance of

he solid is such a large fraction of the total resistance to

heat flow in the second case, H may not be expected to vary

appreciably with air velocity, Furthermore, even at low air

velocities, H will be small comoared to hg, anc since for the

axperiments with pulp blocks described A' was less than A,

ho A will be large compared with HA' in the denominator in

Bouation (16). At high air velocities, HA' will be negli-

zible, and the ecuation may be written,

(ta = ts) = £258 (pg = p,)



3ut the wet bulb depression is seen from (13) to be

Kgr
ta - ty) = He (Py = Dg)

(13%)

whence, under the above conditions, tg = ty

Thus as the air velocity is increased, the surfeoce tempera-

tare aporoaches the wet bulb temmerature, and the temverature

jifference approaches the wet bulb devnression.

In a similar manner it may be shown from (1%)

that for any given values of hs and H, the surface temnera-

ture apnroaches the wet bulb temverature as the dry surface

A' is made negligible compared with the wetted surface A.

he ratio of the terverature difference to the wet bulb de-

nregsion is a function of the ratio of dry to wetted sur-

face, as will be discussed below in connection with the

sxperiments in the tunnel drier, These experiments indicate

that for the low sir velocity used in this drier, a ratio

of A'/A of 0,6, as in the case of the block used in runs

V=-3 to V-19, corresvonds tc a temperature difference At

of about 65-70% of the wet bulb depression. With the high

alr velocities of some of the V-geries of runs, the temvera-

ture difference At might be exvected to apnroach closely

the w~t bulb depression, The above assumption, that the

wet pulodo actually reached the wet bulb temoverature, which

vas used in calculzting the points for Fig, 10, is valid



for the high air velocities, 1,e, at the right hand side

&gt;f the plot, At the left hand side the error caused by

this assumntion is seen to cause the calculated values to

oe some 35-40% lower than they should; the true curve should

therefore be similar to that shown dashed, of a slope

nearly the came as the line throuzh the points representing

Tu!s data.

Both curves on Fig, 10 are higher than would be

axpected for the limiting case where the whcle surface is

vetted, i.e. A'/A = 0, From the hest transfer noint of

7iew the added dry area (the rates shown are per unit wetted

area) increases the heat inflow (and hence evaporation) more

than encugh to offset the reduction of heat flow due to the

iecrease in temverature difference below the wet bulo de-

oression, Or, since the added dry surface is seen to raise

the surface temperature above the wet bulb temperature, pg

and consequentlyApareincreased. For the author's data

sn Fiz, 10 the ratio of A'/A was C.6: for the data of Tu

shown this ratio was 0.16; for a wholly wet surface the

sorresnonding curve should be somewhat lower than either

&gt;f those shown,



COMPARISON OF VARICUS DATA ON EVAPORATION

FROM LIGUID SURFACES

Date on the effect of air velocity on the rate

of evaporation from free licuid surfaces 1s of

Lmportance in drying during the constant rate pericd.

In this part of the drying prccess the surface 1s wet

with liquid, and except for complications due to

the presence of .the solid, as previously discussed,

the process 1s essentially that of the evaporation

of a liquid from a liguid surface. Since the rate

»f evaporation varies greatly with the air velocity,

2 knowledge of the cuantitative relation is of value

in the calculation of an economic balance to determine

the optimum air velocity to be used, Considerable

data on this subject is available in the literature,

and some of the most important has been collected

and represented by curves on Fig. Jf. The rate

of evaporation is expressed on this plot as gm. mols

per hour per sg. meter per m.m. partial pressure

difference, and the air velocity in meters per

aecond.

W.H.Carrier® concluded from his own data,

together with that of Coffey and Horne® that the

rat= of evaporation of water was a linear function

of the air velocity and directly proportional to

he partial pressure difference. or "driving force’
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Carrier gives his conclusions in the form of equations,

vhich when rearranged, are

G = 1.045 + 0.92 u, for parallel flow

of air, and G = 2.21 + 1.90 u for transverse flow of

air where G is the rate as gm. mo s/(hr.)(sq.cm.)(m.m.,

and wu is the air velocity in m./sec. These

equations are represented on Fig. II by lines drawn

over the range covered by the data.

Perhaps the most @y¥ tensive and valuable

data on the evaporation of water was obtained by

Hinchley and HUE 4 These investigators evaporated

vater from shallow pans planed flush with the floor

of a tunnel drier through which air was forced

at various velocities, liaintaining the air velocity

constant, they varied the water temperature, and

nence the partial pressure difference Pg = Pgs

&gt;r Ap. As did Carrier, these authors found the rate

of evaporation to be directly proportional to the

partial pressure difference Ap, and to be a linear

function of the air velocity. They express their

results in the form of an equation, which when

recalculated, may be written

 = 1.72 + 0.75

I'he line representing this ecuation is shown on

io. 11.



13

leB.Hine has published data on the rate cf

vaporization of liquids other than water, namely,

nitrobenzene, toluene, m-xXylene, and chlorbenzene.

These experiments were carried out on a large scale

in a large ventilating flue at Edgewood Arsenal,

svaporation teking place from a round copper pan

50.06 cm. in diameter placed flush with the floor

of the flue. The data obtained show that fo: the

licuids used the weight evaporated per unit time at

any given wind velocity was provortional to the

product of the molecular weight and the vapor

oressure. Since the air used conteined no vapors

of the liquids, Ap is equal to the vapor pressure

of the licuid. Thus, the gm. mols evaporated per

unit time per unit Ap was constant at any wind

velocity, and was found to be a linear function of

che wind velocitv. The results were surnarized

in the form of an equation which may be rewritten

1 8

ry
1 = 0.365 + 0.815 u

and is also represented on Fig. IL. The average

deviation of the results from this equation, for 46

runs, was stated to be 10.72 per cent, neglecting

signs. From the plot by Hine, showing both the

experimental points and the above squation, it

would appear evident that the first and second



constants on the right hand side of the equation

are too low and too high respectively.

The data of Tu and of the author, as

shown in Fig. 10 have been replotted in Fag. Il,

for comparison with the data from the literature

discussed. In order that this dats-might be put

on the same basis, i.e., the rate expresse! as gm.

nols per hr. per sg.m. per m.m. Ap, the

assumption was made that one m.m. Ap was

equivalent to £.0° C. At, which 1s very nearly

crue. when the surface is at the wet bulb temperature.

If, hcwever due to the presence of dry surfaces

in clcse proximity to the wet, as in the case of

the wet pulp blocks, the sample temperature is

raised above the wet bulb temperature, the At

is decreased and the Ap increased, and the ratio

Ls rapidly altered,

Since in Tu's experiments the actual

surface temperatures were obtained by means of

thermocouples, it is possible to calculate the

actual Ap, and hence to replot Tu's data on the

same basis as that of Carrier, Hine, Hinchley

and Hirmus on Fig. ff. Tu's dats is recorded

in such a way that it is possible to recalculate

only about half of his runs, but the location

of the resulting points is indicated by the



jotted line shown, marked "Tu, recalculated’

As predicted above, this correction brings this

data down in line with that of Carrier, Hinchley

iimus and Hine.

and

In passing, attention gay be called to

rig. 12, from which is easily obtained the partial

pressure of water vapor in air, given the wet and dry

bulb thermometer readings. This plot is found

convenient in calculetion of Ap, as in the

recalculation of Tu's data, above.

It is to be noted that the lower curves of

Fig. IY. i.e., those of Carrier, Hine, and Hinchley

and Himus, represent the relation between the air

velocity and the minimum dryins rage per unit wet

area, under conditions of drying at constant rate.

This minimum rate 1s obtained when there is no dry

surface near through which heat may flow to the

evaporation zone. These curves are of value in

oredicting this minimum drying rate. Caution nust

De observed, however, in using these curves for

the prediction of drving rates of liouids other

than water, for. as will be explained below, there

is doubt 2s to the value of Hine's method of

correlation.
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EVAPORATION OF WATER FROM WHITING, CLAY, AND PULP

DURING CONSTANT RATE PERIOD

As pointed out above, the constant rate periods

in the various drying experiments are examples of drying

with surface evaporation controlling, and fall under Case

II of the original classification of drying mechanisms.

Most of the experiments carried out with whiting, clay,

and pulp showed evidences of a constant-rate period, and

the data on the constant-rate period for these runs may

be separated for analysis. This has been done for a

number of runs using water, and the average drying rates

etc. summarized in Table 1, below. The conditions varied

somewhat during this part of the experiment for any one

run, but in most cases did not deviate greatly from the

average values recorded.



TABLE I

Run MATERIAL

33 WHITING

35

31

72

16+

21

30

38 *

39

»

Ratio Heat Transfer
dry to Gms. /hr. Gms. /hr. Gms./hr. Coefficient,

Thickness +t D.B., wetted Gms./hr. sg. cm. BG, Cm. sq, cm, Ce. E+ So

_ Cm, eg. -W.B. 3urface /sg.cm. /°C. t+ [°C.(D.B.-W.B.) /mm.p _ H.___

0.63 12.3 13.3 0,33 0,0318  0,00259 0.00240 0.00414 0.000397

0.63 10.4 11.3 0.33 0.0264 0.00254 0.00233 0.00399 0.000388

1.59 9.2 10,4 0,69 0,0279 0.00303 0.00268 0.00446 0.000461

2,54 11.6 12,5 1.33 0.0419 0.00361 0.00335 0.00456 0.000569

3.17 8.5 10.5 1.84 0.0574 0.00675 0.00546 0.00615 0.00099

3.17 9,0 11.1 1.64 0.0392 0.00435 0.00353 0.00467 0.000715

3,17 12.5 15.0 1.6% 0.0516 0.00413 0.00344 0.00527 0.000649

3417 7.7 8.5 1.67 0.0459 0.00596 0.00540 0.0093 0.000933

3,17 13.0 16.4 1.67 0.0529 0.00406 0.00322 0,0042 0.000603

3.81 9.6 12.1 1.78 0,0361 0.00376 0.00298 0.00342 0.000619



TABLE I (CONT'D)

51 PULP

56 4

37

36

10 :

43

50 CLAY

&gt;9 "

58 0M

0.69 14.9 18.7 0.093 0.0395

0,69 15.7 19.5 0.093 0.0437

0.76 8.3 8.9 0.118  0,0264

1.12 12.3 13.7 0.149  0,0388

1.70 15.1 19.6 0.396  0,0572

1.80 10.5 13.4 0.322  0,0405

0.00265

0.00279

0.00318

0.00315

0.00379

0.00386

0.63 16.1 19.% 0.33 0.0395 0.00245

1.59 12.9 15.6 0.69 0.0348 0.00270

3.17 13.5 18.1 1.64 0.0490 0.00363

0.00211 0.00313  0,000394%

0.00224 0,007.3 0.000418

0.00296 0.0058% 0.000607

0.00283 0.00411 0,0004Y41

0.00292 0.00377 0.000575

0.00302 0.00412 0.000556

0.00204 0.00326 0.000373

0.00223 0.00329 0.000407

0.00271 0.00349 0.000548

Sa

LG



Considering first the runs with whiting it is

seen that the rate of drying as gms. water per hour

per 8q. om. varies roughly two fold. Runs 16 and 38 are

seen to be out of line with the other eight, and this is

explained by the fact that in these two cases the samples

did not occupy the regular position in the drier on the

hook of the recording balance. In these two cases the

samples were placed on the floor or hung from the roof of

the drier, locations where the air velocity past the

surface differed from that obtaining in the region of

the recording balance. This is indicated not only by

the abnormal rates of vaporization but also by the high

values of the coefficient of heat transfer H. The other

eight runs with whiting are more uniform, and in general

the rate of drying 1s dependent on the humidity conditions

of the air. Attempts have been made to allow for the

varying humidity by calculating the rates as

gms./(hr.)(eq.cm.)(°C.At.),

Ag gms./(hr.)(sq.cm.)(°0. Wet-bulb depression),

and as gms./(hr.)(sq.cn.)(m.m. actual Ap.)

The latter was calculated using the actual difference

between the vapor pressure of water at the temperature

of the sample and the partial pressure of water vapor

in the air, m.m. The per cent deviation from the



average, neglecting signs, for the eight runs considered

was 17%, 13% and 7%, respectively, for the above three

terms. The data are thus seen to be best correlated by

expressing the rate as gms./(hr.)(sq.cm.)(m.m.Ap.), the

average value of which for whiting is 0.0034.

Since the surface temperature of the sample, and

consequently the vapor pressure of water on the surface

changes with the relative amount of dry surface in

proximity to the wet surface, the calculation of the

rates as gms./(hr.)(sq.cm.)(m.m.Ap.)allowsforvaria-

tions in the ratio of dry to wetted surface. Correlation

on the basis of gms./(hr.)(sqg.cm.)(°0. wet-bulb depression)

does not do this, and it would be expected that the latter

would vary with the ratio A'/A. Fig. 13 shows the data

of Table 1 so plotted as to show this relation. An

approximately linear relation is found for the clay and

for the whiting, both of which were dried in wood frames.

The greater shrinkage of the clay away from the wood

frame possibly increased the overall resistance to heat

flow to the clay, via the dry surface, more than in the

cage 0f the whiting, and may explain the lower relative

position on the plot of the curve for clay. The edges

of the pulp slabs were covered with either varaffin or
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M.J.B. cement, of varying thickness, so that as might

be expected, a definite relation is not indicated for

the pulp. However, it is significant that the inter-

cepts of the three curves at the ordinate scale, i.e.,

at the point corresponding to a wholly wet surface,

are nearly identical, indicating that the rate of drying

under similar drying conditions is the same for all three

materials, during the constant rate period. Moreover,

the value of the intercept, 0.002 gms./(hr.)(sq.om.)

(eC. wet-bulb depression)al.ll gm. mols./(hr.)(sqg.om.)

{°0.), corresponds to about 2.2 gm. mols./(hr.)(sqg.ca.)

(mem.A p.), which checks well with the value read from

Pig. 11 for evaporation from a free liquid surface using

an air velocity of 1.0 m./sec., which was approximately

the air velocity used in the tunnel drier. This sub-

stantiates the suggestion made above, that the four lower

curves of Fig. 11 might be used to predict rates of

drying of wet materials during the constant rate period.

The same thing is indicated by the fact that the average

value of the gms./(hr.)(sq.cm.)(m.n. actual Ap.) for

the 17 runs of Table 1 (excluding runs 16 and 38) is

0.00417, or 2.32 gm. mols./(hr.)(sq.m.)(m.m.).

The overall coefficients of heat transfer

reported in Table 1 are calculated on the basis of

the wetted area only, and it might therefore be exvnected



that these coefficients would vary with the ratio of

dry ta wetted surface. That such ies the case is

shown by Fig. 14, which indicates that H varies with

the ratio A'/A in a similar manner to the rate of

vaporization per °C. wet bulb depression. (Fig. 13).

The plots are similar, the varying thickness of the

edge coating on the pulp slabs again causing the points

for pulp to fall erratically. The intercept of 0.000325

for a wholly wet surface corresponds to a value of H in

English units of 2.4, and it is interesting to note that

Chappell and McAdamelt give this value of H for about a

2 cm. pipe when air is flowing transversly with a

velocity of 1.0 m./sec.

The similarity of Figs. 13 and 14 suggest that

the rate of vaporization varies directly with H, and

thig is seen to be the case from Fig. 15. All of the

runs of Table 1, including 16 and 38 are shown plotted

as gms./hr./sq.om./°C. (D.B.-W.B.) vs. H, and a straight

line passing through the origin is found to represgent

the data well. Thie shows that in these runs the rate

of vaporization was influenced by the same factors as

kas the overall coefficient of heat flow.
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EVAPORATION OF VARIOUS LIQUIDS FROM WHITING DURING

CONSTANT RATE PERIOD

A number of runs were made using 3.17 cm. whiting

blocks but mixing the whiting with other liquids than

water. The data on the constant rate period for

these runs and for those runs shown in Table 1 for

water in 3.17 om. blocks are summarized in Table II

helow.

TABLE II

Run Liquid At

Toluene*

Amyl Acetate

D.B.
-W.B.

aa SSTya

17
19
20

22 Carbon Tetra-
chloride *

3 Acetone 16.1 |
2 Xylene? 4,1 8.0
25 Acetone 12.7 30.0
27 Benzol®*
28 Ethyl Acetgte*

29 Alcohol 13.7 10-1
16 Vater? 8.5 1l 5
21 Water 9.0 11.1
30 Water 12.5 15,0

38 Water 7.7 2.2
39 Water 13.0 16.

Gus, /b Sas. fe,sqg.cm. /sq.cm,
a ] 788: At

0.3490:03
0.250

O. oct!0.0026
0.00167

0.132

0074
So
RES
0.0529

0.00096
0,00675
0.00435

0.004120.
2 00na¢

Heat
Transfer

Gms./hr. Coeffi-
sq.cm./ client h
m.m. Ap CeZeBe

0,00217 0.000789
0.0042 0.000735
0.00126 0.000666

0.00209
0,00615
0.00467
0.00527

9.00930.00L2

0.000599

010009150: 000643
0.000933
0.000603

*no constant rate period.

8not in recording balance position in drier.

Pgurface cracked badly.



The data obtained on the constant rate period for these

liquids are meager due to the fact that five of the

nine liquids showed no constant rate period when evapor-

ated from whiting under the conditions of these exper-

iments. Moreover, in the case of run 24%, using xylene,

the surface of the whiting was seen to crack badly from

the first, so that the observed rate of drying is

undoubtedly abnormally high.

The rates as gms./(hr.)(sg.cm.)(m.m. actual p)

are shown plotted in Fig. 16 vs. the molecular weight

of the liquid M, and ve. 1/M. The circles represents

the data plotted vs. M, and the crosses plotted vs.

1/M, for Runs 23,24,25,29,21,30, and 39. Neglecting the

three points for water, the circles fall roughly on a

straight line passing through the origin. However, when

the data are plotted vs. 1/M, as indicated by the crosses,

only one point is found to deviate widely from a straight

line through the origin, and that is the one for run 24,

where the rate was known to be abnormally great*. This

data therefore indicates the rate to be inversely propor

tional rather than directly proportional to the molecular

*Fig.1[ shows a plot of fhe same data vs. JM as suggested
by the work of K.C.Chang~, who concluded that the film

resistance should be proportional to the square root of

the product of the molecular weights of diffusing vapor
and inlet gas, (in this case Bir). The resulting plot

does not show as good a relation as when the data is

plotted vs. 1/M.
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weight. Hinel’ as discussed above, found the reverse,

since his data for foiyir liquids show the gm. mols. hr./

sq.m./m.m.Ap.tobeconstant at any air velocity. Lewis

and Whitman” state that in cases of gas diffusion, the

diffusivity decreases with increase in molecular weight,

but that the change in diffusivity is small compared with

that in molecular weight; in other words that the rate

Kg is proportional to some power of M between O and -1.

Due to the unsatisfactory state of the data on the

evaporation of liquids other than water, it is suggested

that Fig. 11 be used for water only.

EFFECT OF RADIATION FROM SURROUNDINGS ON RATE OF

DRYING DURING CONSTANT RATE PERIOD

It is well known that a wet-bulb thermometer

will not read accurately if the radiation from the

surroundings is an appreciable fraction of the total

heat inflow necessary to maintain evaporation of the

water on the wick. In order to minimize this radiation

error it 1s usually recommended that a high air velocity

past the wick be used, as by so doing the heat inflow

by convection 1s greatly increased without much change

in radiation, so that the radiation is made a propor-

tionately smaller fraction of the total heat transfer.



[n a like manner, wet solids drying in a current of

sir approach the wet bulb temperature as the

radiation to the solid is made a smaller and srtaller

Fraction of .the total heat flow,

The effect of radiation from the surrcundings

cn the sample temperature and rate of drying may be

calculated with fair accuracy as will be shown below.

Let R" represent the evaporation coefficient as

cms./hr./sa.cm./unit absolute humidity difference,

on the lstent heat of vaporization at the licuid

surface, be the black body coefficient of the surface

and hn, the surface coefficient of heat flow by

convectlon. The rate of evaporation is given by

IW

-- = R"A (H_ - &amp;

30

 LL. (17)

ay dQ 1
ilso —-— TZ em HX mm

de dae r,

and assuming the surrcundings to be at the air

Cemperature

aw 1 t a a tg
== = ==! hb, A (tg=tg) + Ap, ((---)" + (---)*% |

36 r_ ¢ 100 RE KCIC
ll

in which tg and ty, are in ©

Combining the above

r R" UC
Ss _ ~e

= (Hg=B,) = (byt ) + =2--

g A

C.absolute (°K.

ty 4 ts 4

(===) = (===)
I 1C0 1C0

-

...(18)



Now Lewis? has shown that for conditions of evaporation

ht the wet bulb temperature,

h

_S = 8 = the specific heat of the wet

RY

a Yi
rT a ca 19]

Since h, and R" are prirarily dependent on the gas film

thickness, and, within limits, not on the surface

temperature, it might be expected that the relation

(18) would hold for evaporation at a temperature

somewhat above the wet bulb. Applying it, therefore,

0 the case in question,

"3
"

”

 ND

(H-Hy) = (ta=tg) + ----

n,

D- &lt;

«

t t
a 4 e 4

(20) = (220)

C100 100

~~

eee (20)

'o illustrate the use of this equation by an example,

let the effect be calculated of radiation from

surroundings to tg to a very wet sheet of material

irvine under the following conditions:-

: = 45° C., or 313° C. abs,

5 = 27° C. or 30C% C. abs.

: = 0.0170, S = 0,246, rq = 587 (approx.

pg = 0.9

h, = 0.000612, or 4.5 in English units

Shen, substituting in (20)

m————- (H, = 0.017) = (313-300) + ==-o-e-oconan

0.246 ; ¢.C00612

313 4 ta

(===) =(==-)
1CO 100



ond by reference to a humidity chart this equatio

may be solved by trial and error, giving t = 27.6°

(approx.) corresponding to a correction of less

than 5% on the temperature difference and also on

~

\J 4

the rate of drying. Since in the experiments described,

40° C. was approximately the highest temperature level

attained, it is believed that the correction for

evaporation by radiation did not exceed 4-5%, and was

in most cases less{ In the loft drying of paper,

or in similar cases, sheets near the walls might

oe affected by radiation, and those in the center

surrounded by wet sheets be not so affected. Although

“he difference in the rates of drying mightbe

srall, the correction applies to the dryengaccomplished,

10 that when nearly dry the water contents of the

sheets in the two locations in the drier might vary

yuite aporeciavly.

The general eauation, for surroundings at

ig

r P t 4 t

2 (Hg-H) = (£,-ty) + -2-%- (Io) o (204
“ S Tg a 8

5 h_ 100 1CO

vee. (21)

Solving this equation for different values of ty

and a given value of be, and of tg, it 1s possible

to find the corresponding values of tg and Hye

Since the rate of drying is proportional to the

difference H_-H,, it is possible to calculate the

irvine rates for different conditions of radiation



As a basis, call the drying rate unity when

t. = t =40° C., i.e., when the surroundings are

at the alr temperature. When the surroundings are

at 190° C. with a surface temperature tg of 40° C.,

i.e., just equal to the air temperature, the rate

is found to be 4.92. Likewise when the surroundings

are at 292° C., the rate is 11.7 and the surface

at 51.1° C. These calculations refer to the example

stated above and the results would be different with

other assumed values of hg, De» Ha, t,, etc.

They are suggestive, however, of the possible value

of radiant heat in speeding up certain drying

operations.

Fig. 18 shows the relative drying rate,

vhich from equ-tions (17) and (19) is seen to be

proportional to (H -Ha) x hc, plotted vs. the

temperature of the surroundings. It will be obvious

that when radiation is eliminated, 1l.e., LS

the rate of drying depends on h, only. The difference

netween curves A and B, at ty = 27° C., is maintained

nearly constant over the whole range of tg, so that

at high values of the latter. a chance in h, makes

only a small percentage change in the drying rate.
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curve C is for the dry air but with the same value of

hn, as in case B., Curves B and C are seen to approach

sach other at high values of t,, indicating that at

high values of ts the air humidity is an unimportant

variable.



N

’ THE DRYING OF WHITING DURING THE FALLING RATE PERIOD

As pointed out in the Introduction, the constant rate

period in any drying operation is always followed by a

falling rate period, during which the rate of drying

continually decreases. The point at which the rate starts

to fall off from constancy 1s called the critical point,

and the moisture content of the material at the critical

point is called the critical moisture content, usually

sxpressed on the dry basis. This critical moistare

content varies with different materials, being 5.7% in

the runs with whiting, and, as will be shown later, being

as much as 50-80% for pulp. Thus, the moisture limits

in a commercial drying operation may both fall in the

constant rate period range, both in the falling rate

period range, or lie on either side of the critical

moisture content.

Ficure 19 shows graphically the type of dats

obtained on the drying of whiting slabs. This

particular data is that of Run 32 using a 2.54 cm.

vhitine sample, mixed with water. The figure shows

the loss in weight. air temperature, wet bulb

jepression, and temperature difference At, as recorded

by the recording balznce and pprometer. The linear

sortion of the loss in weight curve represents the

ronstant rate period, which is seen to end at
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about 7.6 hours. During this pericd theAt parallels

the wet bulb depression, indicating an almost constant

difference in temperature between the sample and the

air. At practically the same point that the loss in

weight curve indicates the end of the constant rate

period, the value of At starts to fall away from the

vet bulb depression, showing the temperature of the

sample to rise and approach the air temperature. This

constancy of sample temperature during the constant

rate period, followed by warming of the sample up to

the air temperature during the falling rate period was

found to be a general phenomenon and occurred in sll

rases studied. It appears that the At should be looked

apon as decreasing because the rate of vavorizaticn

decreases, rather than vice versa,

The division of the drying operation into

cecnstant rate and falling rate periods is shown

clearly in Figures 20 and 21, where the results of

several runs with whiting are shown plotted as gms.

/(hr.)(sg.cm.) vs. the water content of the sample.

he hooks in the curves at the extreme right-hand

ends are doubtless due to adjustment of the sample

temperature at the start of the drying to thre

temperature prevailing during the constant rate period.

The rates prevailing during the constant rate period

vary with the conditions and with the slab thickness,

28 discussed in the previous section. The critical
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moisture contents vary from 4 to 8%, and show some

indication of varying with the slab thickness. During

the constant rate period the higher rates correspond

to the thicker slabs, but during the last part of the

falling rate period the reverse is true. The curves

must therefore cross, and in the region of 3% water

the rate appears nearly independent of the slab

thickness. If the rate curves are inspected closely

it will be seen that the falling rate period may be

divided ihto two zones. This is shown especially

clearly in the case of Runs 32 and 34. As the water

content decreases, the critical point 1s reached at

about 5%; then follows a linear portion of the

rate curve, down to about 3%, and finally a curved

portion, from there to dryness. For ccnvenience,

the region of the sloping linear portion of the

rate curve will be called Zone A; that of the lower

curved portion of the rate curve Zone B.

During the whole of the falling rate

period, since the temperature of the solid rises,

“he vapor pressure of water on the surface must

increase, and the driving force Ap must increase.

Furthermore, the rate of vaporization continually

falls off during the same period, so that it is

svident that the coefficient K_, the rate of



vaporization per unit area per unit Ap, must decrease

more rapidly than the rate of drying. Fig. 27 shows

this coefficient, plotted against the average water

content, for several of the whiting runs previously

shown. The division of the falling rate period into

two zones is agsin evident, the limits of each zone

veing unchanged.
16-21

E.A. Fisher has also found that for eo

number of materials the rate curve was of the shape

described above. In some cases he found the curve

for zone A to be linear and to pass through the origin:

in others linear but having an appreciable intercept

vhen extended to cut the rate axis. Fig. £3 shows

an example of Fisher's data on wool fabric: the three

~urves are for one, two, and three thicknesses

respectively. Since the rate of change of moisture

concentration, rather than the actual loss in weight

per unit time, is plotted as ordinates, the curves

are at different levels and the rates during the

constant rate period do not coincide. However, they

are found to be inversely proportional to the thickness

of the material indicating that if the rates were

plotted as actual weight per unit time the three

curves would coincide. The vapor pressure curve

For water over wool is shown on the same plot in

relative units.
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CAUSES OF D-CREASING RATE OF DRYING

Having established the existence of two zones in

the falling rate period during the drying of whiting,

it is of interest to inquire the cause of the

jiscontinuities observed between the zones, and indeed

of the initial decrease in drying rate at the critical

point, i.e., why there should be a falling rate period.

(ne possibility is that the rate of drying

decreases because the vapor pressure curve for water

over the solid decreases at low moisture contents of

the solid, so that the driving force p and the rate of

vaporization must decrease. The rate of drying curve

vould not have to parallel exactly the equilibrium curve

&gt;ut if thus were the true reason for the decrease

in drying rate, we should expect the critical point

bo fall in the region of moisture content where the

vapor pressure curve approaches its maximum value.

his is found to be the case for the data of Fisher's

on wool shown in Fig. 23. As the moisture content

jecreases the vapor ressure begins to fall off at 30-33% P

“he critical moisture lies in the same range. However

the equilibrium of vapor-pressure curve for whiting

approaches a maximum at probably less than 1% water,

vhereas the critical moisture as shown above varied

Prom 4-8% water. Likewise in the case of pulp the



ra.

maximum on the vapor pressure curve 1s reached at

15-25% water whereas the critical moisture was 50-80%.

Nor did the two values check any better for the wood or

clay tested. In the case of Fisher's wool the

coincidence of the two points does not prove that the

vapor pressure controls the drying rate; it is merely

necessary to have such a check if this explanation

were correct. In Pig. £23 the va or pressure curve

shown is for a single tenperature, and is drawn in

relative units; since it flattens off to coincide

with the rate curve A during the constant rate period,

it corresponds to the vapor pressure curve of the

vool at the temperature of the solid during the constant

rate period. If the explanation suggested were

correct, the rate curve should parallel the vapor

pressure curve as long as the temperature of the wool

remained constant and equal to the temperature

prevalling during the constant rate period. However,

as the wool temperature rises continually throughout

he falling rate period, the rate curve should everywhere

oe above the vapor pressure curve drawn. This is seen

not to be the case. and the vapor pressure mav he

sliminated as a possible controlling factor, in this

recion of the drying curve.



four other rossible mechanisms suggest themselves,

any one of which would explain the decrease in drying

rate during the falling rate period. These are:

(a) A decrease in the evaporating surface as the

larger capillaries become empty, or as the water

wedges become smaller, as suggested by ishert’ i

»

P

Z. &amp;
CR

the wetted surface is a function of the water content,

1s suggested by Lewis.t

'b) Chance of mechanism to Case I, as described in the

Introduction (resistance to internal diffusion of

liquid controlling, with evaporation at surface).

(¢c) Change to Case III: evaporation in the interior

of the solid, resistance to internal diffusion of

liquid controlling.

(ad) Change to Case IV: evaporation in the interior

&gt;f the solid, resistance to vapor removal controlling.

The first and second mechanisms presuppose

rontinued evavoration at the solid surface, as distinct

From the third and fourth cases. Under conditions

rf Case IT the overall resistance to heat transfer

Prom air to solid should not be affected. and the

coefficient H should remain the sane as during the

constant rate period. The overall temperature

difference should be directly proportional to the

rate of vaporization. The constancy of H may, thersfore,

be recarded as a criterion of evaporation from the

aniirface.
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The heat transfer coefficient H is also constant

vhen the mechanism is that of Case I, internal diffusion

controlling but evaporation at the surface. However,

the first and second possibilities are distinguishable

by noting the effect of slab thickness during the

falling rate period. If the rate falls due to decrease

in the wetted area, the rate will remain independent

of the slab thickness. Un the other hand, if the

rate falls due to a change of the drying mechanism to

Case I, the rate should be inversely proportional to

the slab thickness. lioreover in the latter case the

rate curve should be convex to the moisture concentration

axis, and very steep at the start of the falling rate

reriod. (See Fig. 4).

Drying by the mechanism of evaporation from the

interior of the solid may be distinguished by the

decrease in the overall coefficient H from the value

Found during the constant rate period. Since the

gaporization sand hence the heat consumption is at

r0ints within the interior of the solid, the heat

mist flow not only through the surface air film as

during the constant rate period, but through a surface

layer of relatively dry solid.

The third possibility, that of internal

svaporation with internal liquid diffusion con-

trolling, should involve a variation in rate with

slab thickness similar to Case TI: that is. the



rate should vary approximately inversely with the slab

thickness. Infexamoles of case (4d), evaporation in

“he interior of the slab with resistance to vapor

1iffusion controlling, that rate is doubtless also

an inverse function of slab thickness at any given

sercent water, so that there is no apovarent means

of distinguishing (c¢) and (d).

Thus the criteria of the occurrence of the four

mechanisms suggested as explaining the falling rate

period are:

(a) Decrease in wetted surface area: no decrease

in H: rate independent of slab thickness.

(b) Case I, internal diffusion controlling,

svaporation at solid surface: no decrease in Hj

rate varies inversely with slab thickness.

(¢) or (4) Evaporation in interior of the

lecrease of H.

As has been shown, the whiting data indicated

that the falling rate period might be divided in

zone A and zone A, and it is of interest to apply

the above tests to determine the drying mec anism

during these periods.

Figs. 24 and 25 show the calculated values of

the overall coefficient of heat transfer, H, plotted

vs, the water content for the same whiting runs as

in Pigs. 20 and 21. As discussed in a previous

section, the value of H during the constant rate

period is found to be a function of the thickness
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of the sai'ple. It should be especially noted that

the breaks in the H curves do not come at the critical

noistures for the runs shown. The value of H

continues constant as the critical moisture is reached

and passed and remains constant over the first portion

of the falling rate period. In every case the break

in the H curve occurred almost simultaneously with

the discontinuity in the rate curve, i.e., H

remains constant in zone A. This is brought out

nore clearly by Figures 26 and 27,which show both

the rate and H vs. moisture content on the same plot.

for runs 34 and 39 respectively.

From the data shown it is evident that for

#hiting the overall coefficient of heat transfer H

is constant over zone A of the falling rate period.

Furthermore, the rate curves in zone A do not show

the initial steep slope, the curvature, nor the

relation to the slab thickness that would be expected

If internal liocuid diffusion were controlling.

It is therefore to be concluded that in zone A

the mechanism of drying is the first possibility

above: evaporation from the solid surface. decrease

Of wetted surface with moisture content.
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In zone B the value of I decreases vith water

content, indicating the evaporation to be taking

place at points beneath the solid surface. In this

zone it is also noticeable that the rate varies

approximately with the slab thickness. The mechanism

of drying i. zone B 1s, therefore, that of (c) or

(d) in the above classification. After the beginning

of zone B, the evaporatioh (on the whole) no lecnger

takes place at the solid surface, but from points

heneath the surface, and during zone B either the

rate of internal diffusion or the rate of vapor

diffusion through the relatively dry surface layer

is the controlling factor.

[t seems evident that the reason for the change

&gt;f mechanism at the end of zone A is due to a decrease

in the rate of arrival of moisture tc the surface

to a point where it is slower than the rate of

vaporization from the surface, allowing for the

jecreased "wetted area at this point. Since the

rate of vaporization from the surface becomes greater

than the rate of supply of water from the interior

of the solid, water is removed rapidly from the solid

near the surface. A relatively dry surface laver

of increasing thickness is formed and evaporation

commences at points beneath the surface. If the

5011d should be dried to too great a distance from

che surface, the resistance to vapor diffusion of



the "dry" zone would be so great that the rate of removal

of vapor would be slower than the rate of arrival of

vater from the interior, and water would tend to

accurulate and reduce the thickness of the "dry" zone,

An equilibrium is, therefore, established between

the thickness of this layer and the rate of internal

diffusion of water. The qu-ntitative relations to

Fit the case will be derived in a later section on

the drving of pulp.

This mechanism of drying with a retreating

zone of evaporation may be likened to the combustion

of a gas-air mixture in a tapered pipe, the mixture

flowing from small to large end. Here the flame

front will take up a position at the point in the

tube where the lineal velocity of the gas feed is

equal to the rate of flame propagation. If the

rate of cas flow is reduced, the flame front retreats

-award the small end of the tube.

MOISTURE GRADIENTS TN WHITING

Two runs (38 and 39) were made to obtain

moisture gradient data during the drying of whiting

slabs. The slabs tested were each 3.17 cm. thick,

and the moisture gradients were determined by

utting slices parallel to the drying face, and

analyzing the slices for moisture. A separate



!

go

sample was used for each gradient determined so that

the results are not for the same sample, but for

identical samples dried simultaneously. Due to

their slightly different positions in the drier, the

samples dried at slightly different rates, for

example in run 38 sagples 38c and 38d were sliced

after 13.5 and 15.75 hours respectively and yet the

sradient curves obtained almost coincided.

The results of these two runs are shown in

Figs. 28 and 29 in which the moisture concentration

is plotted vs. the position in the slab. The points

represent the average moisture concentrations of the

slices plotted at abscissae representing the center

lines of the slices. Fig. 29 shows the moisture

distribution to be almost uwniform during the ccnstant

rate period. Sample 39 dried at the same time but

not sliced, showed a critical moisture of about

8.5% and Zone A to end at about 4% water (see Fig. 21).

The second gradient curve was, therefore, obtained

during zone A, and the third and fourth in Zone B.

In this second gradient curve, corresponding to

an average water content of about 5.5% (Fig. 29).

the slope is not greatly different than for the first

cradient curve, but the lower curves show apvreciably

sreater slope. This is to be expected if internal

diffusion is controlling in Zone B. It should
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be noted that at low water concentrations in both

Runs 58 and 39 the first two slices near the surface

show equal very small moisture.contents, indicating

the formation of a relatively dry layer through which

vapor diffuses. An analysis of the moisture concen-

“ration gradient during the constant rate period will

re made in detail in a later section on the drying of

~ a J,

EFFECT OF AIR VELOCITY CN THE RATE OF

DRYING OF WHITING

Two runs were made drying whiting at high air

velocities at room temperature. The wet whiting

vas formed in wood frames lined wi*h tin foil, and

the frames removed, leaving the tin foil as a

protection against evaporation from the edges. The

blocks, 2.54 cm. and 1.60 cm. respectively, were

stood on their edges on a balance platform at the

end of a duct through which air was forced by a

blower. The air flow was parallel to the slab faces,

and the velocity, as measured by an anemometer placed

in the position occupied by the sample, was

hetween 9 and 11 m. per sec.

The results of these runs are shown

sravhically in Figure 30 where the rate as

sms./hr./sa.cm. 1s shown plotted vs. the water content.
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lhe data of Eun 30, obtainedinthetunnel drier

using warm air at low velocity is shown on the same

plot for purposes of comparison. The data of Run

77 compares well with that of Run 30. The curve

in Zone B is higher and compares with that for Run 3C

approximately in inverse proportion to the slab

thicknesses, as might be expected. In a later section

it is shown that the moisture gradient during the

constant rate period is a parabola, and that the

difference between the center line and surface

concentrations is directly proportional to the

drying rate in this range; thus for a given surface

~oncentration the center-line concentration and

hence the average water content is greater for the

hicher air velocity and drying rate. Since 1t is

no doubt the surface concentration which determines

the critical water content, the critical water

content may be expected to increase with air velocity.

Jomparison of the curves for Runs 30 and 77 shows

this to be the case. The data of Run 76 is harder

to explain: no constant rate period is indicated,

and the curve for Zone B practically coincides

vith that of Run 77 for the same rance, even

thioush the slab thicknesses are different.



SEMI-LOG PLOTS OF DATA CN THE FALLING RATE PERIOD

The mechanism of drying during the falling rate

period has been seen to be complicated, and in the

case of whiting this period war divisible into two

zones, involving two different drying mechanisms.

However, for practical analysis of drying data, and

For computations involved in the design and operation

of commercial drying equipment, it @s of importance

tc have a simple equation which, even if it is only

enapproximation, is readily manipulated. Such an

cquation may be derived by making the assumption

that the rate of drying is a linear function of the

nater content of the material, Although this is

seen from Pigs. 20 and 21 to be only a rough

approximation, the integrated equation will be shown

so fit the dats surprisingly well.

Two new symbols will be defined: E' is the free

water content divided by the free wager content at

the critical point, and 1s equal to TE 3

2.1m
is the time after the start of the falling

a8.

rate period

dE! 1

Je Ta = Trp ao

aT

Blo ll
de! ae

(T,-T,) APR

ce .e (22)



vow if the assumption be made that the rate of evaporation

ye a linear function of 1, then since the rate is zero

at T = Ta and ecual to the constant rate
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25,

The last equation indicates that as long as (23)

holds, a plot of E' vs. @' on semi logarithmic paper

vill give a straight line. It should be noted that

this will be so no matter what value of T, is used in

calculating E', and it 1s, therefore, not important

to know T, exactly to obtain this linear relation

on semi log paper. In fact Ts nay be substituted for

rT, and the curve will still be linear ~ver the

range where (23) applies. By substituting To for Tec,

Bt! becomes E. so thet a plot of EB vs. © on semi

log paper will be a straight line over the region

where (23) applies. Such a plot would be curved



soncave downward over the range of the constanf rate

seriod.

To illustrate this method of analyzing drying

data, the results of Runs 31, 32, 33, 34 and 39 on

vhiting are shown plctted in Fig. 31. As may be

seen from this figure, the resulting curves are

approximately straight although the rate curves (see

figs. 20 and 21) are by no neans linear over the

same range. Equation (25) indicates that the slopes

of the curves of Fig. 31 should ne inversely

proportional to the slab thickness, providing the

ratic of the evaporation rate during the constant

rate period to T, - Tx is independent of the slab

thickness. Since the slopes of the curves should

vary inversely with slab thickness, the time (61)

to reach a given value of E' should vary directly

with the thickness. Fig. 32 shows the time to

reach a value of E!' of 0.20 (i.e., ©' at E' = 0.20)

plotted vs. the slab thickness, for the runs shown

in Fig. 31. The result is nearly a straight line,

in spite of the fact that the constant rates

varied nearly two fold due to edge effects. Thus

an expressicn of the form

Let

log Tt! = &lt; ...(286)

is seen to approximate the data on whiting for the

Falline rate period. The .actual value of C
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for the conditions prevailing in the experiments

described is about 0.36.

In a later section the datas on pulp for the

falling rate period will be shown to be susceptible

to a similar analysis. The general method of plotting

E! vs. ©! is recommended as a valuable aid in the

analysis of drying data of various kinds, where

an approximate method of prediction is required.

WHITING AND VARIOUS LICUIIS-FALLING

RATE PERIOD

A number of experiments were carried out

1sing the same size whiting blocks, but drying

liguids other than water, and it is of interest

to analyze these data by the method discussed above

&gt;f plotting on semi-log paper.

Figures 33, 34, 35 and 36 show the data of

runs 11, 12, 13, 14, 17, 19, 20, 21, 22, 23, 24, 25,

26, 27, 28 and 29 plotted as E'!' vs. 6! for the

falling rate period. In most of the above runs,

nowever, no constant rate period occurred, and the

data is shown plotted as E vs. 8. The liquids

used were ethyl adcohol, carbon tetrachloride,

eth s/1 acetate, benzol, toluol, amyl acetate, water

xylol and acetone. Inspection of these figures

shows that the data of most of the runs mav be

well represented by straight lines but that in four
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cases the lines are curved slightly concave upwards.

'ne curvature occurs in the case of the more volatile

of the several liquids used, and the shape of the

curve is suggestive of the theoretical curve for

internal diffusion controlling (see Fig. 2). It

seems probable that a very volatile liquid would be

removed from the whiting by a different mechanism

than a liquid such as water, at least during the

first part, or zone A, of the falling rate period.

ne very volatile liquid would evaporate so readily

once 1t reached the surface that the equations for

internal diffusion controlling might be expected to

apply throughout the drying operation. The similarity

in shape between the experimental curves and the

theoretical Fig. 2 is not enough to establish the

mechanism, and it would be of interest to have date

on the effect of slab thickness in order to show

“Ya

The drying rates for the above runs sare

shown plotted vs. percent liquid in the whiting,

in Figures 37, 38, 39 and 40. Here again the data

for several of the runs with very volatile lig:ids

suggests the results obtained when internal diffusion

controls, as they are seen to be concave upwards,

possibly approaching a vertical asymptote. The

hook before the constant rate period in the case of

run z3 with acetone corresvends to the period during
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which the acetone was being cooled down, and consequently

drying at a high rate.

Where surface evaporation controls, and the

air velocity and dimensions of the sample are the

same in each run, the rate off drying might be expected

to be proportional to the wet bulb depression in each

case. Thus the slopes of the lines on the semi-log

plots may also be expected to be proportional to the

wet-bulb depression in each case. Fig. 41 shows

the relative slopes of the curves of Figs. 33-36,

plotted vs. the approximate wet-bulb depression as

measured. The units are such that the relative

slope is the reciprocal of the time in hours to

reach a value of E or E' cf 0.30. A general relation

is apparent from this plot, although the wet-bulb

Jepressions were measured only roughly.

Inspection of the tables of calculated

date will show that of these runs discussed in

this section, runs 17, 22, 23, 25 and 29 showed a

continual decrease throughout the falling rate

period of the overall coefficient of heat tramsfer

H. These runs, with toluene, carbon tetra chloride,

acetone, and alcohol therefore show no zone A,

Runs 20, 21. 24. 27 and 28 indicated the value of B

to remain constant during the first part of the



 |OL Ea L — L

ri

-—

mo

¥,
-
EE

k.

L
-~

ad

-

py
8

Sp

I ,

Co Me
ihe syd) oo i.

40;

=F &gt;}
i i



falling rate period, i.e., the existence of zone A,

The liquids in these runs were amyl acetate, water,

xylene, benzcl and ethyl acetate. The indication is,

therefore, that with very volatile liquids the zone

A may be eliminated. Fig. 42 show: dilagramatically

now this may happen. The rate of drying is shown

plotted vs. liquid content for two different liquids

which have the same diffusivity in the solid used.

0 E CDF represents the rate of internal diffusion,

and the rate of drying can never exceed values given

by this curve. Assume that the licuid content,

at which the decrease in wetted area paging to affect

the drying rate, 1s the same for both liquids and

squal to Cp. The rate of drying of the less volatile

will follow AB from the initial liquid content

Cp at A. At B the constant rate period ends and

CB represents the first linear portion of the falling

rate period, or Zone A. After point C is reached

the rate is limited by the rate of internal diffusion

and hence follows CEO. The more volatile liquid

vould heave a higher constant rate,following A'DB!,

However, the internal-diffusion curve is met

before the critical moisture Cnr, and the curve

D CFE OQ followed. Under such conditions no mone

A appears.
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D = EVAPORATICN WITHIN THE SOLID STRUCTURE: THE DRYING OF PULP,

Case I and Case II as described in the Introduction

specify evaporaticn of the liquid from the surface of the

solid. Txamples illusttrating these cases have been

discussed in detail in the foregoing sections. The data

on the drying of soap was discussed as an 1llustration

of Case I, and the drying of whiting, clay and pulp

during the constant rate period were given as illustrations

of Case II. Case III and Case IV specify evaporation

of the liquid, not at the surface, but at a point or

b&gt;oints beneath the surface of the solid. Case III is

that where the resistance to internal liquid diffusion

is small, and Case IV 1s that where resistance to

internal liquid diffusion is great, compared to the

Fotal resistance to vapor removal.

As an example of evaporation from the interior

of the solid structure, the data sbiained on the drying

of pulp will be discussed in detail. By an analysis

of the data it will be shown that the drying of paper

pulp in the falling rate period 1s an example of

this mechanism, and furthermore that it is an examvle

of Case IV.

As in the case of whiting, the drying of pulr

and water may be divided into a constant rate and

falling rate period. (The data showing the effect

of air velocity on the drying of pulp in the constant

rate mericd has been disciuisged In - previous cection.



Ihe critical moisture content, however, is found

to be from 40-20% water, as compared with 4-8% for

whiting. Figures 43, 44 and 45 show the rate curves

for the runs made in the present investigation on

pulp slabs, prepared as described under 'Nethod of

Procedure.! In these runs the critical moisture

was in every case close to 60%, the moisture contents

being expressed as "free" water,

Since the rate of drying is roughly

~-ronortional to the water content, equrtion (£6)

-

i

In E' = (constant)

r

might be expected to represent the data approximately,

for the falling rate period. In order to test this,

Ficures 46 ahd 47 have been drawn, showing E!' for the

above runs on pulp, plctted on semi-log paper against

s', the time after the start of the falling rete

period. Approximately straight lines result,

indicating the value of this method of plotting in

sneglyzing drying data on pulp for the falling rate

pericd. The slooes of the lines are seen to vary

approximately inversely as the slab thicknesses,

although they are also affected by the drying

~onditions.
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tquation (25) may be written

eo!

-- X (constant rate)

R

Prom which it will be seen that the slab thickness

jivided by the product of the constant rate period

drying rate and the time to reach a given value of

1, should be a constant for all the runs. The

following table shows the variation in the calculated

values of this constant.

TABLE ITI

(3)1) (2) (1) (5) (Sy

Run Hours to Reach

BE! = 0.1

Constant

Rate

Period

Drying,
Rate

sms./hr.
ney Sg.cm

Thickness (4)/(2) (4)/(2)(3)
2R cn.

3 3 0.041 0.69

0.69

0.69 - 0.150

0.69 0.123

0.75 8.071

1.12 0.057

1.70 0.131

1.70 0.111

0.079

3606

~

\0
 -— 30 0.041 3.C0

33 1.6 0.044 3.41

26 YeO 0.043 2.86

57 10.5 0.026 2.74

vr

SD) 19.5 0.037 1.55

9 13.0 0.054 2.492

! 0) 15.3 0.085 2.02

11 20  Q D041 1.91

Average SIN  1 2.62

Average percent deviation from average ) 5



From this it is seen that the values of the

thickness divided by the time to reach a value of

Rt of C.1 are nearly as constant (Column 5) as when

corrected fcr variation in the constant rate period

drying rate. This is probably largely due to the

fact that variations in the constant rates are due tc

variations in air velocity, which do not affect the

falling rate period greatly. rather than to changes

in air hauiiditye.

In the case of seven of the ten rirs shown

plotted in Figures 43, 44 and 45 thermocouples

inserted in the sample enabled the oversll coefficients

of heat transfer from air to pulp to be calculated.

The results are shown plotted vs. percent free water

in Figures 48 and 49, and it 1s to be noted that the

break in the constancy of the H curves occurs sat

moisture contents approximating the critical

noistures. The following table shows a comparison

&gt;f the critical moisture contents and the maisture

rontents corresponding to the breaks in the H

r1Irves ®

TARTRE TV

211M

36

37

41

Bl

56

Critical Moisture

72

61

55

39

30

5

Moisture Content at

Brealkr in EH Curve

71

52

53

56

56
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I'he nearly exact coincidence of the break in

the H curves and the critical moisture content ir each

case 1s striking, and shows clearly that the overall

resistance to heat flow starts to increase at the end

5f the constant rate period. Thus, no "Zone A" is

apparent for these samples as was found in the case

of the whiting. The increase in the overall resistance

to heat flow is obviously due to the flow of heat

into the solid, or, in other words, by the occurrence

of the evaporation at points beneath the solid surface.

During the constant rate period the evaporation takes

place at the surface and the total resistance to heat

flow is that of the surface air film. However, as

the critical moisture is reached and passed, the

svaporation begins at points beneath the surface,

heat necessary for vaporization must flow not only

through the surface air film, but also through the

relatively dry layer of solid between the surface

and the points where evappration proceeds. The

overall resistance to heat flow, therefore, builds

ap and the value of H decreases. At the same time

The

che vapor formed must diffuse, not only through the

surface air film, but throuch the solid from the

point where it originates to the surface.
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Since the last of the water evaporates from

the center of the slab, the resistance to heat flow

at zero free water content is made up of the air film

resistance and the resistance to heat flow of half

the slab thickness, the latter being directly proportional

Eo the slab thickness. Extrapolation of the H curves

to zero water contents should, therefore, give values

of H increasing with increasing slab thickness,

Inspection of Figures 48 and 49 shows this to be the

case, further substantiating the conclusion that

during the falling rate period evavoration occurs

vithin the pulp.

Since during the falling rate period the vapor

Formed must diffuse not only through the surface air

film, but through the layer of relatively dry pulp,

the overall coefficient of vapor diffusion may be

expected tc decrease, as well as the overall

coefficient of heat transfer. In those runs where the

sample tevrperatures were recordsd, it is possible to

calculate the actual driving force, Ap. end

consequently the overall coefficient of vapor diffusion

as gms.fhr)(sqg.cm.Xm.m. Ap.) This has been done,

and the calculated results are shown plotted in

Figure 50. The highest curve is for the thinnest

sample and lowest for the thickest, as might be

sxpected, but thes three intermediate curves are not

in order of the thicknesses of the corresponding
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samples, Two of the three runs made with the same

sample check well, but the third (Run 64) is much

higher. In the case of this particular run the

sample was dried slowly in an unheated drier down to

considerably below the critical moisture before being

hung on the recording balance under the usual air

conditions. The retreat of the evaporation zone

from the pulp surface is, no doubt, slower when the

drying 1s slow, since the moisture gradient in the

central or wet zone 1s less steep, and for a given

water content the wet zone must, therefore, be wider,

and the relatively dry surface laver must be thinner.

I'he variation of the coefficient in th~ constant

rate period, from run to run, as shown in Figure 48

Is partly due to variations in the drying conditions

ond pessibly to variations in the condition of the

o&gt;ulp surface. Runs 61, 64 and 65 were made on the

same sample of hand-pressed pulp, whereas the

other two runs were made with pulp pressed hydraulically.

Ine structure of the latter two samples was,

therefore, denser than for the first.

Where crving takes place with evarnoration at

points beneath the solid surface, the resistance of

che surface air film to reat flow, or to vapor

diffusion, becomes &amp; small part of the respective

overall resistances. It would be expected, therefore
)

chat factors affecting the surface film resistsnce
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vould have only a small effect on the rate of drying.

Trat such is actually the case 1s clearly shown by

the results cbtained by Tut? who determined the effect

5f air velocity on the drying ¢¢ nuln slabs. During

the constant rate period the ra* 7 drv’an~ was found

to vary greatly with the air v7 ~I"y ar _.iscussed

in a previous section. During the fallins rate period

however, variation of the air velocity pan® the pulp

surface was found to have = relatively small influence

on the res “ving. Examples ¢f the data obtained

by Tu a» in Figure 51, where the rate of

irying i.

runs using zi velocities of 4.5, 8.f and 12.2

meters per second, respectively. The effect of

air velocity on the drying rate is seen to become

small soon after the critical moisture is reached,

these data, therefore, substantiating the conclusion

nbove, that for paper pulp the actual eveporation

&gt;f liquid takes place at points within the solid

structure. In the case of the run at an air velocity

of 4.9 meters per second, there is some indication

of a linear portion of the rate curve just after the

~ritical moisture is passed, and it may ve that

at quite low air velocities pulp exhibits a "Zone A"

and "Zone B" as in the vase of whiting. However, the

data of the present investigation, using an even

lower air velocity showed little or no indication

Af euueh an effect.
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DRYING OF THIN PULP SHEETS

Several tests were made, using sheets of sulphite

rulp lap as received from the pulp will. Small

rectangular sheets of the material were hung on =

chemical balance and allowed to ary in that position.

No hested air or forced draft was used, ~2l%hcugh

the balance case was well ventilated. Freguent

veighings were °° "7~ obtained without moving the

sample. In twe runs (43 and 45) double thicknesses

of pulp were used twc Identical sheets being sewed

together with cotter” thread, The rat of drying

was calculated from +" 1 we 7h and

time elapsed betwe~

 vy measuring the slecnhe oF +7

The results cc“ the:

52, which shows the rate of ¢
no

hel shown in Figure

1.ytted vs. the

vaeter content. The absence of sharp critical

points is at once noticeable and is probably due

to one or both of two possible causes. The pulp

lap was embossed with a ribbed design so that the

sheet was not of uniform thickness. The thin

portions would be expected to reach the critical

point first, after which the drying rate would

vary over the pulp surface, explaining the rounding

FF of the rate curves near the critical moisture.

nother possible explanstion is that when the

sheets were aoulte wet water drained to the bottom

XO that the ton reached the eritical mod attire
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llpst; the result would be the same as that described

sbove. Irn order to test this a sample was wetted

with a strong solution of cobalt chlecrice,which is

red when wet and blue when dry. The semple so treated

vas dried and observed carefully: the top was found

to turn blue at almost exactly the same time as did

the bottom. This experiment seemed to prove that

drainage in the sample by gravity was not the

explanation of the observed rounded rate curves,

However. further suspicion is aroused by the fact

that in the five runs shown, the sharpness of the

break in the rate curve et the critical point in

saech cace falls in the same relative order as the

initial water content, and it is the latter which

determines the tendency to drain by gravity. A

few percent difference in the initial water content

vould make a considerable difference in the

tendency to drain, and the sample tested with

cobalt chleoride may have had a relatively low

initial water content, These datz do show, however,

thet the critical for the thin sheets 1s approximstely

40%; also, that the rates during the constant rate

period do not depend on the thickness. Run 42 shows

the result of cold initial water; considerable

cime is required to warm the sample up to the wet-

yulb temperature, and during this period the rate
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of drying increases steadily, causing the bend in the

right end of the curve for this run.

MOISTURE GRADIENTS IN PULP SLABS

Having established the fact that evaporation

occurs within the pulp structure, it is of interest to

inguire whether all the evaporation at a given instant

takes place at the same, or nearly the same, distance

from the surface; cr whether the evaporation is

distributed through a layer of relatively dry pulp

near the surface; that is, whether the evaporation

takes place at a plane continually retreating from the

surface during the falling rate period, or whether

there is an evaporation zone of apprecisble thickness.

In order to throw light on this question, data

‘Runs 56 and 57) were obtained on the actual moisture

cradients existing in pulp slabs at different stages

in the drying process. #8 described before, these

data were obtained on small pulp blocks, coated

on the edges and one face with cement, being dried

from the remaining face. The blocks were cut into

thin slices parallel to the face, after different

lengths of time in the drier. In Fiecure 53, which

shows the dats obtained, the average total moisture

content of the slices is plotted against abscisssae

representing the center lines of the slices, the

different curves being from different blocks,
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The highest curve, representing the block sliced aften

drying 2.6 hours shows a small gradient towards the

back of the sample, due to the fact that the pulp,

soaked in water after the cement was applied, was not

completely wetted, so that the moisture distribution

at the start was not entirely uniform. The last two

points in the two lowest curves are low, probably due

to the cracking of the cement, and consequent drying

taking place from the back face of the block. The

double arrows represent the positions of the backs

of the blocks and so indicate the block thicknesses

Tf 211 the evaporation were taking plage

ot a plane a definite dis tance from the surface in

~ach case, a discontinuity would be expected in the

sradient curves at an abscissae representing the

location of such a plane. However, since air present

in the pulp would be nearly dry at the pulp surface,

and approach saturation ag the plane of evaporation

vas approached, the water content of the pulp should

be nearly zero at the pulp surface, and near the

plane of evaporation would apprcach that water

content in equilibrium with saturated air. For the

pulp used, the water content in ecguilibrium with

saturated air was approximately 13.5%. and it is,

therefore, evident that the discontinuity in the

cradient curves described above would appear at

srdinates of about 13.5% water. From the curves of
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Figure 53 it 1s apparent that no such discontinuities

seecurred, in fact not even moderate increases in the

slopes of the gradient curves were observed. It may,

therefare, be concluded that the data obtained on

moisture gradients in pulp tend to eliminate the

possibility that all of the evaporation occurs at a

retreating plame, or even in a narrow zone.

Instead of all of the evaporation taking

place at a plare, it seems more plausible that the

totel evaporation should be distributed from the

pulp surface in to a plane, beycnd which no evaporation

bakes place and water diffuses by capillary flow.

his inner boundary of the evaporation zone may be

described as a retreating plane, and its location

is indicated in Figure 53 by the intersections of the

steep gradient curves with the nearly flat gradient

curves in the central portions of the samples.

I'he structure of the pulp is non-homogeneous, the

sizes of the individual fibres varying greatly, as

do the sizes of the spaces between the fibyes.

[t — reasonable to suppose, therefore, that

even when the inner limit of the evaporation zone

has retrested a considerable distance into the pulp

slab, a small amount of evaporation is still taking

place at points very near the rulp surfece, |

orobably from the surfaces of the small water wedges

cetween the smaller fibres.
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Hawes&lt;? has shown that between 180% end 60%

water pulp being dried in room air shrinks little

or notht all. Two examples of thls shrinkage data

obtained by Hawes on pulp are shown in Figure 54.

From this figure it mey be seen that at a water content

sorresponding to the critical point, 60%, shrinkage

commences abruptly. The hand pressed pulp shows

continued shrinkage from this point to dryness, but

the hydraulically pressed pulp shrank to a minimum

at about 15% water, and then expanded. This surprising

result may possibly be explained as follows: the

shrinkage is due to the retreat of the water planes

into the smaller water wedges, the fibres being

pulled together by the capillary action of the

vater as two glass plates with water between are pulled

together; when the water 1s wholly gone the tension

is no longer acting and if the structure is strong

and firm as in the case of the hydmaulically pressed

pulp, the fibres may spring apart, causing reverse

of shrinkage. It is important to note that during

the constant rate period, since the shrinkage is

negligible, the water lost is replaced by an equal

volume of air. Some air also enters the pulp during

the falling rate period, as Hewes has calculated

that for one run the volume shrinkage from 47% to

0% water amounted to only 69% of the volume of the

vater lost. Moreover, since no large gradient is

Jet 1p during the constant rate neriod. the large
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amount of air entering the pulp must be fairly evenly

distributed throughout the mass, It would, therefore,

seem probable that the larger evapillary openings

throughout the pulp are emptied during the constant

rate period. When these large capillaries are

emptied the difficulty of diffusion of water to the

surface becomes great, since it must travel by capillary

flow through very small cepillaries, or, since these

are not long, mostly bv diffusion along the surface

water film on t'iu puln fibres. When the supply of

vater to the surface bv such mechanisms becomes

slower than the rate of removal of water from the

surfec- bv convection. evaporation begins to take

place at points beneath the surfece. In a large

long capillary evaporation might take place at

~rornnsiderable distance from the surface at the same

ime that evaporation in a short small capillary

vas occurring at a point very near the surface.

From the foregoing it would seem, therefore, that

the drying rate of pulp is controlled by the rate

of internal diffusion of weter. As in the 8ase

of whiting, therefore, the internal evaporation

ohenomenon, with consequent decrease in the overall

coefficient of heat flow, H, 1s caused bv the slowing

ap of the drying rate, and not vice versa,
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+t should be pointed out that the argument

out forward above to show that the evaporation in the

case of pulp 1s distributed from the surface in through

g relatively thick layer and does not take place

at a plane, 1s based primarilv on the fact that

he structure of the pulp is non-homogeneous. If the

301id were built up of uniform particles, or rather,

contain uniform capillaries, the argument would no

longer hold. A metal slab honey-combed with

small capillaries all at right angles to the surface

and all of the same size micht serve as an illustration.

If, for any reason, water in the capillaries were

held back from flowing to the surface, evaporation

vould begin to take place within the capillary tubes

Jowever, the water-air interface would be expected

6 retreat from the surface at the same rate in each

capillary, so that considering the slab as a whole,

svaporation would be taking place at a retreating

olane, 2nd not from a zone of aporeciable thickness.

Indeed, in the case of the grahular whiting,

noisture gradient data (see Figure9, lowest curve)
a

showed some sign of discontinuity indicating an

approach to such conditions.
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(ATHEMATICAL ANALYSIS OF DRYING BY ¥WCHANISM GF INTERNAL WVAPORATIOL

Although the total evaporation of water from

&gt;ulp during the falling rete period may be distributed

over a zone of appreciable thickness, the mechanism may

be considered, for purposes of analysis, to be that

of evaporation wholly at a plane retreating from the

surface. Thus, x, the distance of such a plane from

he surface will be the effective thickness of a

relatively dry surface layer. If ky represents the

 if fusion constant of water vapor through the relatively

dry surface laver, the rate of drving is given bv the

squation
aw Pg ~- Py

age x/ky + 1/Kg

Assuming all the heat of vaporization to come from the

(27,

air, and neglecting the sensible heat required to wabm

the solid, the following equation may slso be written:

1
- t

“Ze  LL. (28)

nd, ifAt = t, = t,, and AD = pg 0 itn may ke shown

rom eauztions (27) and (28) that

1 Tr

--=At - ---Ap

Kg h,

~ 1

===AP - === At

&lt; kq

.. (29)
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Using the data of Run 86 as an illustrstion, the

average value of Kg was 0,00000087 oms./(sec./(sc.cm.

(meme Ap); the average h, = 0.000418 cal./(sec.)

(sq.cr.)(°C.), and r = 537 wal./sm. Using

Hawes '2% value of kg of 7 x 107%, and the value of

0.00015 for k_ (reported by Lees and Charlton

for blotting paper), equation (29) may be written

D3"

 NY RE GE po
0.00000087 0.000418

&lt;

537 .

femmesAD= mmmoos At
3.00015 7x10-8

At = 1.12A0p

3.12 p - 12.43 t

and

aw

AQ

oms./ (hours) (sg.cm,) =
1 (3600At)

537

x 1

TN Se i ow ow 5 os

0.00013 0.000418

Since in Run 66 actual temperatures of the solid were

obtained, /\p and /\t are available at any point during

the &amp;drving. Thus, it is possible to calculate both

Xx and the drving rate, and compare with the sctual

values recorded. This comparison is shown below:



TABLE V

Tours Ap At X, cm, gms./{hr.)(sq.cm.) gms./(hr.)(sq.c
m.m. °C. (calculated) (calculated) (actual)

0.0438

3.5

14,"

19.C

20.9

15.4

1

1c

227 9)

2.008

N«105

0.1986

0.400

0.0421

0.0257

0.0190

0.0119

C.0425

0.0279

0.0226

0.0183

In view of the uncertainty as to the proper values of k,,

and kj, the agreement between the actual and the calculated

drying rates 1s quite close. The calculated values of

x, the effective distance of the evaporation "plane"

from the surface, are approximately those which would be

sxpected, although higher. The general agreement of

these calculated values with the actual data may be

taken as further substantiation of thefformer conclusion

that during the falling rate period in the drying of

pulp, the evaporation occurs not at the surface, but

at points within the solid structure.



 BE - THE DRYING OF CLAY

Clay is perhaps one of the most important single

naterials which is dried commercially. The drying of

ceramic wares before +iring offers serious problems,

not only from the point of view of the cost, but also

due to the frequent difficulty of drying without

injuring the product. Many clays cannot be dried

without serious cracking, while others require

special control of the drying conditions if spoiling

by cracking is to be prevented. In recent years

the Journals and Transattions of the American

Ceramic Society have included numerous papers relative

s0 the drying of clay. They have contained, however

only a limited an=zlysis of the mechanism of drying

and meny of the authors have been content to deal

with data obtained only in the constant rate period.

Yor example, in one of the most thorough of these

papers, °F the authors, although distinguishing between

the constant rate and falling rate periods, give

no aqusntitative analysis of the drying rate in the

falling rate period.

In the course of the present investigation,

several experiments were made drying clay, the

cechnigue being similar to that when whiting was

used. Slabs of clay, formed and held in wood frames,

‘ere dried in the tunnel drier, using the recording

nalance. As in the case of the whiting. 2 constant
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rate period and a falling rate period were observed.

"igure 55 shows the data obtained, plotted as

ons (hr. ) (sq.cm.) vs. water content, and the division

into constant rate and falling rate periods may be

seen clearly in the case of Runs 59 and 60.

As drawn on this Figure, Run 58 shows no initial

constant rate period, but the points are scattered,

and could be represented nearly as well by indicating

a constant rate of about 0.049 gms./hr./sq.cm.

vith a critical moisture content of 13%. If this

vere done, the critical moisture, taken from the

three runs, would be 11-13%.

In connection with this observed critical

moisture of 11-13%, it is of interest to note the

data of Hawes&gt;&gt;, shown in Figure 56, on the shrinkage

during drying of this same clay. The thickness of

a small part of the clay is shown plotted vs. the

noisture content, the data being obtained while the

clay was drying in the air of the room. From this

it will be seen that little shrinkage occurred

at water contents below 15%, i.e., in the range

corresponding to the falling rate period. Thus,

the falling rate period is not due to shrinkage

or to factors which cause shrinkage, but instead

is found to start at approximately the same water

content at which the shrinkage is completed. Since
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the shrinkage is due to the loss of adscrbed or 'gel!

vater, it would appear that the (gel! water is largely

removed in the constant rate period.

Although thermocouples were inserted in each

of the runs 58, 59 and 60, data on the temperature

difference was obtained over the whole of the drying

range only in Run 60, Figure 57 shows the data of

Run 60, with both drying rate, and overall coefficient

of heat transfer, H, plotted vs. water content,

The slight bend in the rate curve at about 5% water

corresponds to the more noticeable ones observed in

Figure 55 for Runs 58 and 59. The falling rate

period may be divided, therefore, into two zones,

as for the whiting. The first straight portions

of the falling rate period (from the critical point

down to about 5% water) may be called Zone A;

the lower curved portion of the same curve corresponds

to Zone B. The coefficient of heat transfer as

calculated for Run 60 and shown in Figure 57 is

seen to remain nearly constant throughout the whole

drying veriod. These results are supported by a

single pointat 12.5 hours in Run 58, where the

coefficient measured was 0.000566, whereas the

average H during the comstant rate period was

0.00C521. Although these dataare too meagre to be

conclusive, they indicate that the overall coefficient

of heat flow remains constant,only during the

constant rate period, and Zone A, but also during

zone B. It will be remembered that in the case
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of the whiting the coefficient H remained constant

during the constant rate period and Zone A, but

fell off sharply in Zone B.

As will be shown below, Zone B in the case

of clay represents a period where internal liquid

diffusion controls, and is similar to Zone B for

wniting. However, the retreat of the locus of

evaporation, which explained the decrease in H in

Zone B for whiting, is doubtless more difficult

in the fine grained colloidal clay. Thus, with

internal diffusion controlling the locus of

evaporation might be expected to retreat to a

large or small extent, depending on the porosity

of the solid. The apparent constancy of H in

Zone B for clay is, therefore, explained as being

due, not to a fundamental difference in the drying

mechanism from that of whiting, but rather to the

much smaller porosity of the solid.

SENI-IOG PLOTS OF E' vs o' FOR CLAY DATA

As may be seen from Figure 55, the drying

rate for any one of the three runs shown is roughly

oroportional to the water content during the |

falline rate period. This suggests a possible

correlation of these data by plotting, on semi-log

caper, E! vs. 6! for the falling rate period,

as was done in the case of whiting. Figure 58
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shows the result of plotting the datz in this manner,

and as may be seen, straight lines are approximated.

The dotted lines are based on the straight line for

Run 6C, but with slopes inversely proportional to the

thicknesses of the respective samples. The data on

the falling rate period for these runs is therefore

well correlated, at least down to a value of E!' of

3.2, by an equation of the form

5

lc EY = (constant) duet

Ee

The value of the constant would, of course, vary with

the drying conditions.

EFFECT OF AIR VETOCTTY ON THE RATE OF DRYING OF CLAY

Three runs were made using identical samples but

iried in air at room temperature with widely different

air velocities. The clay was formed in wood frames

lined with tin foil, and the frames removed, leaving

the tin foil as a smooth covering to prevent evaporation

from the edges of the blocks. The wet blocks vere

7.0 Xx 7.0 x 2,54 cm. thick in each case, and stood

on edse with the faces parallel to the direction of

air flow. One edge, therefore. received the full

Force of the air blast. impinging at right angles,

and the bottom edge was in contact with the porcelain

platform of the scales. Figure 59 shows the drying

rates calculated from the drying curves obtained.

In Run 73 the air velocity was 15.2 m./sec.;

tn Ran 72 10.68 m./sec.: and in Run 75 no forced
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air convection was used, the clay being allowed to

dry while resting on a scale platform open to the

oir of the room,

The effect of air velocity on the drying

rate during the constant rate pericd 1s very marked,

and is . much as might be expected. The ratio of

the rates during the constant rate period for the

wo runs at high air velocitiies might be expected

~0 be

0.6

15.2 8.1

(-===) x —--

10.6 8.8

= 1.14

where 15.2 and 10.6 are the respective air velocities,

and 8.1 and 8.8 the average wet bulb depressions

in Runs 73 and 72 respectively. The observed

ratio of the rates is

0.174
-————- = 1,11

0.157

The constant-rate rates may be compared with

the results obtained in drying very wet pulp

(see Figure 9) since the ratios of dry to wetted

surface were similar in the two cases. The values

calculated from Figure 9 are 0.026 x 8.1 = 0.21,

and 0.0206 x 8.8 x 0.181 gms./(hr.)(sq.cm.) which

compare fairly well with the observed values for

clay of 0,174 and 0.157 respectively.



The striking and significant point brought out

in Figure 59 is the near coincidence of the rate curves

during the falling rate period for the two runs at

high air velocities. The initial sloping linear

portion, or Zone A, is not in evidence, and there

is marked concavity upwards thrcughout the falling

rate period. These curves are similar to the

theoretical rate curve with internal diffusion controlling

(see Figure 4), and suggest that internal liquid

diffusion is controlling throughout the falling rate

period Bor these runs at high air velocity. It is

further significant that the critical water content

for these runs is considerably greater than for the

runs at low air velocity previously discussed.

This is no doubt due to the fact that the drying rate

cannot be greater than the rate of internal diffusion:

the critical moisture is, therefore, that water

content at which the rate of internal diffusion is

equal to the constant rate rate, since there is no

zone A. At lower air velocities Zone A appears,

and the straight line representing the rate in this

region, rather than the constant rate lire, inter-

secte the internal diffusion curve. For example,

Run 75, using no forced convection, shows evidence

yf a Zone A. and internal diffusion is not con-

rolling until a very low water content is reached.



High air velocity is seen to be of great

value in speeding up the drying of clay, since it

not only greatly changes the drying rate in the constant

rate period, but replaces the Zone A obtained at

low air velocities by a falling rate period with

internal diffusion controlling, during which the average

drying rate 1s considerably greater. It 1s of interest

to note that in Runs 72 and 73 internal diffusion is

controlling at water contents below 16%, whereas in

fun 75 surface evaporation is controlling from 16%

vater down to possibly 2% free water. Thus, identical

samples of the same material may, under different

conditions, dry by different mechanisms over the

same range of moisture contents.

EFFECT OF HUNTNTTV ON THE DRYING OI" CTAV

In the course of the present investigation,

nd experiments were undertakan to determine the effect

of varying the air humidity on the rate of drying of

clay. However, in connection witli the foregoing

discussion it is of interest to analyze the data

obtained by Chang. Chang obtained data on drying

clay at low air velocities, and was able to vary the

air humldity over a limited range, while keeping

the temperature constant. Ficure 60 shows examnles

of the rate curves obtained by Chang, the two shown

oeing obtained by drying 0.64 cm. slabs at

43.2° C. and with air humidities of 16% and 35%

absolute. resnectivelv. The diviaion 3nto congstant
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rate period, and Zone A and Zone B of the falling rate

period is clear in each case. The equilibrium

Ww ater re Port ed b y Cha n £&amp; for Tlni S clay i Ss ab ou. «3%

and 3.6% at humidities of 16% and 35% respectively.

The dfference of the two values, or 1.3%, corresponds

tc the horizontal distance between the lower curved

portions of the two rate curves, and indicates that

if the rate were plotted against free water, the

curves representing Zone B in each case would coincide.

This 1s to be expected since humidity can have

little effect on the drying rate when internal liquid

jiffusion is controlling, as is believed to be the

ase in Xone B. However, the difference in equilibrium

values does not explain the difference between the

two curves in Zone A, and it is evident that in this

rance the difference in humidity does affect the

drying rate. Internal liquid diffusion, therefore.

cannot be controlling in this range, and the conclusions

from the whiting data =re substantiated: that in

Zone A the controlling factor is the rate of

svaporation from the surface.

COMPARISON OF FALLING RATE PERIOD DATA ON CLAY WITH

THE THEORETICAT. NIFFUSION EQUATICNS

Since it is believed that internal liguid diffusion

is ecntrolling during the falling rate period in Runs

72 and 73, a comparison of this data with the theoretical



od

diffusion equations previously derived would seem

logical. It will be remembered that the data on

scap was plotted as E vs, 6/(2R)2 on special plotting

paper, the ordinate scale being so changed as to

meke a straight line represent the relation between

E anda « oince the clay dats shows a constant rate

period, E! will be plotted vs. ©', on the same

special plotting paper. Figure 61 shows the data

plotted in this way, and it may be seen that nearly

straight lines result, except for a slight curvature

at large values of E'. Approximate values of the

diffusion constant X¥ for clay may be obtaired from

this plot by comparison with the theoretical relstion

hetween = aa’. For examvle, from the theoretical

scuation for surface resistance necligiblel: is found

to be 06285 when £E = 0.40. From rigure bl the

corresponding time is seen to be 153-174 minutes,

or an average of 164 minutes.

NT K x 164 x 60

dence DS em mmm———.i=-

(1.2712

and K=3 24.7 x 107° in o.i. units
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vOISTUFT GRADIENTS IN A SIAB DURING THE CONSTAXT RATE PERIOD

"hen the data of Runs 72 and 73 were compared

vith the theoretical relation for cases of internal diffusion

controlling, a discrepancy appeared in the form of a slight

curvature at high values of E', of the line representing

the data on the special co-ordinate plot. It seems

orobable that this is due to the existence of the initial

constant rate period, at the end of which conditions

are not the same as assumed to holc initially for the

derivation of the theoretical relation. It seems

desirable, therefore, to present a quantitative analysis

of the conditions existing in a slab, especially with

reference to the moisture gradients, during and at the

end of the constant rate period. Although the data

on clay show the importance of this anslysis, the

Jerivations are general, and apply to drving of other

solids.

Assuming the diffusion constant X' to be inde-

pendent of the moisture concentration; the rate of

drying 1s given by the equation

aw aT

—mme = = KP (een)

A Ade dx

ih (00)

vhere KK! = diffusion constant where concentrations are

expressed on a weight basis, = Ko
/

gms. water per gm. dry solidI

—y

ant distance of the point from the center line

ff the slab.



Subscript "s" refers to conditions at slab surface,

and "m" refers to conditions at the center line.

Figure 62 represents the cross section of a slab, with

ordinates representing the moisture concentrations

at different times during the constant rate period.

Let ABC represent the gradient at any instant and

EDF the new gradleht after a finite length of time.

Since no moisture crosses the center line, the

slope of the gradient curve is zero at that point.

Furthermore, since the rate of drying is constant,

then from (3C), above, the slopes at A, E, C and

ff are equal. Now the area ABCIFDE represents the

noisture lost, and since the rate of drying is

constant, the areas between successive gradients

separated by equal lengths of time, will be the same.

The constant rate period is, therefore, an example

of a steady state process in that the rate and the

slopes of the gradient curves are constant. Successive

sradient curves, such as ABC and EDF, are of the

same shape and parallel.

~

Hence (===) = constant.

herfore, from the fundamental equation for diffusion

in a slab (see Appendix II)

WRT 1 /.T
"=== ZT ==--=~-- = constant

x= Kt! 7 6

.

 4
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aw

whence K' = =eceeme=cna) (mme--,

2(T,, - Tg A de

(33)

i
~~

5 43

I'he last equation suggests that with data on the rate

of drying and moisture gradients during the constant rate

period, the diffusion constant K'( = K x density) could

he calculated.

The datz of Troop and "heeler&lt;°® afford

possibility of the calculation of the diffusion constant

by this method. These authors report datas on the drying

of clay in a thermostat, which was used to maintain the

temperature of the clay as nearly constant as possible.

Cyliders of clay 12.7 x 2.84 cm. dia. were placed

in hollow copper shells of the same inside dimensions,

and the whole placed in a thermostat with only the

faces at one end of each cylinder exposed to a current

of air. Identical samples were sliced every six

nours, and the moisture gradients obtained; the data

covering only the constant rate period, however.

For example, one run at 7C° C. and 90% relative

humidity gave values of Ty - Tg, of 0.056, 0.054 and

0.047, 0.051 and 0.043, after 6, 12, 24, 29 and 36

hours. resvectively. The average of these values

is 0.050 and the average rate of drving wa: 2.86

rms. per 24 hours. Therefore, substituting in

(33) above,



12.7
K! = cmommememe X =mm———e re emimimmame = 8,3 x 10

2 x 0.050 24 x 3600 x C.785 x 2.54%

2.86

5

3d
s # a

Since the data were obtained using a sample having such a

stall ratio of dry to wetted surface (0.045), the cooling

sffect of the evaporation was relatively small. and the

temperature of the clay approached that of the thermostat.

Since K! doubtless depends largely on the viscosity

of the liquid diffusing, a relation might be expected

between the values of K!' from the above calculation

and the viscosity or fluidity of water at the temperature

of the thermostat. The results are plotted in

Figure 63, which indicates that such a relation does

exist.

The value of K cagculated from Figure 61 for

the clay used in the present investigation was

4.7 xX 10-9, and since the density was approximately

1.6, K' = 1.6 x 4.7 x 107° = 0.74 x 10"%. The

temperature of the clay in Runs 72 and 73 was not

determined, but the corresponding fluidity was dounhtless

in the vicinity of 0.8. A comparison of this value

 Ff 0.75 x 10°% at a fluidity of 0.8, with the dates

rf Broop and Wheeler show: that their clay would

nave about twice the diffusion constant at the same

Fluidity.
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lhe thesis of K. Chang=® also included data on

moisture gradients in a clay cylinder, the two ends

being exposed. However, as the clay became very

hard and extremely difficult to cut when partly dry,

Chang obtained data on the moisture gradients only

during the first 100 minutes of the drying process.

Since the initial moisture distribution wa: uniform,

in each fun there must be an initial stage of

transformation from the uniform to the parabolic

cradient. The parabolic gradient is approached

nore and more closely as the drying proceeds, and

I -Twig increases from zero, approaching an asymptote

vhich would correspond to the final or equilibrium

parabolic gradient. It is this asymptotic or

cquilibrium value of Tp-Tg which shculd be used

vith equation (33) to get K'. Since Chang's data

vere obtained so soon after the start of the drying,

the values of T -Tg increase with time; for example,

in Run 1 of Chang's thesis, they are ¢.C045, 0.055,

0.065, 0.065, 0.070 after 20, 40, 60, 80 and 100

minutes, respectively. Thus, the values of KX!

calculated from Chang's data are hlgh, being 11 to

13 x 10°% at fluidities of water of 1.2 - 1.5.

The data of Troop and Wheeler are not subject to

2 large error due to this cause, as their gradients

vere obtained 6-36 hours after the start, and Tp-Tg4

Joes not show a tendency to increase with time.



RELATION BETWETN RATE OF DRYING

AND CRACKING OF CLAY .

[t follows from the derivation of the parsbolic

moisture gradient in a clay slab during the constant

rate pericd that the greatest slope of the gradient

curve is at the solid surfece. ©Since the shrinkage

is a direct function of the water content, 1t follows

that the shrinkage 1s always greatest at the surface.

Since the clay 1s non-compressible, the surface

plane must remain of the sare gross area as the

corresponding parallel plane at the center, with

consequent appearance of cracks in the surface; or

slse the edges of the slab must curve sufficlently

tc allow for the difference in shrinkage at the

surface and at the center. The abllity of the slab

edges to curve and thus elirinate surface cracls

#111 depend on the retio of thickness tc surface

srea. Thus a slatbeing dried only from the two

faces, and having a very large face area compared

to its thickness wculd have no chance to take up the

different srrinkage by distortion, and would crack

2a81ly. Another slab of the same ma-eriasl, but

quite thick as ccmpared to its face area could

bale un tre differential srrinksre by distortion

(frcm a cylinder to a barrel-shaped bar, if drying

vere from the two circular fsceg).
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For any given shaped object the differential

shrinkage is a function of T.-Tgs which in turn

lsfiirectly proportional to the rate of drying in

the constant rate period. Thus, for a given shape

the tendency to crack is directly proportional to

the rate of drying. It seems possible that data on

the shrinkage and the elongation of a break of a

civen clay would make possible the prediction of

the maximum rate of drying without cracking of

the large slab where no distortion was possible.

Fhere distortion helps prevent cracking, the

plasticity of the clay is doubtless an important

factor, since the rate of change of form must

correspond to the rate of shrinkage or cracking

vill result.

SALCULATION OF THE DIFFUSICN CONSTANT

FROM THE RATE CURVE

The value of the diffusion constant K may

also be obtained »y comparison of the actual with

“he theoretical rate curves. For example, in the

case of Runs 72 and 73 for clay (see Figure 59)

the rate was approximately 0.030 gms. /hr./sa.cn.

when © wars 0.5. From Figure 4 it is seen that the

correspodding theoretical value of ar/da is 1.254,
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3600 X 0.17 x 1.6 x 1.254

= 3,1x107°

0S compared with 4.7 x 10=° obtained rom Hi gure 51
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A THE DRYING OF WOOD

The drying of wood offers a commercial field

there the theoretical equations for internal liquid

diffusion might be expected to apply. Tuttle’

compared data on moisture gradients in a 5.08 cm. slab

of Sitka spruce with the theoretical equation (1),

and calculated the diffusion constant of water through

the wood. This value of XK was then used with the

theoretical drying equation (2) to predict the

drying curve for a similar 5.08 cm. spruce slab.

[he predicted curve was found to compare well with

experimental data obtained in drying such a slab.

It is believed that the special plot method de=

scribed above 1s a considerable improvement over

Tuttle's method of finding K from experimental data

since not only are the required calculations much

less, but little knowledge of the mathematics

involved 1s necessary.

The data of only cre experiment are

shown by Tuttle, and that in the form of a plot, so

it is impossible to use his data to compare the

actual with the theoretical effect of slab thickness

on the drying time. In this single experiment

reported, the initial water content was 51 percent,

and the equilibrium water content 8%Ewas,

-herefore 0.680 at 33.89 water which from the Nnlo }



sd ons

corresponded to about £8 hours. From Figure 2

7 = 0.60 when T= 0.126

A Ko 28 x 3600 x K
[[ = 0,126 = =p= = mmmccmcccem———-

R | (2.54)=

vhere K = 1.05 x 10=° in CefesS., units. This is an

approximate value of K for the Sitka spruce used,

diffusion across the grain, the calculation assuming

that the data follows the experimental relation as

indicated by the plot shown by Tuttle, and that

B® = 0.60 at 28 hours is a representative point.

In the present investigation several runs were

made drying white wood (poplar) slabs 0.41, 0.69,

1.27 and 1.90 cm. thick, respectively. The first two

sets of four runs each (Runs 48-55) are believed

tc be faulty due to the fact that the samples were not

soaked under water long enough before the start

of the experiment to assure an even moisture

distribution through the wood. The result was that

the initial moisture contents varied from 17%

vith the trick slab to 147% with the thin slab.

Since at the start, therefore, there existed an

appreciable moisture gradient from the surface in

towards the center, the equations previously derived

could not be expected to fit the data. In spite

of this, however, the data on Runs 52 and 55 using

slabs 1.27 and 1.90 cm. thick, and containing 49.4

and 39.7% free water, respectively, when plotted

on the special plotting paper give excellent
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results. As may be seen from Figure 64, the curves

are practically linear down to values of E of less

than 0.40, and the lines representing the runs almost

coincide, although there is more than a two-fold

variation in the term R-. The value of K may be

calculated as above. Again arbitrarily taking the

point at ¥ = (.60 as a representative point, we have

~ Ko

|" = 0,126 = === = 3.72 x 3600 x K

ne

vhence X = Y.~

7
-

-

 Ww. cil compares well with the

value of 8.05 x 10-6 obtained from Tuttle's data on

3PrUCE

In order to obviate the difficulty of

obtaining uniform moisture distribution in the samples

brefore the start of the runs, the four wood slabs

used above were soaked under water nearly four months

before being used in Runs 78-81 inclusive. Even

then the initial moisture contents varied from

20-265% water, but since the wood was so very wet

and swollen, it is believed that a fairly uniform

noisture distribution was possible in each slab,

sven though the water contents were different in

the slabs of different thickness. Fissure 65 shows

the rate curves calculated from the data of these

runs. In each case a constant rate period

appeared, and in the case of the two thinner slabs

the falling rate period is clearly divisible

nto Zone A and Zone R. The rate curves in Zone
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5 fall approximately inversely din order of the slab

thicknesses, except for the near coincidencr of the

curves for Runs 80 and 81, and in this region internal

liquid diffusion is controlling. It is interesting

0 note the annearance of a Zone A in the runs with

the twc thinner slabs, and the absence of a Zone A

in the case of the thicker slabs. This is no doubt

due to the fact that ith the thicker slabs, the

interr.l diffusion curve is reached before the

surface water concentration drops to that point where

Zone A appears; with the thinner slabs the

internal diffusion curves are so much farther to

she left at the same rate that the surfaee water

concentration drops to a low enough value to cause

“he appearance of a Zone A before the internal

diffusion curves are reached.

It has been shown in the discussion of

thhe data on drying clay that an increase in air

velocity may be the cause of the disappearance of

the Zone A. From the ahove it 1s seen that an increase

in slab thickness may cause the same effect. The

sxplanation in each case is that conditions are

~hangsed so the internal diffusion curve is reached

hefore the surface water concentration can droop to

2 value low enough to cause the aopearance of a

‘one A.
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The data of Runs 8C and 81 have been plotted on

the soecial coordinate paper, as E!' vs. OV /R as shown in

Flgure 66. The curves are seen to be linear except at

hish values of E', and it is suspected that during the

constant rate period in each case a gradient was set

up from center to surface, so that the initial drying

rate in the falling rate period was less than that

-alled for by the theoretical relation, which was

based on the assumption of an initial uniform liquid

distribution. As in the case of the clay, therefore,

the first portions of the curves have relatively low

slopes. The curves for the two runs do not check each

other well, probably because the wood structure in

the two slabs was changed by the swelling when soaked.

The avproximate value of K may be calculated from

these curves, as was done above. At E' = 0.40 the

average value of 6!/R® = 21.6; the corresponding

/N\

theoretical value of | is 0.285;

 DN
“I = 0.285 = K x 3600 x 21.6

vhence XK = 3.67 Xx 10-6, which may be compared with

the value of 8.05 xX 10-6, obtained by Tuttle for

SPYUCE.

It would be of interest to use the above

equations and method of analysis in the correlation of

data on the absorption of water and other liguids by wood.

I'he reverse of the drying process should be amenable Eto

Fhe same mathematical analysis. and a correlation of
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such data might throw light on the problems

involved in soaking wood with liquid preservatives.
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&gt; - EQUILIBRIUYM MOISTURE DATA

Equilibrium moisture data for several of the

materials dried were obtained by the method used

hy Wilson and Pua It was found, however, that

instead of three days, one to three weeks were

necessary to bring the sample to constant welght.

For this reason several months were required to

obtain the data on the four materials tested.

I'he results are shown plotted in Figure 6/ , which

shows the typlcal sigmoid curve representing percent

relative humidity as a function of water content.

[t is to be noted that whiting showed an almost

imperceptible hygroscopic moisture, even at high

relative humidities, so the total water is nearly

identical with the free water. Tven ovulvo contains

only 2-3% equilibrium water under the conditions

orevailing in the tunnel drier,

The similarity in shape of the various

equilibrium curves, such as those of Figure G/,

suggests a method of correlating such data

similar in principle to the "special plot" method

of using eauation (2). Figure 6§ snows
29

equilibrium data from the literature, plotted as
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in Figure 6l , but with the ordinate scale so changed

as to force a typical sigmoid curve to become a

straight line, Other similar curves will also

approximate straight lines, as shown. Such a plot

is of value in constructing an approximate

cquilibrium curve with limited data, for since all

the curves must pass through the origin, another

single point is sufficient to fix the location of

‘he straisht line relation in Figure £&amp;, and hence

he approximate equilibrium curve on a linear

coordinate plot as in Figure 657
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PART IV

CONCIUSTIONS



CONCLUSIONS

[he general conclusions reaghed as a result of

she present investigation have been described in the

Abstract. However, a number of conclusions have been

coilected and tabulated below.

1+ Under constant drying ccnditions, solids in general

dry in two stages, a constant-rate period and a

falling-rate period. The point at the end of the

first and at the beginning of the latter is called

che critical poimt. and the licuid content of the

solid at the critical point is called the critical

liquid content.

In general, the critical liquid content does not

correspond to the liquid content of the solid in

equilibrium with nearly saturated air,

During the constant rate period, the rate of

drying is governed by the rate of removal of vapor

from the solid surface. “hen all of the surface

of the solid is wetted, the rate of drving

corresponds to the rate of evaporation from a

Cree 1iaonid surface.

Under the same drying conditions, the rate of

drying in the constant rate period is the same

for the whiting, clay and pulo tested, providing

the ratés of the drv to the wetted surface of the

solid is the same in each case.



The ratgoof dry to wetted surface of the solid

is an important variable affecting the solid

temperature and hence the drying rate. Unless

this factor is constant, the total rate of drying

is not necessarily proportional to the wetted

surface.

During the constant rate period the solid temperature

remains constant. If the whole surface is wetted

the solid temperature is the same as the wet-bulb

temperature of the air; if there is dry surface

adjoining the wet, the solid temperature will be

everywhere greater than the wet-bulb temperature,

Radiation to the solid from surroundings at a

highe&gt; temperature may increase the rate of drying

very materially. Radiation from surroundings at

the air temperature caused an increase in the

drying rate in the experiments described of only

4-5%, but radiation from surroundings at

200-400° C+ may increase the rate of drying

several fold.

2. The data on drying of whiting during the constant

rate period using different licuids are too

meagre to be correlated on the basis of the

physical nroperties of the liguids. What data

vas obtained indicate that the coefficient

&lt; (ems./hr./sqg.cm./m.m.Ap)variesinverselyas

the molecular weight of the licuid evaporating.
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A The velocity of air past the surface of the

solid has a very marked effect on the drying rate

during the constant rate period. Data on very

vet pulp in the constant rate period shows the rate

of vaporization to vary directly as the 0.6 power

of the air velocity past the surface.

10, The falling rate period is in general divisible

into two zones called "Zone A" and "Zone RB".

Zone A is that period immediately after the

critical point, during which the rate of drying

is a linear function of the free liquid content

of tii. solid. Zone B follows Zone A, and is

distiszuishable by the plot of rate of drying

vs L.quid content, being convex to the axis

representing liquid content.

11. The overall coefficient of heat flow from air to

solid remains constant during Zone A of the

falling rate period, and is the same as the value

found during the constant rate period 1t

follows that during Zone A the evaporation of

liquid is at the sclid surface,

12. During Zone A of the falling rate vneriod the

curve of rate of drying vs. liguid cdantent is

not similar to the theoretical curve rate. and

furthermore the rate is not inversely proportional

to the slab thickness: it is concluded that

internal diffusion of licuid is not controlling

ir thie range
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13, During Zone B of the falling rate period the curve

of rate of drying vs. liquid content is similar

in shape to the theoretical rate curve; and the

lata indicates strongly that in this region the

rate is inversely proportional to the slab

thickness; it is concluded that in this zone

internal liquid diffusion is controlling.

14, The overall coefficient of heat flow from air

to solid decreases sharply in Zone B for the

case of whiting, but for clay no such decrease

15.

1s apparent. Thus, in Zone B for whiting

evacoration occurs beneath the solid surface;

for clay evaporation is at the surface in Zone

B. It isconcluded that when internal liquid

diffusion is controllingm evaporation may occur

at the surface or within the solid, depending

on the porosity.

The occurrence of a "Zone A" is dependent on

the value of the rate during the constant rate

period and on the relaticn between internal

diffusion and liquid content. Thus, li the

liquid content, at which the rate of internal

diffusion is equal to the constant rate veriod

drying rate is reached before the surface

liocuid concentration falls to such a value as

;0 cause a decrease in drying rate due to

jecreased wetted surface. then no Zone AY

ADDEegrs



16, In the drying of paper pulp the overall

coefficient of heat flow from air to solid

remains constant during the constant rate period,

but falls off sharply at the critical point, and

decreases continually throughout the falling

rate period. It is concluded that for the case of

17.

&gt;ulp, evaporation occurs at points bencath the

solid surface throughout the falling rate period.

Variations in air velocity have little or no

sffect on the rate of drying of pulp in the

‘alling rate periad.

i89. From the data on moisture gradients in pulp

during drying, it is concluded that evaporation

in the pulp is not at a plahe, or a relatively

thin zone, but is distributed from the surface

in to a plane paralled to the surface beyond

vhich no evaporation takes place.

| Q The liguld gradient in a slab during the

constant rate period may be represented by a

parabola on a plot of lioguid concentration

vse. slab thickness. If the initial licuid

distribution 1s not parabolic, the parsbolic

sradient is approached more and more closely

28 time goes on.



20» The mathematical theory and Fourier series

uy
re py

derived and commonly applied to the conduction

&gt;f heat in solids may be applied to the

Jiffusion of liquids through solids. The

squations sc derived apply in general to the

drying of solids where internal iiguid

diffusion is controlling.

&gt; 1“~d &amp;® The theoretical equations apply to the drying

of soap, if proper allowance is made for the

change of diffusion constant with moisture

content.

220 For practical calculations, the change of liquid

content with time in the falling rate period

is found to be well represenbedbytheequation

log E' = - C ©!

wnhere E' is the ratio of the free liquid content

to the free liquid content at the critical point

9! 1s the time after tiv start © the falling

rate period, and C is a constant. Thus, the

data on the drving c¢f clay and pu.n wet with

vater and of whiting with several licuilds.

is found to be well correlated by an equation

»f this form.
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APPENDIX I

THEORETICAL AW-LYSIy OF RATW Or DRYING FOR CASE

WHERE EQUILIBRIUM CONTRCILS

In the discussion of the poss: ble causes of the

lecrease in drying rate after the critical point is

passed, it was shcwn that t- Jd-creas-d vapor pressure

of water at 1 wv wat — crmtents was not in general

important a- ring rate,

—owever, 1° 13 effect

m1id in

“he © uren

rate. CHL moo

Fn] .

case C ¢ v
3

such a shructu zr]

whe:

¥

J.-
_ 4

that the

 ontre ls the drying

7 casefor the

" hemor 13 material of

: area when wet is

 ™~ = : oa

if

he same as when dry. Under these conditions no

B

sone A or Zone,would be expected to occur, and except

for a decrease in vapor pressure of water over the

solid, the rate of drying would be expected to continue

constant to dryness.

"hen a solid is very wet, the partial pressure

of water over the wet solid is eogual to the vapor

oressure of water at the same temperature. However,

2s indicated by the equilibrium moisture curves,

pressore
the partial,decreases with water content and is zero

at zero water content. The ecuilibrium curves do

not vary greatly with temperature, so that the partial

aressure of water over a solid at a given water content

1 Q fecund by multiplvine the corresponding ne3 17 cent



relative humidity by the vapor pressure oil water.

Fizure 69 shows the partial vapcr pressure of water

over wool calculated in this wey plctted vs. water

content of the wool, for several di ferent

temperatures.

Under the ccnditions specified, these

zurves Ina Figur-~ renresent pg, and if pg represent

 water in tie alr, tren

- 1 to

“he part®

ce &gt;»
 wm ig

Pg p "the solid

CETDBT8TUT
-

vee 3 shown would

represent the r-
- &lt;

.
Yr

However the so i L t Io! wo we t+ -_ b 19} 1b

cemperature curing the constant rate period, znd is

&gt;t the dry bulb temperature wren dry. Yor exarple

if the air is at 31.5% C. znd dry, therefore having

3 wet-bulb temperature of 11.8% ©., the Ap during

theconstant rete period will be 10.4 rma, =r.d the At

during the sare periccé will be 31.5-11.8 = 19.77 C.

Since from the conditions specified ¥ will

rerein constant, At will be vproporticral toc the

reat flow, wnich in turn will be very nesrly

“PCD + 3 “ed %- 1 ec. + zi 4- CDOoOrvionz i Lo the Tr i 25 ' gc : i ! 1 |S] U4 » cd 0 ] 3] Oo3 2 Fale oD. J. ol): -

‘nder trese conditions the relszsticn between At =rd AD

is given by
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19.7

At = =---= AD

10.4

and since Av =p - p
» --

r

3 +
3
=

therefore, the position is fixed of the curve

representing the partial pressure of the water

over the solid during the drying process. Thus,

For the conditions specified it is possible to

construct the curve of relative drying rate vs.

water content, and is shown dotted on IMigure 69

¥ith data on the rate of drying duriic the constant

rate period, and da’ i. the ensulliorium water

content it 1: thus to predict the curve

of drying rat vs. wat: content.

Th- dashed curve on Figure 69 represents

the data of Collins (M.I.T. Thesis, 1928) on the

drying of a thin piece ¢f wool fabric. The curve

is drawn so that the constant rate period rate

colncides with the horizontal part of the partial

sressure curve for 11.8% C{  8ince the data

vas obtained using drv air at 31.5° C.,, the resulting

~1irve showed dashed should coincide with the

yredicted curve shown dotted. The fact that the



-~

Q aw

-wo curves do not check indicates that either the

squilibrium date used is not ccrrect for the woola

2sed, or else that other factors than the decreasing

partial pressure of water over the wool affect the

drying rate.
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APPENDIX II

DERIVATION OF EQUATION FCR MOISTURE
CONCENTRATICN IN SLAB

(SURFACE RESISTANCE TO VAPOR DIFFUSICN NEGLIGIBLE)

NOMENCLATURE

v = moisture concentration per unit volume, at a

distance x from the surface, and at =z time ©

from the start of drying.

3 = time from start

Xx = distance of point from surface

R = one half slab thickness

{ = diffusion constant of moisture through solid.

"rom Newton's Law of Diffusion

dv

k -- ds do represents the moisture diffusing

dx

ncross an element dS in time de.

he total amount of water diffusing is the surface

integral

| av- K de {} -- ds

(s) ds

vhich is equal to the volume integral

V2 vw Rv JR v
de el EE A dx dy dz

J xP J ye J z%

I'he amount of water in the element dx dv dz

at a time 6 is dx dy dz and after an interval de

-his amounts to



&amp; 4 wes a0) dx dy dz
C

ind, therefore, the loss of moisture is

 MN
5a ©

oe) ax dy dz

and the total loss of moisture is

3 = dx dy dz.

“quating the amount lost to the water diffusing

J)[a= + Ar } D ) C

his 1s true for any region and hence the integrand

must vanish at any point

2

Ov &gt; Cv Dv 1 vw
wmm= 4 =mme f mmemee Ze ome

x? Dy? Vz2 x De

[n the case of the slab, 74 +3 indevendent of ¥y

and z, whence

NEV 1 YR

A x2 ¥ 360

vhich is the fundamental differential ecuation for

he drving of a slab.
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[n order to solve this equation, let v = x6 where

{ is independent of © and &amp;) independent ot

WX _ X 8

“hen &lt;5 TL

x1 JOT 08
x Vx® K@ D6

sach side of which must be a constant, since the

left sice does not change as 6 is varied, and the

right sdde remains constant as x is varied.

“hen A

2

1 YX
Let = ~=e-= = =

X  xZ

cos Ir Xx wb

-

sin rx and let

8 = p=

Ya

-r?ke
hen Oo = Cs © + (Ca

ro ke

and the general solution is
n= 0

-r*ke
(A, cos rX + B_ sin rx) (C e

r=0

reke
+ OD _ e

The conditions sre

 y7 = J whenx=0

v Whenx=2R

or
rr

——  when € = 0O

7 = 0 when8=J

\ AJ

(2)

(5)

cd.
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Conditions (1) and (2) follow from the assumption

that the surface resistance to vapor diffusion is

negligible; conditions (3) and (4) from the assumntion

that v is unity at the start and zero after infinite

time, or in other words, from the definition of wv

as the ratio of the free water concentration at any

time to the initial free water concentration at the

point in question

L.e., Vv = A (see main table of nomenclature)

rom (1), above, Ad

r  wn

~

oF “om

od A -

3

r21e

PaO)

Na from (4) Do = 0

-K1 RE

for all values of o

ro.

ence C,, = 0 for a.l  Tra jue s id 1

&lt;p

J
(3 sin rx

r—{

Prom (3) 1 =

r=

—

sin Kx



ut a Fourler series for 1 between 0 and ZR

nay be written as follows

{ » 2 2r xR

[1-(-1) -—— sin su
Tr |] I

-—-

vhich from above = 3 - sin r x

2

rence B= fe e)7f 2
rT

SRA
where K = ===

11

A

 2 ——— imme

. 1-1) = e 48°

ay rill
rn = 0

yhence v =

Ke

RR
) 1°

(1-(-1) --=
T |]

(YT pr
2

/

 fa
yr]

rx

Sin ==---

OR
N_

J
«i

 HW .2
LS

x i

Sin --=- + =

oR Zz

J

sin

Ir'Xvo
sin ~=-m--

oR

3X nm
————— +

OR
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~~;

x

Ce

and since the total concentration change is 1,

Tr A = ratio of free water concentration to

“he initial free water concentration at the point

in aguestion.

ay

Woe _

Jy A xX
2 sin ---

OR
.

InLye]
zx

SN w=—-

2R

_es(MyRT
1 2 5 x

= = 8 SIN ew==-.

= oR
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APPENDIX III

CORRECTION TO DYRIVATION OF GENERAL DRYING RQUATION
GIVEN BY WALKER, TEWI3 AND MCADALS®

The equations derived,byLewisfor the case of

drying with internal diffusion controlling have already

heen discussed. These equations are given in the

chapter on Drying in “talker, Lewis and llcAdams!

"Principles of Chemical Engineering", together with

their deviations, which are based on the assumption

&gt;f a linear moisture gradient from center line to

surface of the slab. The general equation derived

dy Sls y
de - L (4x +231)

2 6 oo I win Xd

vhere v = moisture concentration, weight per unit

volume

5 = time

LL = total slab thickness

+ = cuwefficient of di fusion through the stock,

~ = coefficient of surface evaporation.

Using this equstion the surprising result was obtained

shat shrinkage influences the rate of drying when

surface evaporationiscontrolling, Since this

conclusion is obviously in error, it is of interest

to search out the error in the denivation. This



is found in the statement "Since the average ccncentration

of free moisture (y) appears on both sides of Equation

(4), it is allowable tc substitute for y the weight ratic

of free moisture on the dry basis, (T-E)". Since it

is y that appears on one side of the equstion and dy

on the other, the above statement is only true when there

is a constant relation between T-E and y. Now it

is assumed that

L = ro] + a (rm)

where Lg 1s the thickness corresponding to the equilibrium

water content. If 2 is the dry density, the relation

c&gt;etween vy and T may be written

Le
pu= Q /J =

Lrva(r-nn

dy f+a(r-5)] ar/ae - aT ar/ae ) /? (1-ak) daT/de

36 f° Jisa(r-lf BE NU)EE

'herefore, from (4)

iy / (1-8%)dT/de 83 3 8543(Lg/L)T
1 ra(rE]]® 0 L4o+81) IL (4xtgl)



i 8AGT Le [1+atr-7))"
6 I% (44 +,8L) (1 - ab)

8 AAT

Lo (4f01)(1-8)

1(T-%) 8 45T

ag Le (443,41) (1~a2)

vhich is the general equation, replacing

d(T-E) 8 «0/5 (1-8)
de (4K + L) L

2
as given in the book referred to

—}

Aoplication to Case I. Diffusion rapid compared

with rate of surface evaporation, 4 X large compared

with A IL. For these conditions the general

sguation derived above, beccmes

d(T-E) wl
ae 1, (1-aF)

It is to be noted that when the derivation is

corrected as above, the resulting equation for Case IT

no longer shows the rate of drying to vary as shrinkage

JCCUDTSae



Application to Case II - Diffusion slow compared

surface evaporation, 4 . small compared to rp

=

For these conditions the general equation derived

abeve becomes

A(T-F) BAT

A6 L Lg (1-2aE)

men shrinkage 1s neglected, L=L_, and a = 0, and

~he integrated equation is

To 846
log === = =m-m--

10 T 2,3 I=

And when shrinkage is appreciable,

I(T=-E) 8K T

©L,®[1+a(T-E)](1-a8)
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Funs 1, Z, 3, 4 and 5

ATZO Laundry Starch and Water

Starch paste formed in wood frames

Leboratory halance used. oanmples

hung from roof of drier.
A1l wood frames 14.2 X 14.2 cm.

Tine,
Eours

)
J

L.6%7

1.78

1.95

3,75

3.86

1,04

.1.00

11.11

11.28

22.98

22.06

23.04

30.67

30.7

216.7 412.7 D37.6 T23..

180 °

397.9

5174.8

805.4

B82 .6

S947

570.0

308.3

4926.1

583.0

A977 9

5355.8

516.0

— ¥ T

Pry Bulb Wet Bulb
Con Oo mn

007.0

ge3.0

aa on
850.9 508 i CJ . 7

774 3 2a.( 17.7

85809 v7 28. l
-

E75.5 20.0 18,9

sun No. 1 2 3 4 O

Inickness,cm. 0.63 1.27 1.9C 2.04 3.18

Tava 41.9 51.2 C6. 4 78e5 87.3
Yet dry, gms. SL8. 5 494 ,0



a
“a

Runs 1-5 Starch and Water

Calculetions

Jun

7 water, dry basis, at start (71) (71) (71) 76.0 65.9

oms./hr., constant rate period (13) 7.8 9.7 11.7 14.5

ims./hr./sqg.cm., " " 0.033 0,0193 0.024C 0.0290 0.036

Ratio dry to wetted surfece 0.09 0.18 0.27 0.38 0.45



Run. 6. Borax Soap and Water

"Babbitt's Best Borax" laundry soap

put through meat grinder, sprinkled
with water, again put through grinder,
kneaded, and pressed into wood frene.
Initial water content 16.8% wet basis.
Dimensions 14.2 x 14.2 x 0.64 om.

Laboratory balance used. Sample hung
from roof of tunnel drier.

Air temperature 23%-70°C.
Net original weight (wet) 148.9 cums.

Time, Loss,
Hours Grams

Time,
Hours

Loss,
Grams

Sonle

6.67
20.5
41.5

+8.%
g9.7

19.

ds
161.5
169.

az&gt;09.

225-284:2
304.5

330:12002
106.5
125.5
157
178.

497.5
el.

D

J.

0:2
4.8
5.2

7.4
g,2

9.8%
10.4
11.0

10.¢
11.6
11.8
12.0

12.1
EA

212 2

3
Zon”
250

17

710.

12:3
4 («1

18.1

LZ,

3-3[4.1

14,0
A

4.
LU,8

5.0

I



run 6 Soap and Water

Calculstions

Time,hours

J

1.92

6.67

20.5

41.5

48.3

BG .7
L19

14C.5

161.5

169

188.5

209.05

23660

207 «D

20263

30840

530

307 «©

37265

4C6 +5

42560

£53

478

4C7.2

D244

54845

D725

583.5

546

569.0

694

720

xm Arm dr bhasics

202

10.5

18.1

16.3

15.2

14.2

3.6

12.2

11.8

11.3

11.5

10.8

1C.7

1C.5

LC.4

Q.6

BoP

Jed

3.8

B.9

8.4

3.0

Bed

8.2

8.1

7.8

7.6

745

7.4

5.55

0.46

Set

5.6

1.00

2.965

+895

«807

701

,704

W671
» 609

084

06

, 068

2030
. O28

«02

«015

475

401

»463

4305

44

415

42

W411

408

40

 + 588

 + 376

» O72

» 68

024

0 D2

«316

, 276



Run 7. Borax Soep and Water

Dimensions 14.2 x 14.2 x 1.27 cm.

Procedure and conditions as in

Run 6.

riginal net weight (wet) 292.7 gms.

lime, hrs. Tlne~ om

J J

1% 2

21.2
42.2

49.0
90.4

119.7
41.2
162.2

169.7
186, 2
210.2

237.2
258.2
2972,
209.2
2720.5
258

i0
126
45h
178,
108
32
202

I:58
24
570
594

L.8

EN:
i,

53
2.0

3.5
10.7
11.8

12.5
2 Q

2 2

a)
.

$s

L
L  oO

|

Ly

{eoL ®

5
18.8
14.6

19.6
20.0

0.4
20.0

21.4
22.5

Time, hrs, Loss, ar

[08
794
319

BZ,
2947
210
°71
387

1006
1051
1151
1174
1226

1267
1321

Lo]143
1488

1556
1658
2014
2060
2280

D2R2

2%,

23,

22,4
27.7
ol,2
oh,2
lL,=
05.1
2h.8
20.2
26.2
20.7
27.0

2h
2%,
28.4
28.7
29.1

20,9
71.2
20.6
22.0
22,0

oo



Fun 7 Soap and Water

Calculations

I'ime, % water,
Tours dry basis ”

J

2408

T6353

21.2

12.2

19.0

90.4

119.7

141.2

162.2

1€9.7

189.2

210.2

237.2

2658.2
293

309.2

53045

558

380

407

426

LCT

1151

1174

1226

1267

1321

1387

1456

1488

1556

1658

2014

2060

2280

DRRO

20.2

19.0

18,7

18.4

17.7

16.9

16.53

15.8

15.4

15.1

14 .Q

» 00

, 97

926

»91
» 87

» 836

8005

78

76

745

136
, 7126

2713

"70

770

676

.68

» 66

65

64

623

625

0.467

J. 467
0.457

0.451

0.487

0.441

0.422

J.422

0.416

0.408

0.392

0.3566

0.378

0.349

0.34.9

2

/]

14 41

14.2

13.7

13.8

13.3

13.1

13.0

12.6

12.6

2.45

O.14

2.9

3.55

3.26

7

I'ime,
Hours

454

478.5

498

525

546

D733

594

647

670

694

720

742

768

794

319

838

883

910

931

083

1006

% water,
dry basis

12.5

12.2

11.8

11.4

11,0

1C.Y7

10.3

10.3

Y,

0.617

0.621

0.60

0.592

0.580

0.89%

0.564

0.541

0.545

0.542

0.516

0.528

0.52%

0.0514

0.514

0.519

0.008

0.508

C.806

0.490

0.475



kt

=
Wa

£5
oN.

Run 8. Borax Soap and Water.

Dimensions 14.2 x 14.2 x 1.90 cm.

Procedure and conditions same as

in Run 6.

driginal net weight (wet) 434.9 gms.

lire, Loss,
Hours Grame.-

J

2.4

7.2
21

42

1g, 8

30.2
119.5
L41
162

169.5
149
210

227
&gt;5g
292.4
709
330. 3
358
380
10

io
45k
478.5
108
&gt;25
S46
Of

so2H
&gt;70
SoU

J

0.8

2,4
4.7
5.6

7.6
10.4
10.8

11.6
12.2

17.0
132.6
14.2

15.1
lh,
Lb.E
5. 7

17.6
18.4

14.9
19.1
19.4
19.5
20.5
20.8

21.72
51.8%
20.1
ym on

Le€

14, 8

lime, Loss,
Hours ~~ Grams

rhe
768
[94

523%
8873
910
931
983

1006

1051
1151
1174
1226

1267
1721
1287
1426
1488

1556
1658
2014
2060
2280

2420

2715
2720

25,
CO.
26.

2).20.0

28.9
26.7
28.8
28.6

20.829.
20.4
29.7
20.8
22.0
22.6
22,2
32.2

.0

a

£

Z

iss.&amp;

Y=,=



Run 8 Soap and Water

Calculations

Time, % water,
Hours dry basis ™

J

Zed

7.9

20.2

20.0

19.3

18.9

1.00

» 99

» 953

935

»923

» 909

» 857

» 855

841

833

821

814
» 8095

»794

791

774

785

755

749

741

739

0.581

0,098

0.585

0.594

0.578

0.061

Je000

0.56

0.56

0.548

0.535

0.526

0.497

0.493

0.49

0.473

0.449

N.A407

cl

42

18.8

20.2

119.5

141

162

170

189

210

237

208

293

309

550

308

380

4.07

1C06

1051

1151

1174

1226

L267

1321

1387

1436

1488

1556

158

2014

2060

2280

2420

2715

3720

18.4

17.2

16.8

l6.4

16.0

15.7

15.5

15.0

11.7

11.8

11.7

11.2

11.3

10.8

1C.1

9.9

9.6

3.9

a. 9

I'ime,
lours

426

454

4792

498

525

046

573

094

647

570

594

720

742

768

794

819

838

883

210

931

983

% water,
dry basis

14.8

14.6

14.3

14.1

13.6

13.4

13.2

12.9

13.0

12.8

12 ¢3

735

W733

72

715

«709

e702

«697

«672

0673

+66

«C6

«64

+603

«639

«637

626

644

«666

0635

«606

.609



Soap
Run 9. Boraxpand Water.

Dimensions 14.2 x 14.2 x 2.54 em.

Procedure and conditions as in

Run 6.

driginal net weight (wet) 567.2

Time, Hour Loss, gram

J

2.08

5.87
20.7
41.7
ug.5
89.8

119.2
140. 7

J

1.5
2.5
4.8

5.9
3.7

10.1

10.7
oF

oms

This sample used to obtain moisture gradients, being cut
into blocks at intervals starting at 166 hours.



Run 9

Moisture GradientsinSoap

Square chunks about 3.3 x 2.7% cm. cut from sample No.¢

at intervals, and sliced parallel to the drying face.

The loss in weight of each slice was noted when left

in the drier until a constant weight was reached.

Jliéces number from face (No. 1) in towards center.

The edges of the square hole in the main sample were
covered with tin foil after the chunk was cut in each

case.

Table I. --After 166 hours.

Slice Slice Water, Dry Weight, 4% Water
No. Thickness.m.m. gms. gms. Dry Basis

J

»

{

re

(
-e

ve€
¢

-e

Le 9

LG
1» €

BE

‘

{

0.2070. 24
0. l=
0.441
0. 286

2.8470.39
0.414
0.427
0.418

0.2272
N. 25]

2.098
2.334
2.0668

2.542
2.195
2.422
2.152
2.290
2,377
51 24¢
1.872
2.140
2 Zi

37
10g
156. 61
17. 22
17.62
12.41
1&amp;8, 22
1%.09
18.02
18.10

17.27165
 Nn Q=—



Run 9.

Moisture Gradients in Soap. (cont.)

Table II.--After 382.7 hours.

Slice Slice Thick- Water, Dry Weight, % Water Dry
NO. ness, m.m, gms. ons. Basis

hd

L

Fo

€
,-

 J} ot
f

© ®

{

[1

f

0. 345
0.2y

0.132
0.371

0" po
Js £2
3 90. hog

0. 388
0.296
J.292

Y,32]

5s EINE
2. 7
2. THT

2.145
1.888

2. 731
2.121

2. 27]
2.250
1.92%
1.94%

77!

10.29
14.08

15.88

10. 9116.42

17.57
 28
L{.51
Lf. 26
15.40
5. 0C
ty

Table III.--After 1152 hours.

31ice Slice fnick- Water, Dry Vieight, % Water Dry

Yo. ness, m.m. gms. OMS. Basis

'\J

L

‘

»

V

.. 9

 ss ®

LLC
we ©

¢

0.211

0. 254

J.7 2

Jo: ”

J. 2

J.7?
3012
J. 329
J. 379

0.376
0.251
N. 364

2.181
2.128

2.405
1.820

2. 380
2,295
2. (39

2.047
2.489
2.496
1.716
2.760

6.64

11.92
13.79
14, &amp;
14, €0
15.29
15.15
16.03
15.20
15.06
14, 67
17.1”



Run 10. Borax Soap and Water.

Dimensicns 14.2 x 14.2 x 2.18 cu.

Procedure and conditions as in fun 6.

Original net weight (wet) 746.2 gms.

Time, Loss,
{ours LMS.

J

2,2

7.0
20.8
41.8
48.6

30
19.3%
L400. &amp;
L611. 8

1€9. 7
188. 7
210

227
58
292. 8

309
330
258
2&amp;0
10°

426
L540
178
10g
525
546
Y&amp;

D

Lu

7,1
7.2
7.9
2.7

1.3
12.2

| 2.”
fy

&gt; -

. _ &amp;Ja ”

1
by
Nad

-

t/.C
7.8
19.1
18.¢
19.7
20.9
22.5
23,

2
22.2

ol,2
25.0
26.7
26.7

26.°
e.

‘ine, Loess,
Hours ons.

570
o9Y
720
rk2
768
794
819
22g
262
210

931
9873

1506
1051
1151
1174
1226

1267

iLL287
1428
L488

L556
L658
2014
2060
2280

2420

271"

28,U

29.0
20,2
20.7
29.8
22.5
22,2
22.5

3h.¢
23.¢
22.7

Eo.

2
25.€
26,&amp;
25.8
28,5
39.1
79.4
0.

0.

1.:
Zz

Pr
Bal
18.2

2.

ie
{



Run 1C Soap and Water

Calculations

lime, 7 water,
“ours dry basis

v

2.2

7.0

20.8

41.8

48,6

90

116.3

140.8

161.8

169.3

188.7

210

237

258

203

309

330

358

380

407

L006

10571
1151

1174

1226

1267

1321

L387

1436

1488

1556

1658

2014

2060

2280

2420

2715

Zr en

20.7

19,

19.7

19.0

18.7

18.2

17 «8

17.5

17.5

17.1

17.0

16,06

14.95

14 .4

13.8

13.6

1342

13.3

12.4

11.8

10.7

on

l.CC

0 « 980

0.976

943
» 938

+926

912
» 903

891
» 884

878

8605

868

865

268
» 848

» 80

843

» 834

» 82

«811

Je72"

J.716

706

W715

, 583

685

685

6777

SNA

«6677
» 657

+660

640

616

614

. 089

» 087

B31

Time, % water,
Hours dry basis

426

454

478

£98

525

2406

073

5904

647

670

694

720

742

768

794

B19

838

883

910

931

C83

168.7

16.3

15,¢€

18,0

15.5

15.5

15.2

15.0

15.0

14.8

14.4

«829

«823
 « 80%

«800

788

891

«391

al

W774

769

759

755

763

741

743

741

723
» 732

73

.714

 RD



Runs 11, 12, 12, 14, and 15.

Whiting and Alcohol CCl_, Benzol, Ethyl
Acetate, Water.
coBS Bl:SN otBsMicrlin 0
Each 3.18 cm. thick and 7.0 x 7.0 cm.,
formed in wood frames. Laboratory bal-

ance used. Samples hung from roof of drier.

Time, Total Weight nlus Tare, Dry Bulb.
iinutes = = 20.

11 12 17 14 15

Alcohol CCl.~~Benzol Eth. Acet. Water

|

-

”
.

£

22
=. ——

529. 5
226. 7

20, 7

221.2

222,6
217.9

2G1.8

299. 7 720. 73

o- 1 207.5

2%0.5

296.4

zl 7

0
Lo

NC

271.0

2480.0

217.8

Ari. 7
2H.5

Sal, 7
220.0 1

207.5  21.°

Oc

LO9

Llo

Lely

127
14°
RE
|i

Lod
180

195
202

200

11Z. 5

209.0

212.1

297.4

265.5

000.0

°55,0

231. Zz

218,7

255.1

279.5

275.8

272.&amp;

Ic
-

- 2

21%,0 io



uns 11, 12, 12. 14, and 15 (cont.)

Time, Total weight plus Tare, oma.
yinutes 11 1 1 Ls Dry Bulb®C.

ol7
262

269
278
al

3173
228
731
340
UE
262

25,L
271.4

213%, 6 25

gle,2
°52. ®

54,2
271.7

209.LU 2

292.2
252,6

’la

252.6
P54.2

271.4
old, 7

000.6
i

32
+729
Lg

+54
L400

L410
L426

L420

2.40.
25U, 6

271.4
760. 2 Le

200.0

271.4
28 ! 0

oR, 7

cL,2

286.7

286.8 252,7

‘are Lo. lu Ho.=

hl. 2 271. U4 283.5

uo. 0 Lo. no.&amp;



Run 11 Whiting and alcohol

Calculations

I'ime,
Yirutes

J

J

L7

5)
39

Led

164

217

284

346

399

454

L142¢Q

1524

899

% alcohol,
drv basis

17.3

16.2

15.4

14.0

12.6

10.8

9.0

0.2

do3

SC

2e2

1.5

1.3

sms/hr.
/sq.Cm.

0.122

0.108

0.093

0.087

C.082

0.040

0,021



PR

ro

Run 12 - Whiting and Carbon Tetrachloride

Calculations

Time, 4 001, Cms./hr.
Minutes dry basis /sq.cm.

14

29

51

81

L16

156

211

276

377
50.7

26.2

18.5

12.9

9.0

5.1

549

L 1

0.94

0.485

0.224

0.134

2.097

2.070

| 00

813
» 606

49
» O42

» 238

»161
» 003

03



A

Run 13 Whiting and Benzol

Calculations

[ime % benzol, cms/hr.
Minutes dry basis = /sq.cm.  FE

wt 20.7

17.0

12.2

7.8

D.2

3¢3

l.2

TL

7

22

14

74

LO9

149

202

1.00

0.841

0.589

0.376

0.252

0.158

N.09

0.459

0.169

0.101

0.061

0.043



Eh

Run 14 Whiting and Ethyl Acetate

Calculations

Time, % et.acet. Gms./hr.
“inutes dry basis /sa.cm.

1?7

37

102

1492

195

2l.1

15.6

11 73

Ded

3,0

J

D.45

0.28

0.14

0.07

0.044

0.023

i
-

JU

0738

0.51

0.272

0.165

0.09



Swen

£7 Tx

Lor
yo had

Run 15 Whiting and Water

Calculations

Time, % water,  - Gms./hr.

vinutes dry basis /sq.cn.

21.1

29

~ 2

ry

cory

| 80

247

2090

2603

1.1Y7

1303

20.4

19.2

18.1

16.4

14.6

12.4

10,7

3.7

SyJ

oT

0.0581

0.051

0.051

0.051

0.051

0.046



A
SU

- 4

 war Bho

Run 16. Whiting and Water.

Thickness 3.18 cm.
Dimensions 6.7 x 6.7'cm. Formed in

wvocd frame. Laboratory balance and

indicating potentiometer used.
Net dry weight 242.0. Total face
area &amp;9 sy.cm.

Resting on drier floor.

Tire, loss, Dry Bulb, Wet Bulb, AT
Minutes gms. OC. °C. °C

i

20

22
»'l

ry
~

5a
L14

159
223
550
79
71.

 74
S74

2.

| &amp;

3.6
5.2

9.1
11. 2
14.4

277

28.5
20. 7

ig
57.0

y 4H20,

22. 5
«DD

22.3 22.1

22.4
32.5

22.2

 P22. 2

2cB 22.3

22,6
23.0

50220.0

22.4

22.5
27.0
22 2

34.0 2 2.9
zy, 2 2%. 4 2.9
34.7 2%. 6 8.0

25.5 23.9 6.9
3h. 5 23.7 0.9

[Qs
7.3
7.8
7 9

5.1

22

Z.2

%.I
%.0
%,LU
2.6
2 7



ee.

Run 16 Whiting and Water

Calculations

 ime,
Hours

% water, Gms. /hr.
Ary basis /sa.cn.

22.5

19.6

17.6

15.9

14.1

12.2

10.3

3.9

349

3 Ne

0.0652

0.054

0.0506

0.0506

0.0506

0.0006

0.0461

0.00096

0.00088

0.00087

0.00086

0.00086

0.00083



Ted

NEY

sun 1% iting and Toluene

hickness 3.18 cm.

Dimensions 6.7 x 6.7 cm, Formed in wood freme.

Recording balance and recording pyromnetar used.
Met dry weight 220.6 gms. Total face arss 829 so.cm

Time, Loss, Dry bulb Wet bulb DNL
Minutes ~~ gms. °C. °C ©

28

30

15

50

53

75

20

120

150

180

24.0

288

500

360

113

420

£30

240

508

500

-)

2.6

14.0

21.2

25.5

27 +8

29.6

31.9

33604

3563

ary 9

53.6

10,1

10.2

10,9

10).

328.8

39.1

3G,8

11,1

4] JO

49  BD

Lg Cd!

22 6

DR?

&gt;
o

ss

259

24 3

ar) Lf

11.9

11.7

117

10.4

8.5

£

6.8

Oe

4.2

368

36

Re

2.9
o 5

1.7

1.5

1.2



fn

Run 17 Whiting and Toluene

Calculations

Time, % toluene, Gms./hr.
Minutes dry basis /80.cCnl. ~ H

3

LO

30

45

50

75

20

120

150

180

24.0

300

360

420

480

54.0

5868

18.2

14.3

11.9
B.3

667

O06

4.8

5.8

5.1

Cel

l.4

Ne9

0.298

0.182

0.145

0.000696

0.000616

0,045

0.033

0.000383

0.000362

0.017 0,000187

R

1.00

0.787

0.653

0.456

0.367

0.31

0.265

0.208

0.171

0.124

0.077

0,041



Run 19

Fime, Loss,
ours gms.Ce—emo— — ORS

2

De25

JB

3.75

1.00

L.25

LeB

L.75

2¢0

340

1.0

4.5

D0

DeD

5.0

7.0

3.0

2.0

LO.O

 J}

ted

5.8

12.9

16,4

18.7

238

28.92

563

53740

37 «7

36 a

4

1.  3

Whiting and Amyl Acetate

[Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cm. Formed in wood frame.

Recording balance and recording pyrometer used,
fet dry weight 235.3 gms. ‘Total frnce area 89 sq.cn

Dry bulb Wet bulb At
°C. ¢ 0 A

30.4

10.0

2008

or 5

L

12.1

LO.T

24

7.€

3

0
P.

Ia

29.8 2.3

CoE

&gt;A

+
+ 0 - 2 il



5

 tg Z

gun 19 Whiting and Amyl Acetate

Calculations

Time, % amylacetate, Gms./hr.
Hours dry basis /Sq.Cm,

J

025

Je 50

Je75

1.0

Le25

L+50

L775

)

&gt;

«DH

, O

18.1

16.1

14.3

12.6

11.1

De?

7.9

65.1

2.6

2 ed

260

1.7

1.2

1.2

0.85

0.6

De

0.193

0.186

0.163

0.163

J.163
0.163

0.191

0.015

0.015

0.015
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Run 20 "Whiting and Amyl Acetate

Thickness 3.18 cm.

Dimensions 6.6 Xx 6.7 cm. Formed in wood frame,

Recording balance and regolding vyrometer used.

Net dry weight 238.5 gms. Total face area £9 sg.cm

ime, Loss, Dry bulb Wet bulb Ay
{ours ZImS » © Co °C. 2 =,

J

Jed

Jed

2.75

1.0

1.25

Led

L.79

2.0

Ze

5.0

340

4.0

2.0

53.0

7.0

2.0

J

Deb

11.2

13.4

22.0

24.8

27.3

31.6
34,73

36.9

37,9

3% 5

1

a 5

37 &lt;&lt; J

38.5

2

FY

&gt;

4.0

2G.7

52.0

So

J - , O

8ed

6.9

6.4

6.1

S.7

D.6

WL

2

x

2.3

1.9

1.5

1.2

f 1

15.8



 “&gt;

Run 20 Whiting and Amyl Acetate

Calculations

Time, % amylacet. Gms./hr.
fours~~ dry basis /Sg.cm.

De20

J+ 50
N75

L.OO

1.80

L735

260

2eO

5.0

340

4,0

De0

5.0

740

2.0

13.72

1¢

1

1
-

0.1852

oy

T1313

10.0

8.8

7.8

6.0

4.4

B36

3¢5

246

2 eB

0.1020

0.0562

0.0247

0.0146

2

tf 8

A,

1.00

0.88

0.756

0.708

0.52

0.46

0.405

0.51

0.25

0.195

0.174

0.138

0.12



Run 21 Whiting and Water

™ 5
YS

I
ve LW i

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cm. Formed in wood frame.

Recording balance and recording pyrometer used.

Net dry welght 225.5 gms.
Total face area 89 sg.cn.

Time, Loss, Dry bulb Dry bulb
Tours gms. © Co - wet bulb

J

Je25

Ded

Je7S

L.0O

L.5

2.0

240

0

Det

1 5

ed

B93
5.9

7.8

3.5

29.6

32.0

32 eO

33.5

9.4

10.1

10.2

10.4

25.5 11.0

L1

LZ.

14

17

21 |

247
27 9

51.3

34.5

3747

40.7

4249

17.5

fa 4

a5.Z 11.2

36.0

37.0

37.2

56.8

35663

3€C 63
3663

36.0

36.4

3645

37 «2

37.0

36.0

3665

375

38.2

38.0

39.0

39.0

2G 0

11.2

11.2

11.2

11.1

11.0

'1.0

L1.0

11.0

11.C

11.0

11.2

11.1

10.8

10.7

11.1

11.2

11.2

11.1

11.9

11.9

1 {7

oe

 -»

Led

19

20

21

22

23

A 4

 3y

48.9

40.9

~y %

Jee

O

}~
)

8.2
7.9

7.9

0.3

2.8

23.0

9.1

3,0

LC

wd]
~

{

zal

.E

36D

840

7.0

1.8

546

2eC

2.4

23

Se?

240

lo&amp;
ye
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Run 21 Whiting and Water

Cslculations

Mime, % water, Grms./hr.
Tours dry basis /sq.cn.

2

z

4

LS

16

7

12

19

~

J.25

J 90
1.00

22.1

22.0

21.6

20.7

18.7

17.1

15.7

14.3

12.6

11.2

7.8

5.3

3.8

1.4

1,1

3.3

248

2. 4

2 2

0.0371

0.0529

2.0472

2.0405

0.0405

0.0394

2.0382

0.0382

0.0382

CG.0385

0.0385

2.0380

J.0337

00,0270

0.0150

C.01C7

C.0084

3.0047

0.CoC8LE2

0.000997

0.000848

0.00C855

0.000665

0.000837

C.0C0B45

0.CC0631

0.CC0625

0.,C0C610

0.000637

CL.000637

2.000685

0.000637

0.000574

C.0C0540

UJ0C0OEC]

5.000269

1.C0

0.755

0,607

UeD25

0.451

0.401

Ced1l2

e197
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Run 22 Whiting and Carbon Tetrachloride

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cme. Iormed in wood frame,

Laboratory balance and indicating potentiometer used

Net dry weight 2290.3 gms.
Total face area 89Y sg.Cnm.

é

ime, Loss, Dry bulb
iinutes oS + °C.

Wet bulb A

Oo rn 2

£

18.0

LU

L1e5

14

17.5

2140

26

32

36

15.0

20.0

23.0

20.0

50.0

5540

40.0

15,0

30.0

56.4

36 4.5

26 4

11.5

—
4

19.0

19.2

1943

19.2

18.8

18.1

17.2

15.3

14.1

4,2
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jun 22 Whiting and CCLg

Calculations

Dime, 7 CCL Gms./hr.
Minutes dry basis /sqg.cm.

ol
k

7d?
31-1/.
26

30

26

47 .]

34.6

32.4

31.1

30.2

28.0

258

2346

2145

19.3

“

G 9

ne
7

YO

0.00101

0.00083

0.00078

G.00070

C.00071

0.00082

1.00

0.841

0.788

0.756

0.735

0.682

0.629

0.975

0,022

0.47
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Run 23 Thiting and Acetone

Thickness 3.18 cm.

Dimensions 6.7 Xx 6.7 cm. Formed in wood frase,

Laboratory balance and indiceting potentiometer used.

Net dry welght 242.7 gus,
Total face area 89 sg.cm.

[ime, Loss, Dry bulb Wet bulb
Vinutes gins a °C. ° nn,

3

J

2

540

&gt;

3

L245

[7.5

27

12

17.1

17.4

17.6

17.6

17.0

16.9

16,92

54,0

LO

12

5)

20

2e

28

35

33.8 2e8

34,1

5443

34,0

15.1

15.4

12.6

11.3

8.9

748

63

De?

4.1

560

1.6

0.8

0.4

0.2

0.1

a)

37

25

L10

L25

140

155

L70

185

200

215

220

13.5

14 ,6
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fun 23 Whiting and Acetone

Calculations

Time, % acetone, Gms./hr.
Minutes dry basis=/sq.cm.

2

365

5

3

I)
L175

27

"1

32

18.35

16.7

15.9

14.2

13.4

12.2

10.1

9e3

6.8

3.95

0.612

0.460

0.376

0.360

0 «360

Oe 133

ne

37

35

£10

L125

140

155

170

185

0.103

3 58

J “OD

0.001180

0.000900

0.000782

0.000807

0.000809

0.000384

0.000888

0,0C0489

——
© minutes

1.00 U

7.58 15

Je 22  2



Run 24 Whiting and Xylene

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cm. Formed in wood frame.

Recording balance snd recording pyrometer used.

Net dry weight 217.3 gms.
Total face area 89nsc.cme.

Plime, Loss, Dry bulb Wet bulb
Tours gms . © C. © C.

J

0d

1.0

1.5

2.0

5.0

50

4.0

1.5

0.0

3.0

t.1

v.35

13.5

20.0

26.9

29.9

31.8

33¢3

3445

26.5

32 ¢9

33.4 2 f-

eC
=

y

34.4

»

1. Q

\b
©

C.

!

4,2

eB

4,0

348

5.2

2.7

2eC

1.8

14
i 0



Run 24 "Whiting and Xylene

Calculations

Time, % xylene, Gms ./hr.
Tours dry basis /sq.cm.

20.2

\ —

sD

,0

. 5

&gt; 0

5.0

3.5

 0

1.HB

5.0

3.0

18.3

15.9

14.0

11.0

7.9

3.

YeD

1 2

}  4g

A

tom S58

0.113

0.073

042

0

J. OCT2

0.00078

0.00069

D.00080

! oW069

1,00

0.785

0.556

0.459

0) «396

oO ° 54.9

0.307

0 e237



Run 25 Whiting and Acetone

Thickness 3,18 cm,
Dimensions 6,7 x 6.7 om. Formed in wood frame,

Recordinz balance and recording pyrometer used,
Net dry weight 240,83 grms,
Total face area 89 sq, cm,

Time,

Minutes

 4
10

&gt;

"0

42
122

152
182

512

Loss, Dry bulb Wet bulb
cms 0 C. on

wi¥

12,2
17.2
22,2

2-2.2
36,0
38.5
39.0
39.1

3 Lo

« of

~
° QC.

15,9
13.1
12.6

12.4

12.9.
6.5
4,0
1,
°1

39,2
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Kaw|Rly

Fun 25 Whiting and Acetone

Calculations

Time, % acetone, Grns/hr.
Minutes dry basis /sq.cm.  ul

16.3

 Y7

10

73

70)

39

29

L152

1892

L 2

9.1

7.058

5,0

2.9

’

)

3

J oe 1

0.249

0.249

0.249

0.19%

0.111

D070

J.028

0.00080

0.00069

0.00070 1.00

0.00061 0.706

0.00056 0.412

17

39

0.00060 0.188 69

0.00004

212
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Run 26 Whiting and Water

Rough sphere 7.6 cm, diam, on wire core,

Recording balance and recording pyrometer used.
Net dry weight 315.2 gms,
Total face area about 180 sg. cm.

Time,
Hours ss

0L

J

0.5
1.0
L.5
2.0
2.F
7,

0

0.8
2.3
b.2
5.5
g.5

11,

13.515.6
18 E
21.0

23,"
25 ,k,
295%
34,4
8 4
q=-

oF
1
To

5.L
SL

25
[.0
3.0
9.0

10.0
11,0
12,0
13,0
Ta:
15,0
16.0
17.0
18.0
19.0

47 ..

21%
56.526.

oi
ss58.

buld
bry 0

23:2
26,0

36.8

37.5

27.5

50

it
36.5
36,2
36,0
555
55.5
55.5

2:2
36,0
36.5

Dry bulb 2b

-wet bulb, °C, °c

J

10,5

10.8

9.1

3°2
10%
10,4
10,4
10.4
10,4
10,3
10.2
10,2
10.1

313
2°

1:2ol
7.6
562
3.4
2.5
2.0
1.7
 |

10,9

10.9

10.7

10.7
10.6
10 4
10 4
10.4
104
104
10,3
10,
10%
10.5
10.5
10.6

50.4
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Run £26

Calculations

lime, %» water,
Tours dry basis

J

Ded

19.2

aD

18.95

17.8

17.1

15.6

14.9

14.2

12.5

11.8

l1.1

97

S.3

5.9

De

4.1

Ze

1.8

1.25

J.9

-e0

=

0

ol
 MD

t="

pp

4

LS

16

L7

1Q

jms./hr,
/sq.cm,

0.0128

0.0194

0.0233

0.0250

0.0267

0.0261

0.0261

0.0261
0.0261

0.0261
0.0261

0.0261

0.0261

0.0255

0.0244

0.0200

0.0117

0.0067

0.0044

0.0033

0.0222

6.0011

C.000302

0.000367

0.000878

0.000392

0.000384

0.000381

0.000381

0.000378

C.0C0382

{.0CC393

0.0C0399

0.000410

0.000413

0.000426

0.000420

0.000401

C.000344

0.000322

0.000291

N.0C0248

1.00

0.76

0.20

C.33

0.23

0.17
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Run 27 Whiting and Bengzol

Thickness 3,18 cm,
Dimensions 6.7 xX 6.7 cm, Formed in wood frame
Recording balance and recording pyrometer used,
Net dry weight 232,2 gums,
Total face area 89 sq. om,

Time, Loss Dry bulb
Minutes gms, = © (0,

Wet bulb
on o

&gt;
“

[a]

i

3

15
2%
3G
"2

&gt;.
70

23

119
150
181
512

6.5
11.7
17.3
21.0

29.3
os
37.0
38 7
42.0
IE 5

+7
4g

Fy

y

-

pS

Ee Bye 18.5
21.0
21U4

21.018,
15h
10.4
8.3
6.5

3:00
2.4

Hg 0
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Pow ova

Run 27 Whiting and Benzol

Calculations

Time, % benzol, Gms./hr.
iinutes Ary basis /sq.cm.

| 3

°3

30

1.9

37

~

y

2 4

1 J

50

| RT

279

2l.1

18.3

16.1

13.7

12.0

2.5

2.7

Ja?

1 4

&gt;

3 J

&gt;

J , O

J , 2

0.483

0.458

 D) +393

0.230

0e168

LJ L103

,05

| au

0 R67

0.00050 0.761

D.000850 QO.647

0.571

0.00082 0.402

0.00062 03%

0.245

7) I 00041 0.21

0.1473

0040 0.071
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Run 28 Whiting and Ethyl Acetate

Thickness 3,18 cm
Dimensions 6,7 x 6.7 cm, Formed in wood frame,

Recording pyrometer and recording balance used,
Net dry weight 215.6 gms,
Total face area 89 sq, cm,

Time Loss

Minutes gms,

J

{5
L5
22.5
30
37 «5
4

50

iP
90

105
120

123
VE

0

5d
11.1

15,0
17.2
19.0
20,6

22:3
26.6
23.0
29 4
30,5
21.1
31,6

Dry bulb
oN

33.5

35.

26,3

27 +2
28.2

39.0

40.5

418

Dry bulb EN
_. =wet bulb, °C, ee ~

27 5
15,0

16 215,
ne
1 2

R32

8 4
{.0
6.1
5.4

*oo
3.9
2.0

12.4
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ba wai td

pun 28 Whiting and Tthyl Acetate

Calculations

Time, % Et.Acet., Gms./hr.
Minutes __ dry basis /sq.cm.

15

22 eD

30

37.5

15

30

5

20

105

120

135

150

165

15.0

le t

3 2

3,1]

7
wv

3.2

3. DO

1

/

PRY

2.0

(a.

) io}

8) Ne

“J ysl

De HEE

0.449 0.000773

0.269 0.000596

0.168 0.000515

0,146 0.000584

0.129 0.000679

0.099 0.000596

J.079 0.000489

0.067 0.000556

0.063 0.000489

0.056 0.000393

0.038 0.000325

0.025 0.000339

1 Wu

0.824

0.657

0.037

0.47

0.413

0,365

0.28

0,229

0.179

0.135

0,001

0.059

0.04

0.025
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Run 29 Whiting and Alcohol

Thickness 3,18 cm
Dimensions 6,7 x 6.7 cm, Formed in wood frame.

Recording balance and recording pyrometer used,
Net dry weight 238,2 gms,
Total face area 89 sq. cm,

Small cracks appeared on surface from the first,

Time,
Hours

0

0.25
0.50
2.75
L.00
Led
2.0
2.5
3.0
3.5
10
45
5.0

2.5
2

Loss

ome

7b

13.1
18,6
234
27.0
29,4
30.9
32.1
32.9
"3.5

s+,1
54.9
35.6

Dry buld
a

3 ~~
ol

41,0

ha.,7

44.0

Ly5

us DO

Us .5

Dry bulb At

-wet bulb, °C on

12:2
13:4
13,6
13,6
13.2
10.0

Led
2
53
3,6
22
1.9

17.9
17.6
17,
11

36.5
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Run 29 Whiting and Alcohol

Calculations

Mime, % alcohol, Gms./hr.
lours dry basis /Sq.cm.

)
—

 a

} WE 4

LeD

260

2eD

3.0

RaDD

1.0

1:3

YeO

NeD

De

12.1

9.8

7 ~

3.93

1.0

340

2 aD

LL.8

3

~
ii

041320

0.1312

0.1157

0.0932

0.0618

0.0427

0.0337

0.0225

0.0157

0.0135

0.0157

00,0112

¢»000615

0.000584

0.000509

0.000465

C.000532

0.000807

0.000441

0.000367

0.000306

0.000217

0.000313

0.000292
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Run 30 Whiting and Water

Thickness 3,18 cm,
Dimensions 6.7 x 6.7 cm, Formed in wood frame.

Recording balance and recording pyrometer used
Net dry weight 220.3 gms,
Total face area 89 sq. cm,

Time, Loss Dry bulb Dry bulb At
Hours ~~ gms. or -wet bulb, °C o

J

0.5
1,0
1.5
2.0
Zn
3

JU
2:0
bh
!.0
{5
3,0
35
9.0

10,0
11.0
12,0
13,0
TA
15.0
16,0
17.0
18.0

0

ou
5.0
7.1
9.5

13,€
18,

2:327.0

07
31.8

%
na
22
36,6
37.2
57.6
38 ol
38 4
38,9
29.0

20

2.2
3:0
wt

2,7
43.5
435
43,5
43.7

35

43.0
3
2

"2

+1 DO
lil
Lo

10.5

LI

13.4

125
14.5
14.8
15.0
15.1
15.2
15.2
15.2
15.2
15.2
15,0
0

1%,1
13,0
12,8
12.5
12,2
12.1

9.1
11.8
12.1

12,32
12.5
12.7
12.7
12.4
11.6
10.5

8.5
6.9

pl
WE
3.6
5.0
2.8
2.4
2.2
2.0
1.8
1.1
0.9

29.1
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Run 30 "Whiting and Water

Calculations

Time, % water, Gms. /hr.
Hours dry basis _/sq.cm.

J

0.5

1.0

1b

17

16.3

15.4

14.5

13.4

11.4

3.2

7.3

Del

4.

5.5

Ser

29

246

2e3

1.86

1.43

T1413
0.87

0.05661

0.0816

0.0516

0.05156

0.05186

0.0216

0.0505

0.0438

0.0393

0.0314

0.0247

0.0180

0.0168

0.0135

0.0101

0.0090

2.0073

0.0056

0.0051

0.0045

0.0045

17,0034

3

Sed

7.0

7.5

3

2.5

13

14

15

16

17

0.000706

0.00067¢

0.000661

0.000631

0.,0C0619

0.000616

0.000625

0.000595

0.000630

0.000650

0.000635

0.000851

0.000065

0.000476

0.000435

0.000471

0.000407

0.000309

O.5

1.0

1.5

2.0

2¢5

3.0

340

4.5

5.5

1 A,

0.86

72
. 60

002

246

«40

«3D

«23

L185
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Run 31 Whiting and Water

Thickness 1.59 cm,
Dimensions 9,5 x 9,5 cm, Formed in wood frame,

Recording balance and recording pyrometer used,
Net dry weight 241.0 gms,
Total face area 179 sg, cm,

Time,
Hours

 0D

0,5
L,0
1,5
2.0

3,0
4,0
3.0

5,0
5.5

f.

3 .-
9.0
9.5

10,0
11,0
12,0
13.0
Io

Loss

ems,

0

2.1
 bh 2
5.6
2a

L5,%
3:1
23,
220
71.1
33,2
35.5
37.1

ts
41.2
41.8

 3

z,
ii

Dry bulb
on

29 0

12

34,

:
28°3
25.8

35.0

25.D

35.5

36,0
36.3
36.5
36.5

Dry bulb 4

-wet bulb, °C © n

2.6
9.3
9.7
9.9

10.2
10,6
10.8
10.6
10,2
10,0
10.0
10.0
10.1
10.1
10.0
10,0
10.1
10.3
10.2
10,3
10.2

7.6
2.3
&amp;.5
3.8
9.1

2-89.
9.6
9.0
8.8
gu

2.3{o

xoD
3.6
3.2
2.5
1,9
0,2
o.4

Hy6
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Run 31 Whiting and Water

Calculations

Time, % water, Gms. /Hr.
dours ~~ Ary basis /sq.cm,

J

0.5
1.0

1.5

565
/
[oD
z

3,5
J
745
20

11

12

13%

18.~

17.0

16.115.

108
13,0
10.9

Be
Bo"
Het.
4,7
3.8
2.9
2.2

1.68

72
5 EL

0.0263
0.0261
0.0261

0.0263
0.0285
0.0285
0.0285
0.0285
0.0246
0.0246
0.0246
0.0201

0.0154
0.0120

0.0074
0.0072
0.0061

0.0039

0.000456
0.000480
0.000464

0.000459

0.0004)60.000441
0.000446
0.000456
0.000426
0.000441

J-J00nes0.000430.000446
0,000486
0.000384

EEE0.000415
0.000376

1.00
0.844

0.074.51

0.56
0.30
0.25
0.21

0,12

0.05
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Run 32 Whiting and Water

Thickness 2 54 cm,
Dimensions 6,9 x 6,8 cm, Formed in wood frame

Recording balance and pyrometer used

Net dry weight 193.8 gms,
Totel wetted face area 94 sg. om,

Tine, Loss Dry bulbd Dry bulb 3%
Hours = gms. °c 0 -wet bulb. °C. on

0

J.5
1.0

2.5
7.0
"$5
3.0
3.5
2.0
9.5

10,0
11,0
12,0
13.0

&gt;

I

el
2°6

11.6
15.7
19,5
038
258
2% 0

20,

31
1

26.0
xX:
es
40 .1

3.2
38 1

G0
41.0
1.5
41.8
41.8
h1.5
1,5
1.0
1.0
40.0
40,0
39.8
39,0
38 L
38.0
38.0

11.5
11,L
12,4
12,6
13,4
13.5

Lip
13.1
13,0
12,9
12,&amp;
12.8
12,9
13,1
13,4
13,2
13,0
12.9

10,2
10°%
10's
11.1
11.5
11.8
11.7
11.5
11.2
10.9
10.7

3c
2%
5.1
i

(oC
2.5
21
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Run 32 Whiting and Water

Calculations

Time, % water, Gms. /Hr.
Hours dry basis /sq.cm.

0

J.5
20,7

19.18,

i
12.6
10.5
3.5
2
“2

7.2
4

0

0.0383
0 oliat
0.0415
0.0415
0.0415
0.04u6
0.04k46
0.0404
0.04Ok
0.0404

0.0277
0.0234
0.0181

0.0138
0.0096
0.0085

3¢5
-

»5

5

 EB

+45
LO

11

12

13

5,5
2.9
2.5
2.1

1.66

1.25
N.8&amp;

0.000578
0.000614
0.000572
0.000542
0.000524
0.000571
0.000581
0.000542
0.000560
0.000591
0.000566
0.000542
0.000627
0.000583

0. 2005290.000443
0.000510

5,
1.1

4

re

0.879
0.707
0.586

0.5485

0.4120,322

0.2920.141
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Run 3% Whiting and Water

Thickness 0,64 om,
Dimensions 15,1 x 14,5 em, Formed in wood frame.

Recording balance and recording pyrometer used
Net dry weight 280.5 gms,
Total wetted face area 437 sq. cm,

Time, Loss Dry buld Dry bulb At

Hours Gms. °C -wet bulb, °C, °C

0

0.5
1,0

1:3
2.25
2.5
2,75

1.0
250
5.15
4,
Ls

 Vv
6.1

12.718,
26.8
0.2

’h

2:4
12-1hi

Us1

2 0
35.2

2:Soe
38.0

33,6

39.0

39.0
39.0

12.6
12.7
13.0
13,2
13,

13:813,
156
14.1
14.1
14.2

14.2
142

11.6
12.0
12.3
12.3
12.5
122

L}

#
&lt;8

3°
0.7

16,1
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Run 33 Whiting and Water

Calculations

Time,
Hour=

: 5
0.
1.0

1.5
2.0

2.25
2.5
2.75
7,0

.25
2

5e 15
1 0

» water, Gme. /HT.
iry basis /sa.cm.

Lo.4
14.2

11.9
3.7

309
4.0
3,0
2,0
l.21

0.5

0.0311
0.0302
0.0715
0.0327
0.0343
0.0327
0.0274
0.0225
0.0183
9.0126

0.34

0.000398
0.000374

3.00560.000401

0.000415
0.000396
0.000376

9. S0050.000416
0.000426

1.9,of
49
« 50

«13



 4

Run 34 Whiting and Water

Thickness 3,32 cm
Dimensions 6.9 x 6.4 cm, Formed in wood frame

Recording balance and recording pyrometer used
Net dry weight 287.4 gms,
Total wetted face area 94 sq, cm,

I'ime, Loss
Hours gms,

)

5.5
10.0
15.0
19.2
22.8
26,3
29.7
31,7
33.2

5s
‘a0
50.0

41.62
HAF
45.6
ug 7
47.8

2
4373
50.3
51.1
51.5

a%
ot.3S54,

oD
5.0
3.5
9.0
9.5

L0,0
LO 5
11,0
11 5
12,0
12.5
13,0
1 °

1:3
L4.5
‘2°
of
18
20

22

24
0

rs

Dry bulb Dry bulb JAR
© ¢.  _ =wetbulb,°¢,©0

40.0
40,0
39.1
39.1
39.1
39.1
39.1
39.1
39.1
39.0
39.0
39,0

14,4
14.0
13,2
12.6
12.4
12.4
12.4
12.1
12.1
12.1
12.1
12.0
2.x

L2,x
12.1
12.1
12.1
12.1

12.1
12.1
12,1
12,0
12.0
12.0
12.4

15.113,
15°
13,
13:8
12.5
13.3

10,2

23
3h
9.1
9.1
3.8

5.iid
2.2
/.Q

38.0

38,0

38.0

38 ,0

a
+,0

0

a

28.0 » f

38,0

i5320.0
41.0

12.9Beho"3
39.5
28.0

3,2
3.1
3.0
2.8
2.8
2
1.9
1,8
0.8%
0.4

50.7
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Run 34 Whiting and Water

Calculations

Time, ~~ % water, Gus. /Hr.
jours dry basis /[sq.cm.

~

5

5

)e5
10

10.5
11

11.5
12

12,5
13,0

79
5

-

“

?

&amp;
6
55

18.5
16.3
14.8
13.1
11.8
10.6

94
8.8
g.2

7.6
7.1
2.1
3
x

3.9
3,F
eC
5.8
2.6
50}
2 el

1.96
1.8
1.68
1.37

LL

0.00220.0030
0.0430

0.0340
0.0362
0.0351
0.0362
0.0362
0.0362
0.0340
0.0340
0.0330
0.0308
0.0271
0.0234
0.0229
0.0202
0.0160
0.0138
0.0106
0.0096
0,006

0.00420.005
0: 002k
0.0032

0.00069
0.00069

0.00052
0.00057
0.00057
0.00059
0.00060
0.00061

0.00057
0.00059
0.00062
0.00060
0.00060
0.00056
0.00062
0.00064
0.00062
0.00065
0.00059
0.00052
0.000328
0.00034

0.000340.00046
0.00028

1.00

90k

. eoe
«71
.666

2142
JLHL43

0.406
0, 38L
0.335
0 ® 311

0.288

0.229
0.143



«Map

a

Run 35 Whiting and Water

Thickness 0.64 cm.

Dimensions 15.1 x 14.5 cm. Formed in wood frame.

Recording balance and recording pyrometer used.

Het dry weight 284.0 grams
Total wetted face area 437 so.cm,

Lime,
fours

J

Ded

L.0

Led

2.0

3

3620

549

5.75

1.0

1.295

4.50

1.75

Loss, Dry bulb, Dry bulb
Ooms, °C. -wet bulb ©

J

5.3

10.7

17.2

02.5

33.4

36.0

38/5
40.5

41,8

42.9

13,5

44 ©

5240

35.6

2645

377

5862

38:8

10.4

10.6

11.3

11.6

11.6

11.4

11.4

11.4

11.4

11.4

11.4

11.4

11.4

39.2

39.2

284.2

Ag
0~

Y.4

9.7

10.3

10.7

10.7

10.3

9.8

9.0

7.8

Cel

4.6

3546

2 4

y4



br

Run 35 Whiting and Water

Calculations

Time,
Jours

I)

DeH

1.0

l.5

2,0

340

3.25

3.5

3.75

1 0

},25

4.5

4.75

% water, Gms. /Hr.
dry basis /eq.om,

15.6

13.7

11.8

0.0256

0.0272

0.0272

0.0254

0.0246

0.0215

0.0197

0.0163

0.01325

0.0073

0.0059

9.5

Te7

349

2.95

2.2

L«59

92

573%

Jo

0.0046

0.000406

0.000400

0.000397

0.000355

0.000373

0.000342

0.000348

0.000348

0.000323

0.000293

0.000302

0.000367

1.00

.76

56

25

ol

14

04

02
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Run 36 Pressed Pulp ad Water

Dry thickness 1.12 cm.

Dimensions 15.0 x 15.0 cm. Edges covered with

paraffin.
Recording balance and recording oyrometer used.

et dry weight 132.0 gms. Soaked under water 30 mir

Total wetted face area 449 sc.cn.

Thermocouples C.D cm. from surface,

Time Loss, Dry bulb Try bulb
Toor o ma ° qn ~wet bulb ¥
Tours TINS (la

O

t.

 Ww
1

~

Deb

1.0

260

2.45

3.0

1.0

260

3.35

34.5

56.7

58.2

39.5

11.0

12.0

12.4

13.1

10.2

10.7

11.825,2

31.0

41 .,4 40.0

4G.0
40.0

13.4

13.6

14 .0O

12.1

12.3

12.8

3,0

0

3,0

3.0

V.0

73.2

832.2

98.4

111.3

122.0

128.8

134.8

139.7

144.6

147.2

150.6

153.4

156.4

159.0

161.3

163.7

165.3

168.5

172.2

175.5

178.0

180.1

132.0

183.95

184.0

40.0

39.5

59.0

5846

38.2

375
36.7

36.3

35.8

55.4

54.4

34.0

5340

3340

538

3340

3340

35.8

37 2

3% 5

373

3,

13.8

13.7

13.5

13.2

13.0

12.4

12.2

12,0

11.8

11.6

11.4

11.2

11.0

16.9

10.9

10.9

10.9

11.8

12.3

12.5

12.5

12.3

12.3

12.3

12.2

10,0

748

Ce2

5.1

4.6

4.2

38

Se

363

3.1

2.2

2.€

&gt;.

2

3

4

LD

5
7

3

ne

20

21

22

24

26

28

30

36
19

&lt; 4

Zed

£eO

Led

1.8

1.4

Jed

Nr



Run 36  Preesed Pulp and Water

Jalculations

Time, % water, Gus. /Hr.
Hour a dry basgis /sq.cm,

13,920

0.5
1.0
2.0

2.45
120.1

115.8
107.9
97.5

0.0269

0.03920.0411

, 35 84,0
76.4
53.9
55.0
47.1
41.8

37.5
33.6
30,0
2749
25e2
23,2
20,9
19 O

0.0372
0.0318
0.0262
0.0172
0.0178
0.0109
0.0091
0, 00&amp;0
0.0078
0.0078
0.0064
0.0060
0.0057

0.00510.00Lg
0.0047
0.0042

0.0079
0.0032
0.0026

)

2

Le,

»

22

ol
26
28

30

2°

LS

i.
eu
4,6
2.9
1.5

 py;

0.000340

0.000420

0.000495

0,000450

0.0002870.000403
0.000336
0.000338

9.000310.00029
0.000284

0.000305
0.000297
0.000286
0.000289
0.000301
0.000292
0.000290
0.000290
0.000262

0.0002390.00021
0.000212

1.00

.&amp;5
73
+65
58

52RIN

23
» 36

. 32

29
.26
.2U
.22
18
+14
.10

.07

b

EY
 he
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Run 37 Pressed Pulp and Paper

Dry thickness 0.75 cm.

Dimensions 9.7 x 19.8 cm. Edges covered with paraffin

Recording balznce and reccrding pyrometer used,

Net dry weight 74.5 gms.
Potal wetted face area 3872 Sg.Cl.

fime, Loss, Dry bulb Dry bulb
iours gms. ° GC. - wet bulb°C.

A

11.9

224

52.6

1245

5243

51.5

71.5

31.7

37.6

50«©
3246

3245

520

31.1

31.0

31.5

30.5

31.1

3260

51.8

32 e2

ZZ 5D

[3A|
30.6

20.5

3045

30.0

29.7

£29.95

295

29.0

29.0

29.0

29.0

3.9

Je5

Jel

2.8

83.6

B46

8.2

S8.5

549

2.0

2.1

D3

G.3

Jel

Be.9

8.8

B.D

Zed

B63

Be2

8.0

7.8

8.0

0.0

-~

,7
i.’

109.0

114.2

118.5

122.0

125.1

127.5

130.2

L32.0

123.4

134.8

135.6

136.3

136.6

136 ,7

2 {

21

22

23

&gt;4

D

0.7

G.2

8.8

8e3

843

B8e3

7.8

B.2

8.4

747

3.7
—

1

v4

4.x

z.7

3.2

2.6

2.1

1.6

1.8

Ce

0.2

C2

138 ,0
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Run 37 Pressed Pulp and Water

Calculations

Time, % water, Gms. /Hr.
Hours dry basis ~ /sg.com.

)

)

A

51
22

°LP

t

185.2

1252155.103¢
128.2

115,2
102.3
96,1
75.6
52.1

8.9
25:3
26,2

21s317.

Hi
10.4
g,2

6.3

0.0293

0.02720.0264
0.0259
0.0251
0.0251
0.0262
0.0262
0.0272

0.0157
0,0131
0.0099
0.0092
0.0076

0.00510.00542

0.0037
0.0029
0.0020

0.0013
0.0005

0.000460
0.000450

0.0004570.00047
0.000461
0.000461

0.0005110.000486
0.000491

0.000394
0.000788
0.000323
0.000322
0.000212
0.000323
0,000297

0.000200,00348
0.000243
0.000499

0.0004

1.00

.78

.63

‘05J2

 +» 35
.28

23
17
13
.10

.07



Jun 38 Yhiting and Water

[ime,
Tours

J

0.40

0.02

1.51

2.17

Zeb

2 0

7.03

7.83

3.08

3.83

2.33

10.33

11.17

13.17

14.33

15.9

16.33

26

Thickness 3.18 cm,

Dimensions 6.6 x 6.6 cm. Formed in wood frame,

Leborstory balance and indicating potentlomster

Met dry welght 238.5 gms.
Total wetted face area 87 sa.cm.

free water Dry bulb Wet bulb

left,gms. © Ce. | °C.
~

gD,

”

12.2

4C.5

58.0

54,9

3263

31.4

20.5

29.3

20.7

20.9

50.1

30.1

20,9

lel

21.3

21.4

21.6

21.0

217

7.8

7.8

78

7,7

12.4 20.4 21.8

21.8

2.5

8.9

8.4

7.2

5.2

2.8

1.2

362

2¢6

2

A0.5 Oe¢2

c.0

S67

2.8

Zed
1.6

30.4

50 ¢3

20 .0

20)4

21.7

21.8

21.9

271.6

3049

31.0

31 .4

220

ZC

oD82

1e3

lez

DL.4

asec



yas

Run _%8 Whiting and Water

Calculations

Time, % water, Gms. /Hr.
Hour 8 drv basis /sg.cnm.

0

0 42

0.92
1.51
2,17

2

£28
3.83
9.33

10.353
11,17

L3.1714,33
15.5

To
183

2°
3.7
3,54
3,04
2,60
2 U6

Ls 77
1,55
1.08

0,051

Oy
0"oly
0,041
0.046

0. Ol

0.033
0.02%
0.020
0.010

2.000970.0010

0.00103
0.00085
0.00080

0.00089

0,00100
0.00096
0.00082

0.00079
0.00055

1.00
0.72
or
Se
0.5
0.34
0.26
0.21

0

1.05
1.30
1.80
2,80

3.64
5.64
6.80
1.97
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Runs 38a, 38b, 38c¢, and 38d

loisture Gradients in Whiting

Samples made up similar to, and dried at the same time as

Run 38, but without thermocouples. Square chunks
3.3 X 3.3 cm, cut from the center of each and sliced

parallel to the drying face. Weighed quickly on a

vatch glass, dried in an oven, and weighed. Slices

number from face (No. 1) in towards center.

38a 58b 38¢ 58d

Net wt., gms, CT T291.5 274.8 291.5 290.1
Net wt. when sampled,gms. 258.2 243.3 252.0 291.1

lime of drying.hours 8.0 10.5 13.5 15.795

&gt;) 4Slice No.

Sample No. 38a

later, gms. C.121 0.129
Dry wtigms. 4,688 4.157
hickness,m.m. 2.28 1.30

7 water,dry basis 2.58 3.10

0.133 0.114

4 "Cv 3.507

1.9 1.90

zZ 4 3.25

0.177

4.842

1.90
5.65-

Slice No. =

Sample No. 38a(Conu.

Nater, gms. 0.125 0.140
Cry wt.,gms. 3.495 4 413%

lhickness,m.m. 1.90 1.90
7 water, dry basis 3.58 3.38

3 2

0.123

3.499

1.90

SeDHl

0.12C

3.504

1.90

3.492

Slice No.

Sample No. 38b

Yater,gms, 0.109 0.161 0.161 0.158 0.190

Dry wt.,gms. 3.726 4,607 4.223 4.049 4.808

Thiclness,m.m. 1.14 1.90 1.90 1.90 1.90
% water,dry basis 2.92 3.490 3.81 3,95 3.95

Slice No.

Sample No. 38b (Conti. )
Yater,gms. 0.180 0.164 0,170 0.19€

Dry wt.,gms. 4,453 3.963 3.598 4.594

I'hickness,m.m. 1.90 1.90 1.80 1.90
Hh water,dry basis 4.04 4,14 4,72 4.31

Slice No.

Sample No. 39c Ue

Vater,gms. 0.003 U.C17

Lry weight,gms. 4,115 2.934
lhickness,m.m. 2.08 1.90
 Zz water,dry basis 0.07 0.58

C.047

3.732

1.90

1.26

0.047

3.394

1.90

1.38



Slice No.

Sample No. &amp;9c(Cont;

later,gms.
Dry weight, gms.
Thickness, m.m.

7 water,dry basis

0.081 0.64

3.207 2.669

1.90 1.90

1.56 2.39

0.068

0.046

1.90

1.22

0.0583

3.407

1.90

3.55

Yai

= 3
2

Hp

2



Runs 38a, 38b, 38c, and 38d

Sample No. 39d

Water,gms.
Dry weight, gms.
Thickness, m.m.

% water, dry basis

0.003

2.602

1.01

 OO. .1

0.004

3.011

1.20

Cc. 11

0.027

5702

1.90

Cc 74

(Continued

0.047 0.0561

4.047 3.765

1.90 1,90

l.16 1.30

0.05¢

3.985

1.90

1.49

0.071 0.075 0.072

4,209 4.388 4.246

1.90 1.90 1.90

1,69 1.71 1.7C
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Run 39 fhiting and Water

Thickness 3.18 cm.

Dimensions 6.6 x 6.6 cm. Formed in wood frame.

Recording balance and recording pyrometer used.

Net dry weight 225.2 gms.
Total wetted face area 87 =sc.cnm.

Time, Free water Dry bulb Dry bulb
Fours left, gms. °C, - wet bulh ©

hf
7 oon

 rl
~ -

\/ sO

34,1 25H

55.5

38,6i 32.4 L5.4 12.0

12.829.0 39.6 16.3

247 390.8 16.5 13.2

5

3-1/2
5

5-1/2
7 1

7-1/2
3

8-1/2
J

20.1

12,9

16.4

16.3

1€e3

16.2

16.0

15.8

16.2

16.3

16.2

16.1

13,1

'Z

12,1]

C11° .9

A VY.2

&gt; C

i

39.9

40,0

3e4

761

5.0

Ded

4.5

LC

11

12

13

29

15.6

13.95

15.4

15.3

345

3.1

Zeb

2Zz
2

by J. 8
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jun 39 Whiting and Water

Calculations

Time, % water, Gms. /Hr.
Hours Ary basis ~~ /sqg.om.

sD
5,0
545
70
{+5
2.0

1.5
J
10

11

12

13

14.1
13.1
10.9
3.8

ol

%
 2
3e(
3,22
2e (3
2 U4

2.43
1.86

0.0529
0.0529
3. 0

0.0482
0.0460
0,0425

0.04020.03o 0aeh

0.0161
0.0126

0,000612

0.000595
0.000612

0.000599
0.000589
0.000605
0.000679
0.000766
0.000636

0.0005170,0004&amp;9
0.0004&amp;1

1.00

0.85
0.706

0.010,
0.06
0.41
0.75
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Runs 39a, 390, 39¢, and 394

Moisture Gradients in Thiting

Samples made up similar to, and dried at the

same time as Run 39, but without thermoccuples

Square chunk %.3 x 3.3 cm. cut from the center

of each and sliced parsllel to drying face.

Veighed quickly on watch glasses, dried in an

oven, and re-weighed. Slices number from

Pace (No. 1) in towards center,

TABLE I

39a 39D 39¢ 30d

vet wet wt., gms. 260.2 25363 27065 278.8

Yet when sampled,gms. 260.9 239.4 24d.1
Time of drying,hours. 1.5 4 Dedd 7.08



Runs 39a, 39b, 39c and 392d (Cont.)

Table IT

Slice No.

Sample No. 39a .

Nater,gms. 0.365 0.467 0.494 0.480 0,486 V,405 0.440 0.439 0.425

Dry wt., gms. 3.000 3.845 4.094 3.896 3,978 3.281 3.615 3.573 3.452

Thickness, m.m. 1.27 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.90

% water,dry basiel2.0 12.1 12.1 12.3 12.2 12.3 12.2 12.3 1243

Sample No. 39b

Nater,gms., 0.116 0.198 0.202
Dry wt., gms. 2.303 3.754 3.704

Thickness, m.m. 1.01 1.90 1.90

% water,dry basis 4.94 5.44 5ebd

0.212 0.237 0.212 0.210 0.235

3.820 4.132 3.684 3,741 4.035

1.90 1.90 1.90 1.90 1.90

5.04 5.74 5.75 5.61 5.89

0.233

3.991

1.90

5.84

Sample No. 39c¢

Fater, gms. 0.079 0.100 0.131 0,119 0.142 0.137 0.144 0.146

Dry wt., gms. 4.335 4.330 4.862 4.036 4.540 4.286 4.312 4.229

Thickness, m.m. 1.90 1.90 1.90 1.90 1.90 1.90 1.90 1.90

% water,dry basis 1.82 2.31 2.60 2.95 3.12 3.20 3.33 3.45

Sample No. 394

"ater,gms. 0.002
Dry wt., gms. 2.686

I'nickness.m.n. 1.01
7 water, dry basisO.l

0.147

4.234

1.90

3.47

0.07C 0.069

4.013 4,126

1.90 1.90

1.74 1.6%

0.084 0.083

4.282 4,130

1.90 1.90

1.96 2.0
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2un 40 Fressed Pulp and Water

Dry thickness 1.8 cn.

Dimensions 8.9 x 15.0 cm. Edged covered with paraffin

Recording balance and recording pyrometer used.

Net dry weight 115.0 gms.
Total wetted face area 266 sq.cn.

Time,
Jours

|
-

PO

{ed

 }

Loss, Dry Bulb Dry Bulb
ms. © - Wet Bulb ©

2
Cg 14.1

14.1

14,21 J

18.0 14 ,92

24.1 14.1

IC av

12.2

12.1

12.1

12.1
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Run 40 Pressed Pulp and Water

Jalculations

[ime,
ours

0.5

1.0

1.5

2.0

Gms. /Hr.
/sq.cm.

0.0459

0.0459

0.0459

0.0459

0.000561

0.000566

0.000566

0.000566
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Run 41 Pressed Pulp and Water

Dry thickness 1.8 cm.

Dimensions 8.9 x 15.0 cm. Edges covered with paraffi

Recording balance and recording pyromcter used.

Net dry weight 115.0 gme.
Total wetted face area 266 sq.cm,

Soaked under water 20 minutes.

lime, Free water Dry Bulb Dry Bulb
Hours left,gms. °C. -wet bulb © 7

J
v
~~

160.5

148.6

137.1

126.9

115.9

105.5

93.9

83.6

730

54,8

557

3349

14.6

14.6

13.6

13.9

Te9

3.4

30

Za

248

L2

12.6

12.3

14.1

"4.9

8

12.3

12.3

11.3

=1.0

0.6

0.7

JO .2

10.0

9.7

8.5

7.0

BB

Del

5.4

Bel

4,8

277

145

1.3

4.3

4.2

443

4,9

5¢6

BeZ

4,6

4,3

eB

Fe

360

2 ed

Ze?

2.0

1.8

34,8

17 6

13.2

39.1

55.6

32.8

30.1

2746

2047

2346

21a

19.7

17.9

15.9

14,2

13.1

11.9

10.3

9.1

746

677

5.6

4.5

3.9

3.2

2. A

A

i7

18

19

20

+1

&lt;2

23

24

25

26

27

26

2%

50

31

52

53

34

55

36

doe

14.6

14.6

14.6

14.8

15.8

16.4

1€.2

15.8

15.5

15.3

15.2

15.0

14.6

14.3

14,1

14.0

13.9

13.8

1%v7

10.0

uw.
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Run 41 Pressed Pulp and Water

Calculations

Time, % water,
Hours dry basis

Gms. /Hr
/sq.cm.

"

12

vi
12
do

1¢

19
20

21

22
22

2h
25

26

7
2
2C

J

oh
32
33
3d
35
36
37

140

129
119
110
101

&amp;2

i
56.3

41.5
37.6
34,0
21.0
28.
26.3
24,0
22.4
20.5

15.317.1

15.6

13.812,
11:8
10.73

{¢
is
31
2.8

2e3

0.0410
0.0410
0.0410

0.0406

0.0410
0.0410
0.0380
0.0297
0.03k

0.0175
0.0162

0,0143
0.0117
0.0101

0.0101

0.0083
0.0075
0.0075
0.0071
0.0071
0.0071
0.0068

0.00520.0041

0.00573

0.00020.0049
0.0045

0.0081
0.00 10.00
win
0.0026

0.0023

0.000496
0.000510
0.000555
0.000557
0.000570

0.000598
0.000610

0.000591
0.000506
0.000534

0.000449
0.000446
Q.000431
0.000369
0.000328
0.000341
0.000286

0.000259
0.000266
0.000242
0.000209
0.000190
0.000198
0.000175
0.000148
0.000212

0.000229
0.000228

0.000225
0.000212
0.000260

0.000232
0.00031

0.0002250.00021
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Run 42 Sheet Pulp =nd Water

Sulrhite pulp lap as received from the Rastern lifg.

Dried in balance case without removal from hook

of chemical balance. Wetted with water at air

temperature.
Dimensions 5.09 cm. x 1.27 cm. X 0,094 cn.

lotal face area 129 sq.cm.

hguilibrium weight plus tare before wetting 4.023
Tare weight Q.776

Time 3

inutes,Second~
Total Dry Bulb Wet Bulb

wt. gms. ° (. °C.

 J}

1:35

3:05

4:50

6:40

12:15

14:45

18:50

27 +20

31:15

39:20

13:30

17:25

50:45

04:30

08:20

53:40

04:45

57:50

71:10

74:30

77:40

24:10

B7:20

23:55

129:30

130: 50
137 :35

141:10

L4'7:45

161225
168:15

12:00

188: 50
165:30

202:20
D2NQe2H

3.280

3:560

8.040

3.020

3.500

3.430

3.400

8.3500

3,250

8,200

3,100

8.050

5,000

7.950

7.300

7.850

7.800

7.750

7.700

7.650

7.600

7.550

7.4.50

7.400

7 «300

6.770

6.750

6.650

6.600

6,500

06500

6 +200

6.000

5.900

5.800

5.700

= AAC

27 «6

oe.0

2048

26.0

28.1

on 3

25.0

25.5

28.0 20.0

24727«8

or? oh 24 5

27 eS

__&gt; 26.8

24.,2

23.8
atti

2'f «0
or 0

2360

oz0

r

’
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I'ime,
inutes, Seconds

215:30

222115

229:30

233:19

36:40

240: 20
244 :05

251:45

255:35

259:45

263:45

267:50
272318

276:40

281:2Q

286:15

291:20

296:30

302:00

308:005

314 :30

318:45

323:10

38:00

333:25

339:20

343:45

348:50

354: 35
362:00

371:20

377: 30
385:30

397:25

114.:05

149245

2000

Sheet Pulp and Water (Continued

Total Dry Bulb ¥et Bulb
r Doom 2 nt

WE. , GIS-

24000

5.400

5.300

5.250

5.200

5.150

5.100

5.000

4.950

4.900

4.850

4.800

4.750

4.700

4.650

4.600

4,550

1,500

4.450

4,400

1,350

4.320

4.290

4.260

1.230

4.200

4,180

4.160
4.140

4,120

4,100

4. 090

4.080

4,070

4.060

4.050

27 «3 23.0

2H +5  3 e'7

&gt; 4 ’3.9

27.5 ~ 4 . U

ca 3 2441

27 +9

28.0

2443

24 ,3

28.1

28,0

24. 3

24 4

28,0 24 4

3,964 re) LB 19.4
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Run 42 Sulphite Pulp and Water

Calculations

Time ’

{inutes, % water, Gms. /Hr. R = gms./hr./sq.cm,
Jeconds dry basis /sg.om. /°C.wet bulb depression

1:35

£153
£110

12:15
14:45
18:50
27:25
31:15

39:203:30
47:25
50: U5
Sl: 30
58:20
51:40
54:45
57:50
71:10

[50[7:40
24:10

87:20
93:55

129: 30
130:50

Lpr:d2141:10

47:45
161:25
168:15
1832:00

188:50
195: 30
202125
208%:35

) 140.2

138,2
1327.9

Lope?134,9
133,2
1730.1
128.7

123+124.0

122.2

120.9
119.2
117.9
116.2
114.8
113.1
111.7
110.1

108.5
105.7
103,9
100,¢
gl,6
34.0
20.9
9.1
76.1

2:02 «9

50.8
5711
54,6

mL8.5

0.0061
0.0058
0.0052
0.0054
0.0057
0.0057
0.0056
0.0057
0.0059
0.0057

0.0064

0.0061
0.0065
0.0072
0.0075
0.0072
0.0070
0.0072
0.0072

0.0069
0.0067
0.0068
0.0069
0.006%
0.0068

0.0069
0.0069
0.0069
0.0071
0.0071

0.00340
0.00306
0.00260
0.00270
0.00286
0.00271
0.00262
0.00259
0,00225
0.00219
0.00211
0.00228

0,00228
0.00203
0.00213

0.002320.00246
0.00239
0.00231
0.00236
0.002%

0.00225
0.00217
0.00216
0.00216
0.00213
0.00206
0.00209
0.002073
0.00203
0.00203
0.00197
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Run 42 Calculations (Cont'd.)

Time }

. . R = gms./hr./sq.cm,

Ln ee ns. [hr Jog. met bid Seth anain
0.00184
0.00184

0.00175
0,00178
0.001873
0.00187

0.00174
Si0.00166

0.00167
0.00165
0,00157

RT:
0,00140
0,001 34
0.00129
0.00126
0.00114
0.00106
0.00100

2.000820.0008

0 ooo

0.00067
0.00060

0.000540.00046

0.00038
0.00029
0.00023
0.00019

215: 30
222:15
229: 30
232315

200:240:20

24L 205
251: 45

222i259:45
263:45

HE72:1
276: 40
281:20

286:15
291:20
296: 30
302:00
308: 05

SL: 20318:45
323%:10
228:00

ne
iin

Ug:50
354135
362: 00
371:20
577: 20
285130

pe14:05
 ho: 45

us.
12.
7
36.2
3,6
53.1
30,1
38.5
27.0
25.
5.3
22.4
20.9
19.3
L 3

Hs
14.713.

11.6
10.1

9.1
3.2

ig
Sek
4.73
1,21

3.6

2.98
2a
1.75
1.4
y.

0.83%

p—

0.0003
0.0003
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Run 43 Sheet Pulp and Water

Two thickness sulphite pulp lap basted
together with cotton thread. Each plsce
5.09 x 12.7 x 0.094 cm. and similar to

No. 42.

Total face area 129 sq. cm.

Equilibrium weight plus tare before
wetting 7.021 gms.

Tare 0,764 gms,

Time Total Weight Dry Bulb Wet Bulb

Minutes, seconds gms. °C °C

Oe

7.50

13.20

19.25
24420

50.00

35.20

40.50

46,15
51.55
57.15

62.35

67 «50

73.20

78.45

84,10
122.35

128.15

153.50

139.35

156,40

162.20

167 +55

175.20

178.55

184,45
190.25

196,20
202.05
22%.05

16,050
15.900

15,800

15.700

15.600

15.500

15.400
15.300

15.200

15,100

15.000

14.900

14.800

14.700

14,600
14.500

13.800
13.700
13.600

13.500

13, 200

13.100
13.000

12.900

12. 800

12,700
12.600

12.500

12.400

12.000

2€.2 21.1

25495 20.6
25.4 20.4

255 20.2

25.3 20.1

235.7 19.9

25.5 1945
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Run 43 Continued

Time Total Weight Dry Bulb Wet Bulb

Minutes, seconds gms, °C °C

232.05

238.20

244,40
257 «20

263.40

290.15

296.45
303.20
517.00

334.20

344,35

551.20

958.205

568455
ST 2.30

382.55

586.20

0595430

400.25

407.40

415,35

423.40

432.15

440.50

447,50

452.00

456.10

1700

11,900

11,800
11.700

11.500

11.400
11.000

10.900

10.800

10.600

10.350

10.200

10.100

10.000

9.850

9.800
9.650
9.600

9.500

9.400

9.300

9,200

9.100

9,000

8.890
8.880

8.750

8.700

0.957

od7 19.5

4 3 77 19 . 6

24.4 19.90

258 0 19.4

24.8 15.9
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Run 43 Sulphite Pulp and Water

Calculations

Time

Minutes, % water GSeoond ’ ms. /Hr. R m= ms. hr. .Seconds dry basis _/sa.cm. Jog. wot A [20. o. on

J

7:50
13:20
19:2530:23
30:00

Shi200:50
b6:15
51:55
97:15
52: 35
57:50
73:20
78:45
84:10

122:75
128:15
133:50
139: 25122:43
162:20

167:55

173:2D178:55
T4502
190:25
156:20
202:CH
227: 05

C22iod238:20

511440
257:20
263:40

144

141.7
140

139

z
! 3
132
130.6
129

127-7
504

121 !

119U4
108,2
106.8

105.9Z.98.7
3035:8
92.3

3.1
B7

1
79.6
78
76.4
4.8
{1.6
70.0

0.0088
0.0081

0.0085
0.0088

0.0085
0.0080

0+ 008n0.008

0,0085
0.008
0.0088
0.008”
0.008
0.008:
0.008:

0.008;
0.008%
0.0082
0,0081
0.0082

0.0082
0, 0084
0.0084
0.0081
0.0081
0,0081
0.0080

0.0076
0.0084
0.0084
0.0074

S0020.007
0.0072

0,00176
0.00162

0.00170
0.00176
0.00170
0.00169
0.00167
0.00165
0.00167
0.00167
0.00169
0.00168
0.00161

0.00158

0.001520.00146

0.00147
0.00141
0.00140
0.00139
0.00126
0,00140
0.00140

0.001370.00140
0.00140
0.00140

0.001 26
0.00154

0.001550.00140

0.00137
0.00139
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Run 43 Calculations (Cont!é.)

Time J }

Minutes, % water, Gms. /Hr. R = gms./hr./sq.cm.
Seconds dry basis __ /sg.om. = /°C.wet bulb depression

2G0:1

506112
303:20
317:00

31:20344: 35
351:20
3583125
568155
372: 30
382:55
286:20

38:5000:25
4Lo7:40

12:92423:40

joiL40:50
L144 7:50
52:00
L56:10

25:2
eo.
201
20.88.1

41.3
2h
42.0
41,1
39.6
28.0

“6H
34,8
33.2
33:2
29.8
ogUL

0,0071
0.0071
0.0069
0.0067
0.0067
0.0068

0.00670.006
0.0066
0.0066
0.0067
0.0067
0.0067
0.0065
0.0061
0.0057
0.0056
0.0057
0.0059
0.0057
0.0056

0.00137
0.00137
0.00135
0.00131
0.00131
0.00133
0.00129
0.00127
0.00125
0.00125
0.00126
0.00124
0.00124
0,00120
0,00111

0,00104
0.00100
0.00102

0.00105
0.00103
0.00100
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Run 44 Sheet Pulp and Water

Single thickness sulphlite pulp lap
as in Run 42.

Dimensions 5.09 x 12,7 x 0.094 cm.

Total face area 129 sq. cm.

Equilibrium weight plus tare before
wetting 3.907
Tare 0.773

Time Total Welght Dry Bulb Wet Bulb
Minutes, seconds gms. 4 °C _-_lem

 Vv
5.10
7.50

17.10

R345

2905

54.20

5935

45.00

50.20

55,40
60.50

66.15

71.40

77.05

B2430

126,15

132,00

137+35
143.10

160,10

166, 05

172,05
178,20
184.40

191,30

198,50

206,50
2324 10

23959
248 _A0

8.050

7.959

7.900
7 « 800

7.600

7.500

7.400

7.300
7.200

7.100
7.000

6.900

6.800

6.700

6.600

6.500

5.700

5.600
5.500

5.400

5.100

5.000

4,900

4.700
4.600

4,500

4.400

4,150

4,100
4,050

2g _9 21.1

25 ¢5

20.4

20,6

20.4

25.3 20.1

25.7 19.9

25.5 19,5
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Run 44 Continued

Time Total Welght Dry Bulb Wet Bulb
Minutes, seconds gms. on oC

255.45
262405

27210
290.30

513.50

541.30

361.50

£365 ®

160.

1700

4,020

4,000

3e 980

3.960
De 900

Se 940

2e 940

D933

2.895

24.7

24.7

24,4
25,0
25.1

P4.8

19.5

19.6

19,0
19.4

19.5

15.9
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Run 44. Sulphite Pulp and Water.

Celculations

I'ime, Min- {
ites, Sec~ % Water Gms. /hr. = gms. /hr./sqg. cm.
onde ~~ Dry Rasis Sg. cm. °C, wet bulb Aernresgion.

J

5:10
7:50

17:10
23145
29:05
0120
39135
45100
50:20

55 140
20:50
56115
71:40

( (20%

32:70
L26:15
132:00

137135
L14%:10
160 :10
166305
172:05
L78:20
184 +10
191:30
198:50
206150
272 :10

239135
20g 140

255145
262 105
272110
290: 20
21 Ze

129
127
124

117.8
114.6

111. 3
108.3%

105
102

99

9%.6

“9.C
oe c
32.0

5f« 5
S41
50.9
17.6
8,1
24,9
zl, 7
28.5
25.3
22.1

18.9

2. 3
- 23

0.0088

0.0087
0.0087
0.0087
0.0087
0.0088

2.00970.008

0.0087
0.0088
0.0088

0.0085
0.0085
0.0085
0.0085
0.0087
0.0082
0.0084

0.008%
0.0082

0.0078
0.0076
0.0074

0-00710.0066
0.0061

0.0052
0.0039
0.0028

0.0027
0.0017
0.0012

0.0007
 nN. O00

0.001.

0.001

0.0017.
0.0017.
0.0017+
0.C017o0

Be 001020.00169
0.20171
0.00173

0.001700.00164
0.00164
0.00161

9.001780.00148

0.00141

0.00145
0.00142
0.00139
0.00170
0.00127
0.001273
0.00121

0.0011L

0.00107
0.00091
0.00070
9-000

0.00047
0.00032
0.00027
0.00017
3. 0000&amp;
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Run 45 Sheet Pulp and Water

Dried in still air in ventilated chemical

balance. Two thicknesses sulphite pulp
lap basted together with cotton thread.
Each piece 5,09 x 12.7 x 0.094 cm,

Same sample as #43. Edges dipped in

Collodion. Equilibrium weight plus tare
before wetting 7,007 gms.
Tare 0,764 gms.
Total face area 129 sq. cm.

Time Total Weight Dry bulb Wet bulb

Minutes, seconds gms. °C °C

Jv

6655

14,55
24.25

54.50

435,20
52.50

62.10
71.30
85.30

94,55
141.50

155.50

170.00

185,50
193.25

240.10

285455

292455

299.50

507,10

513.15

520610

528,00

534415
540.20

951,30
359445
569,10
2777 .05

15.620

15,470

15.300

15,100
14,900

14,700
14,500

14,300
14,100

13.800
13.600

12,600

12,300
12,000

11.700

11,500
10,560

9.650

9.530
9.400

9.270

9,170

9.050

8,920

8.820
8,720
8.550

B.430

8.300

8.200

25a8

235

241

23 el

22.8

225

22.4

1€,8

16,4

16.%

186.5

16.3

15.8

18.1
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Run 45 Continued

Time Total Weight Dry bulb Wet bulb

Minutes, seconds gms, °C °C

588.45

394, 00
403.50

414,50
427,40

440,00
455,350

574440

500.00

016455
540.10

052.10
568.10

8.060

8.000

7.900
7.800
7.700
7.600
7.500

7.400

7.300

7.250

7.200

7.180

7.160

oo 1

22.0

22.9

20.9

1JY on

1640

16.6

16.5
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un 45. Sulphite Pulp and Water.

Calculations |

Time, Min- % Water Gms. /hr. RE = gms. /hr./sq. cm.

ates, Sec- dry [sa. cm.  J°C. wet bulb depression

onds bagis

J

 hiHD
24225
 zl250
42320
52 +50
52:10

71:70

22gH155
1041 150
155150
170:00
1872:50

1222240 1:10
285155
292 135
299 :50
207:10
313115
320 1:10

Jon i900254115
240 :20
251: 30
759:45
269 :1.0
377105
28% 115
294 100
10z:50
114:50
427150
440 :00

455 120
L470 +10
500 :00

516155
540 1:10
55210
S6Z 17

128.0
175.8
122.8
129.4

126.2
127.1
120.0

116.7
113.5
108.8

105.4
95.0
al,8
20.0

[De1
72.0

)(«0
12 5

40.F
28,
jo,

AB

old
29
27.4
ol,7
22.8

20.7

19.1
Lb ©

=
1

Le,

ps

2 -

-)

7. Y

2.1
NC

0.0100

0.0099
0.009%
0.0098
0.0099
0.0099
0.0099
0.0099
0.0099
0.0099
0.0099
0.0099
2.0100

2.0099
0.0096
2.009%
0.0089
J.0085
J. 0084
0.0079
J.0078
0.0078
0.0076
0.0075

0. 00(30.0069
0.0066
0.0061

0.0057

9-00,0.0049
0.0045
2.0041

0.0037
0.00272
0.0027
0.0021

0.0016
0.0012

0.0009
0.0007

0.00143
0.00141
0.00140
0.00140
0.00141
0.00141
0.00142
0.00142
0.00140

0.00177
3.00

0.0017
0.00127
0.001378
0.001323
0.00136
0.00126
0.001273

0.0012k
0.00119
0.00118

0.00120
0.00116
0.00112

0.00116
0.00112

0.00101

0.00097
0.00091
0.00087
0.C00%0

0.000
3. 00062
0.00061

5. 00084
J.000L5
0.000735
0.00026

0.000150.0001

9.00010
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fun 46 Sheet Pulp and Water

Single thickness sulphite pulp lap as in Run 42

Edges coated with collodion.
Dimensions 5.08 x 12.7 xX 0.094 cm.

Total face area 129 sqg.crnl.

Equilibrium weight plus tare before wetting 3.912
Tare O77

Time,
Viinutes, seconde

 J

7:20

17:10

27:15

56:55

45:40

25:20

35:15

75:05

24:45

24:25

146:C0

150:40

156:05

161:40

170: 35
73:45

18g: 30
18:00

1G6:50

238:00

282 :30
31C:30

370:30

438

523

Total wt. Dry bulb Wet bulb

gms . oO rt OQ ~~

7.950

7.800

7.600

7.400
7.200

7.000

5.800

5,600

5,400

8.200

5.000

5.000

4,900

4,800

4.700

1.250

4,200

4,400

1.300

4.200

54970

3.938

36933

3.933

34939

2.9492

* . 8 | € 8

~r

or + 3 | {4

23567 16.5

223KH 168,6

2248

2240

220

22.9

16.3

15.8

16.0

16,8



Run 46. Sulphite Pulp and Water.

r, x

Boo E% .
.

Fer BO pr ad

Jalculations

Time, Min- % Water,  gms/nr. 1
ites, Sec~ Ary /sq. cm. = gms. /hr./sq. cm.

onds basis © C wet bulb depression

J

7:20
L7:10

Lilo
i013
HH 120
55:15
(5:05
[02
Jhe25
L46:00

13156:0511 58
170: 75
17%:05
1801320
188 :C0
196:55
DE -7

12

12]1731:7
105 3
2,5e8

79.1
[3
i A

28
25.1
20.3

18.8Lh.
12.4

6.00

0-00920.009
0.0095
0.01C1

0.0101

0.0095
0.0085
0.0095
0.0096
2.0093
0.0095
0.009%
0.0085
0.0081

2.0076
2.20

2.0065

9.0057n. 00k

0.00175

0.00124
0.00135
0.001545
0.00145
0.0017
0.00175
3.001370
0.001%
0.00137
0.00177
0.00171
0.00117

0.0011¢

0.00105
0.0006L
0.00090
0.00072

 YN,000F
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Run 47 Nitrocellulose

Containing alcohol and ether as received from

Picatinny Arsenal. Waterial pressed into brass

rings 3.5 cm. dia.

Dried in tunnel drier. Removed from welghings

on chemical balance.

[ime, 47{a) 47(b) Dry
Tours Total wte Dia. Thickness Total wt. Dia. Thick. Bult

gs . Mela Meme STS Mes mem, °C.

Le17

2.67

26

50

6

L127

146

169

21%

3513

564

112

504

347

745

317

1033

1920

fave

17 «300

16.230

15,77

14.38

14,08

13.95

13.81

13.73

13.76

13.72

15.660

15.6505

13.645

13.61

13.57

13.206

13.56

13.54

13.503

7.104

ror
‘.

Fe
&lt;

r

=

2.84

2 eB

4

/

43.080

41.380

40.16

36.48

34,87

34,04

33.51

33445

33.56

33.26

33.09

33,07

33.04

52.85

32487

3283

372 «81
32.75

32.62

15,986

3.5

563

3el2

2.992

0.24

Zed

OB

2ed

2.2

2.16

2

37
2;
Of

24

37

37 ot

32

39

33

24



a

&gt;a 8

Runs 48, 49, 50, 51. White (Poplar) Wood

Dried in tunnel drier using laboratory balance
~dges of samples covered with M.J.B. Cement

Samples soaked under water over night,

sample Dimensions Net hone dry weight
4s 15.2x16.2x0.41 cm. 51.9 gms.

x) 15.6x20.3x1.27 cm, 182.6

50 15.9x30.5x0.69 cm. 109.8

51 10.2x15.2x1.91 cm, 211.0

Time, Loss 1n weight, gms,

Minutes 48 49 _o0_

J

£2

LE

RY

Ra

.

+

25

wry

10

i RS]

“~

i _ =

3.4

34

Pry Bulb Wet Rult
Le 0. oO 0

30.3 1

0
- ry

12 0

 eT

bo

“2

15
-

hp

12a f

5
ou

14  Hh

A)

24,2

°C 4

2G.

i a t.

LiesJd

SE

QQ

a]

ae
LG  re A”

”15.7

 4.0

LU od
CZ

26

28

LOO

LO2

2 of

R45

+ - XJ

1 by
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Runs 48, 49, 50, 51 (Continued

I'ime,
Minutes 4.8

Loss in weight, gms,
49 50 51

132

134

126

138

240

24

44

246

300

302

304

306

480

482

484

486

1430

1432

1434

1436

VC

12  od

&gt;.8

17.8

Doff, , =

24.9

1 8 4

278

55,9

1'7 . 5

&gt; 4
“re) 3

SY Fo]

&gt; 3“ys Bm

1
J) , 5

or  3

31, 4

4 ” Pp,

242

£5.53

67

Bone dry 2740 4€.8 71.0

SZ 4

32.0

Dry Bulb Wet Bult
© 0. ° z.

v

=

oR LY 17.9

3 9 G

J 20) 4



(oe
ed re

Run 52. White Wood and Water.

Dry thickness 1.27 cm.

Dimensions 15.5 x 20.7 cm. Edges

lacquered. Recording balance used.
Net Try weignt 182.06 gus.

Equilibrium weight 192.9 gms.
Total wetted face area 629 =q. cm.

Sample soaked 3 days.

Tire, Free "ater
Jours Left, Gms.

J

0.5
1.0

1.5
2.0

2.0.0
5.0
0.0

7.0
2.0

9.0
10.0

51.0

62.2

50.4
19.1

22.9
27.0
272.6
20.7
14.4
16.6
14.8

12,2
L

Dry Bulb Wet Bulb
°Q, °Q,

ZL 1.0

2 =. 32 17

2.702
16.7
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Run h2. White Wood and Water.

Calculations

Time, % Water, ~ ems. /nr.

Hours dry basis /sq. cn.

J

J. 5
1.0

2.0

LO

2]

20.
5
2¢

2°

2G.
18.0

17.0
-

A

L%, {

12,
12.0

0.0392
0.0221

0.0116

0.0067
0.0050

a
0.00722
0.0029
0.0027

9-002)3.0082

1.00

0.81

9-67¢. 52

oI B58
0.38
0.373
0.285%
0.267
0.2%&amp;
0.212

0.188
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Run 53. White Wood and Water.

Dry thickness 0.41 cm.

Dimensions 15.2 x 16.2 cm. Edges

lacquered. Recording balance and

recording pyrometer used.
Net dry weight 31.9 gms.
Eguilibrium weight 32.9 gms.
Air temperature 31 - 76°C.

Total wetted face area 493 sq. cm.

ample soaked under water 5 days.

Time, Free Water Left, DryBulo-
Jours gms. Wet Bulb, °C.

0.12

J. 25
3.5
1.0

1.5
2.0

2.5
2.0
rE

Ls,0

40.6

26.0
“b.1

/.6
Je

5+0
2.1

2.1

 Q

1€.9

16.4

L5. 3

Th
I



“

un 53 Tite Viood snd Water

Caleculetions

lime,
Hours

Je12

Jed

Jed

1.0

Led

2+{

2eO

3.0

345

1,0

7% water gms. /hr,

dry basis ~/8g.cm,

14.7

130.7

116.0

85.C

58.2

34.2

18.8

12.9

9.7

D.043

0.0385

0.03805

0.0320

J.0250

J.0111

2.0C5E

NM. 0026

3 -

Joe Un

0.880

J.784

0.569

Je383

2.216

J+ 108

2.087

D,04A8



Run HY. White Wood and Water.

Dry thickness 0.69 cm.

Dimensions %0.5 x 15.9 cr. Edges

lacquered. Recording balance and

reccrding pyrometer used.
Net dry weight 109.8 gms.
Equilibrium weight 110.1 gms.

Air temperature 31-3%0°C.
Total wetted face area 970 sq. cm.

Sample soaked under water 6 days.

Time,  ¥ree Water veft, Dry Bulb
Hours ons. -Wet Bulb

0

0.37
1.62
1.12

2.0

3.0
4.0

5.0
5.0

127.0
119.4
107.7

!

2
46.7

20.¢
13,¢

18
1 -

I

{

lo ¢

15.5%
RIS
Lh.6
17.3
17.9

on



¢ NA
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fun ©4 White Wood and Vater

Calculetions

Time, % water Sms./hr.
ours dry basis /sqg.cm.

J

0.37

D.62

. 1?

119.8

112.8

102.0

88.1

66.4

45.9

31.4

21.2

15.1

11.7

J.0378

C.034%Z

0.0303

0.0254

C.0220

0.0136

0.0089

0.0053

0.0031

1.00

0.94

0.848

0.736

0.540

0.362

0.238

0.149

0.097

0.067

4
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Run Hh. White Wood and Water.

Dry thickness 1.8 cm.

Dimensions 15.2 x 15.2 cm. Edges

lacquered. Recording balance and
recording pyrometer used.
Net dry weight 211.0 gus.

Equilibrium weight 215.3% gums.
Air temperature 321-35°C,
Total wetted face area U6% sq. cm.

Sample soaked under water 10 days--
vould float in water.

Time, Free Water Left, Dry Bulb
Hours Gms. -¥et Bulb, °C.

J

Je 5
L.O

l.5
2.0

2.5
2.0
7.5
L.o
5.0

ne
{.0
2.0

3

100.0

90.1
21.0

JT2.5

62.6
58.9
55.9
0.8

6,”
12.”

29.4

17.72

17.0

17.1

17.2

»
’
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Run 55

lime,
Tours

J

Jed

1.0

led

2.0

3.0

545

1.0

.

7)

fhite Wood and Water

Calculations

7 wa

‘ water, gms./br.
ry Dssis /350.cm.

£Q

la

40 ok

37.4

35.0

Bl eB

29,9

28.5

26.1

24,0

22.0

20.6

19.5

18.3

J.04C8

0.0325

0.0244

0.0166

0.0140

C.0110

C.0086

0.0073

0.006860

0.0002

0.0045

2.0

1.00

0.201

0.910

Co74%7

2.695

0.626

0.889

0.559

0.508

0.483

0.423
0.304

C.369

0.345
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Run 76.

Moisture Gradients in Pulp.

Small blocks of pressed pulp coated with M. J. B.

cement on edges and one face. Soaked under water

one hour and put in drier with uncoated face up.

Air velocity 0.8-1.0 m./sec. After different dry-

ing periods each block was removed and cut in slices

parallel to the drying face. The wet slices were

veighed quickly on watch glasses, dried in an oven,

ond weighed again. Slices nunber from face in to-

wards center, i.e. the outer side of slice 1 of each

clock was in contact with the drying air.

dimensions?

50a
56
56 ¢

2.4x 0.8 cm.

4, X 2.8 X 1.75 Ci.
.d x 3.4 x 1.27 cm.

Table I.

Time Weight, gms.
Hours h

ry
I l

[ 56 17 7

5.L.0

&gt;,1
0,6
in

5.0
5.8

21. 44

19.60

 a

21.06
1G. 88
14 ="

16.00

Lo. 07
14.79

Dry Bulb Wet Bulb
on oC LL

4
3

15.°

Z1l.0 14. §

Slices cut and weighed quickly after last weighing recorded
1bove.
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Run 56. (cont.)

Table I1:

Slice No.

Sample 56 a. | |

Water, gms. O.U442 0.565 0.820 0.822 0.737
Dry weight, |

cms. 0.669 0.881 1.222 1.246 1.233
Thickness,

m.m., 0.81 1.07 1.60 1.63 1.50
% Water, dry

basis H4.6 64.0 62.8 61.8 60.

Sample 56 b.
Water, gms. O.- ~~ 0.802 0.698 0.634 0.f94 0.674 0.514

Dry weight,
gms. C.922 1.56% 1.7 1.221 1.321 1.200 0.968

Thickness, |

m.m. 1.27 2.13 1.83 1.67 1.80 1.65 1.32
% Water, dry

basis 26.3 51.2 52.1 51.4 52,5 52.8 RzZO

ample 56 c.
Water, gms. 0.222 0.620 0.612 0.702 GC.612 0.519 0.541
Cry weight,

cms. 1.09% 1.426 1.323 1.482 1.294 1.114 1.172
Thickness,

m.m. 1.50 1.96 1.81 2.04 1.78 1.5% 1.58
h Water, dry

basiea on = Jr= = WZ Jho=r hh Jz — Weer hr



CY 0
- Rad

rrr vw SS

Run 57 Koisture Gradients in Pulp

Procedure similar to that of hun £6, but

soaked under water 2.5 hours. Drying of

57d and 57e started together,

Sample 57d. 3.5 x 3.6 x 1.34 cm.

Dry weight 11.50 gms. Weight at start of drying

24,10 gms, Sliced after 18 hours drying -

veight 14.06 gms.

Sample O7e. 3.8 x 3.8 x 1.37 cm.

Dry weight 13.46 gms, Welght at start of drying
29.20 gms, Sliced after 20 hours drying =

weight 15.77 gms.

Slice No,

sample D774

ater,gms. 0.042 0.105 0.205 0.324

Dry wt.,gms, 1.139 1.341 1.386 1.424

Mick., mem, 1.32 1.58 1.60 1.65

7 water.dry basis 3.7 7.8 14.8 227

0.488 0,392

1.499 1.277

1.75 1.950

32.6 20.7

Sample O7e

Tater, gms. 0.002 0.040 0.150 0.306 0.374 0.382 0.288

Dry wt.,zms. 0.860 1.359 1.635 1.830 1.338 1.317 1.248

Thick.,m.m. 1.07 1.70 2.03 2,03 1.88 1.65 1.53
% water,dry basis 0.2 2.9 9.2 18.8 27.9 29,0 23.1
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Run 68 Brick, Clay and Water

Jet thickness 3.18 cm.

Dimensions 6.9 x 6.9 cm. Formed in wood frame.

Recording balance and indicating potentiometer used.

Net dry weight 224.35 gms.
Total wetted face area 89.0 sg.cm.

Mime, Free water Tet Bulb Dry Bulb ANG
fours left,gms, ° C. °C. ° n

2

De2D

1.0C

Le 2D

Lo DO

L83

2.00

2el7

Zeb

2.67

3.0

3.28
3.92

1e¢5

1.92

540

5.75

20

3.42

5.84

7.0

2,0

J 0

0.0

L1.0

12.0

12.8

15

51.5

56.9

31.6H

- =

29.0

2A17

26.2

21.9

18.3

15.6

13AH

~ 3

|,

17 «1

18,0

16.2

17.5

17.1

[YY7

Lf 1

2¢

Rr

A

3

0

3

3
Zz

be

2
LJ

3

33.8

SB.

33.48

35.0

36.0

35,0

 B38 .3

2 i) a 8

13.8

14.7

13.1

12.8

13.1

13.0

12.4

13.0

13.4

13.4

13.1

13.7

14,4

12.53

14.4

14.4

7
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Run 58 Brick Clay and Water

Calculations

line,
Hours

0

tL

12

12.5

15

of
Jo water,
dry i Jery basls gus ./ or.

SCeCIl,

7 5%

25.3

B20
20.8

12.1

L7.415,5

0.0861

0.0061

0.0501

0.0445

0.0456

0.0408

Ll.

9.75

8.15

6.95

5.05

C.0495

0.0304

0.0532

0.0279

0.0253

0.0236

N.0131.13

C.000636

0.000660

0.000858

0.000501

0.000476

0.000444

 DJ. Q00566
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Run 59 Brick Clay and Water

Wet thicknes 1.59 cm.

Dimensions 9.5 x 9.5 cm. Formed in

wood frame. Recording balance and

indicating potentiometer used.
Net dry weight 229.6 gms,
Total wetted face area 178 sq. cm.

Time Free water Dry Bulb Wet Bulb

Hours left, gms. °C °C I

0

0,08

D6

l.0

1.17

2.0

2e5

2.93

3.0

333

De0d

4,0

5.0

65.0

7.0

7.17

7633

7.5

8.0

9.0

10.0

11.0

51.6 323
D2 eD 16.

54.9

48.3

32 eD 16.7

32.4

32.6

16.6

41.6

359

27 «8

221

17.1

22

38.0

28.92 12.8

12.7

9.5

7.2

6.0

\ 6

oo
9.3

12,0

12.2

12.8

13.2

13.1

135
13.5

12,3
12.1

11.4
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fun 59 Brick C lay and Wat or

Calculations

Time,
Houre

'.5

LO

1

cms. /hr.,A et yr
Airy basi:

28,8

23,9

clel

18.1

14,8

&gt; NR4Q

17

“4

1

~

\.

~ ~

bd 5

12.1

9.6

7.45

5.02

4.14

Sel4d

2.61

0.0336

S.0301

0.0265

0.0192

V.0124

1.C0

0.898

C710

0.002

0.41

0.308

0.235

0.194

0.000430

0.000414

0.000396

0.000388

0.000381

0.000301

0.000320



~

Run 60 Brick Clay and Water

Wet thickness 0.64 cm,

Dimensions 14.5 x 15.1 cm. Formed in wood frame.

Recording balance and indicating potentiometer used.
Net dry welght 287.6 gms.
Total wetted face area 436 sq. Chm.

Time Free water

Hours left, gms.

0

0.25

0.5

0.75

1.0

1.25

L.50

1.75

2e0

2e 17

ed
2e70

500

525

550

546

De92

4, 00

4,17

4,42

4.5

5.0
Ded

74  2

42.4

33.0

25.3

18.5

13.2

9.9

7.0

5.1

AWet Bulb AtbBulDry

37.0

35.4

3540
36¢4
36.7
36.8

37.1

37.2

37 2

37.0

37¢2
37.1

37.0
26.6

18.3 14.4
15.4

15.8
16.0

16.3

16.5

16,7

16.5

16.3

16.3

15,8
1565

14.1

17.7
17.7
17.7

17.9

18.0

18.0

17.7
18.0

18,0
17.9

17.8

54.1

23D

1647
16.8

11.5

10.1

33.0

3269

8.7

16.2 Ved
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Run 60 Brick Clay and Water

Calculations

Time, % water, Gms. [Hr.
Hourge dry basis /sq.cm,

2K .,&amp;

2.5

hb)

3.5

 ql

1.5

5

3.5

14.8

11.5

8.8

6. Ul

4.59

3.46

2. U4

1.78

0.0412

0.0405

0.037

0.027

0.020

0.0137

0.00904

0.0066

0.000376

0.000376

0.000372

0.000350

0.000347

0.000344

0.000334

0.000367

1.00

0.766

0.56

0.40

0. 20

0,212

0.155
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Run 61 Hand Pressed Pulp and Water

Dry thickness 0,69 cn.
Dimensions 14,7 x 14,7 cm. Edges covered with Collodion,

Recording balance and indicating potentiometer used,
Net dry weight 69.2 gms.
Total wetted face area 432 sq. cm,

I'ime Free water Dry Bulb Wet Bulb At

Hours left, gms. °C °C °C

0

0.35
0.85

1.0

1.7%

2.0

2.6

340

345

4.0

1,5

50

5¢5

50
5.5

7.0

7.25

7.5

7.75

8.0

3.25

3.5

8,75
9,0
9.5

L0.0

11

12

160.9

144.3

127.6

110.5

91.8

7349

5549

3842

51.3

2567

21.4

13.7

12.1

To
4,9

35.0

33.0

31.8

32.7

367

37 +6

38,0
38.1

38.1

38,0
37.6

37.5

37.3

37.0

37,0
36.8

36,

36.6
36 «5

3645
27.0

16.7

15.6

15.7

18.0

18,7

18.7

1867

18.4

1843
18.3

1843

17.9

17.9
17 .8

17.7

17.6
17.5

17.9

14.3

14,2

14.2

13.9

15.4

16.7

15.7

15.7

15.7

15.6

15.3

14.7

13.6
12.2

11.4

10.6
10.2

9.6
9.0

847
8.7



Run 62 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.
Dimensions 14.7 x 14.7 cm. Edges cc.

Recording balance used.

Net dry welght 69.2 gms,
Total wetted face areadd2 8a. Cn.

~red with Collodion,

I'ime, Free Water

Hours Left, Gms,

")

10

11

12

13

136.2
119.3

101.0
81.8
63¢3

44,5

30.0

20.3
13.3

7e3

Bed

1.3

G7

0.3
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Run 61, Hand Pressed Pulp and Water

Calculations

I'ime,
Hours

5)

 bh

J
Seb

LO

ll

12

» water, Gms. /Hr
iry basis /sq.cm.

a

232 U4
208.5
184,2
159.7
132.7
106.8
80,8

75.1
45,1
371
20.9

0.0380
0.0393

3-9p%80.0402
0.0402
0.0410

0.0375

0.0220

0.0178

19.8
17.5
11.1

7.1

0.0123
0.0102

0.0074
0.0051

0.0003980.00016

0.000377
0.000282

0.003920.000400

0.000417
0.000358
0.000324
0.000298

0.83
0.68

2-280.465

0.5
1.0

1.5
2.0

0.30 2,0

0.26 £20.167 4.5
0.106 Heb
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Run 62. Hand Pressed Pulp and Water

Calculations

Time, % water,
Hours dry basis .

} 7
1732
146
118.1

91.5
bY, 3
43,2

29.319.
10.5
4.9
1.9

10
1]

Gms. /Hr

/8q.cm.

0.0448

0.01400.0455
0.0420
0.0388
0.0251
0.0180

0.0153
0.0121
0.0067
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Run 63 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.

Dimensions 14.7 x 14.7 cm. Edges covered with Collodlion,

Recording balance used,

Net dry welght 69.2 gms.
Total wetted face area 432 sq. cum.

Dry bulb - wet bulb about 17°C.

Time, Free Water,
Hours Left, gms,

19

11

12

13

142,8
127.5

111.0

03 ¢4

732

52.0

20.7
12.5

6.8

Sed
le4

0.6
D3
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Run 63. Hand Pressued Pulp and Water

Calculations

Time, % water, Gms. /Hr.
Hours dry basis __  /sa.cm.

Lu

11

206
184
160,2
134.9
105.8

75.0
47.6
29.9
18.0

a":8
2.0

0.0389

0.03920.043

0.05240.0655
0.0382

0.08130,016
0,0112

0.0065

1.00

0.635

0. 3080.2540

0.131
0.06%
0.027
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can 64 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.

Dimensions 14.7 x 14.7 cm. Edges covered with collodior

Recording balance and indicating potentiometer used,

Het dry weight 69.2 gms.
Total wetted face area 432 sg.cm.

N.B. Sample soaked and left to dry in

unheated drier overnight before start of readings.

Mime, Free water Dry Bulb Wet Bulb At

inutes left,gms. °C. °C. © mn,

 J}

17

26

14

30

79

114

150
189

250

294

25

390

422

444

159

2840

2049

20.6

23.0

21.3

19.8

16.8

14.5

12.2

Bed

762

4.5

3.8

3.0

2.9

28 us

26 «8

26.4

25.9

2543

2D 43

25.1

25.0

24.5

25.3

29.4

2DeD

25.5

2D e2

18.4

18.3

17.6

17.7

16.2

16.9

15.1

15.6

15.8

15Be?

Can

Ged

6.0

OeO

Oe

4.7

4,2

Se

2e8

2e3

1.2

1.1

0.8

0.6

nN 4
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Run o4. Hand Pressed Pulp and Water

Calculations

Time,
Yinutes

Lo
20
Lh
50

9
11"

150

225
20l
375
390
122
FLL

459

%» water, Gms. /Hr.
dry basis /sg.cm.

41.2

38,2
36.9

38:7
28,€
2,2
20,9
17.6
12.0
10.4
6.5

8.3«3
3,6

0.0157
0.0159
0.012%
0.0123
0.011%
0.0104
0.0090

0.00710.0063

0.00580.00k2

0.00036
0.00038
0.00034
0.00033
0.00032
0,00033
0.00032
0.0002

0.0003
0.00038
0.00052
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Bun 65 Calcium Chloride Solution

10 c.c. strong CaCLz solution in Petri dish

dried in Collins' drying chamber over

strong sulphuric acid.
Air temperature 32.0° C,

Tare 326.267 gms.

Time, Minutes Total wei~
 tro iwusSs sve

J

18

575

74.0

30

385

20.5

100.5

111

119

127

132.5

155.8

141.5

147.5

154,5

163.5

180

191

202.5

216

230

47.670

47.4805

46,5Y0
46.460

46.410

464370

46.260

46,110

45.940

45.850

45.790

45.690

45.650

45.590

45.510

45.410

45,285

45.060

44,920

44,780

44,620

44 450
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Run 66 Hand Pressed Pulo&gt; and Vater

Dry thickness 0.69 cm,

Dimensions 14.7 x 14.7 cm. Edges

Recording pyrometer and recording
Dry weight (net) 69.2 gms.
Total wetted face area 432 sq.cm.

lime,
fours

Free water Dry Bulb Nb

left ,gms, 2 Ou °e

 ad 137«1
Ded

1.0

1.9

2e0

2e25

5.0

1.0

1.75

240

540

360

7.0

7420

7.75

3.0

5

LO

11

12

120.0 38.2

3841

ke

«) A

101.7

84.2

85.5

AB.2

15.7

15.7

15.9

280 5

17.4

31.1

25 ed

21.1

15.4

11.9

10.5

9.0

3742

37 «2

14.4

8.5

4.4

1.9

S60

0e3

5.6

zo

rovered with collodion

balance used.

Dry Bulb
- Wet Bulb ©

Lox

54

16.92

19.3

19.5

19.8

19.6

19.2

19.0

18.9

21.4

2242

2Led

008
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un 66 Jand Pressed Pulp and Water

Calculstions

Pime, 7 water, gms. /hr.
fours dry basis SC .Ccn.

)

0.5

1.0

1.5

2.0

2025
3,0

2a

4,75

5.0

5.0

345

7.0

7.25

7,75

3,0

9.0

10.0

11.0

12.0

168

173.1

146.9

121.7

94.6

5845

14 49

36.7

20).4

20.8

12.3

6.395

Cold

0.87

0.0431

3.0449

0.0439

5.04329

0.0425

¢.0280

0.0227

YL,018R3

0.0141

0.0109

0.0079

0.0035

De 000426

0.000426

0.000416

0.00041

0.000416

0.00036

0.000328

0.000309

0.000236

C.Q00263

0.000333

0.000245

1.00

0.658

0.535

0.445

0.504

0,179

0.0093

0.040
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Hours

1

12

13

14

Run 67 Calcium Chloride Solution

Strong Cally solution in 8.6 cm. dia. x 1.0 cm,

deep glass Petri dish suspended on recording
balance.

Face area 58,1 sg.cme.

Free water Dry Bulb

left, gms. °C.

Wet Bulb
J x

23.4

20 +4

17.4

15.1

12.3

9.6

8.1

7.0

B.5

4.2

36.1

21

1.5

1.0

De5

37 +0

38.0

38.0

26.6

22e0

23.0

37«© 21.8
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RUN 68 Calcium Chloride Solution

Strong CaCLz solution placed in 9.6 cm. dia. x 1.0 cr

deep glass dish on drier floor. Eight cold

junctions lmmersed in solution, with hot junctions

in air over dish. Weights not taken.

Time ,Hours Dry Bulb |

- wet bulb © C

17 .4

17.6

17.8

17.9

17.7

17.4

17.2

20 4

21.0

21.3

21.4

21eD

23.0

21.7

21.9

21.9

21.8

21.7

21.7

2l.8

21.8

21.7

21.6

21.4

5

560

Jed

7.0

7.5

3.0

3.5

240

940

10.0

1045

11.0

11.9

12.0

12.9

13.0

13.5

14.0

15,0

.

“=i

©

15.4

12.95

12.4

12.2

11.2

10.2

9.0

11.0

10.5

10.0

9 .

Bae’

8.0

7 r

»

5.¢€

Del

4.6

4,0

2e7

1.9

1.8

1.6
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Run 69 Pressed Pulp and Water

Dry thickness 1.7 cm. Soaked under water 5 hours.

Dimensions 6.0 x 14.9 cm, Edges covered with collodion

Recording pyrometer and recording balance used.

Net dry weight 82.0 gms.
lfotal wetted face area 179 sq.cm.

Air temperature 37-43°

Time, Free water Dry bulbd
Hours left, gms. - wet bulb ©

118.0

108.3

LC042

B43

80.0

70.0

59.0

49.0

40.6

3564

2847

24.5

20.4

17.4

L4,4

12.2

10.4

8.9

74

De?

4,9

4.0

3.1

2 A

19.0

18.9

18.6

22.0

2262

ZZ ¥

2340

2360

2340

2248

22 el

2245

22 ed

22 e2

22e1

&lt;2e0

21.9

21.8

18.7

18.0

17.1

16.8

16.92

2)

"|

2

3
a

»

y

7

LO

20

21

eZ

oz

FA)
0

o

15.8

15.7

15.5

18.4

18.2

18.1

7.0

14

Pyrometer
out of

cormisession,



Run 69 Pressed Pulp and Nater

Calculations

Time, 7 water, gms. /hr,
Fours dry basis /sa.cm,

,

20

21

22

23

144 ,6
132.1

122.5

97.6

85.4

724C

09.8

49,5

40.7

3560

22.9

24,9

21.2

17.6

14.9

12.7

2.0

7.2

5.0

4.9

5e8

2.9

0.0074

0.085

0.0524

0.055

0.038

0.086

C.C0835

0.044

0.028

C.024

0.024

0.020

c.C1l6

2.012

0.011

0.0002

0.0084

0.007

0.005

3.00054

2.000538

C.CC080

2.00C-0
2.00048

0.00046

0.00047

D.,0004%

Le CO

 » 8329

C81

, 086

» 000

416

» 555

 256

249

,212

» 182

y 121

» 120

5 1CO

, OR2

063

, 04.9
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Run 70 Pressed Pulp and Water

Dry thickness 1.70 cm. Soaked in water 19 hrs.

Dimensions 6.0 x 14.9 cm. FEdges covered with

collodion.

Recording pyrometer and recording balsnce used

Net dry weight 82.0 gms.
Air temperature 36-42° C.
Total wetted face area 179 sa.cm.

Time, Free water At

Tours left,gms. °c ~

"

1.0

2e0

3.0

4,0

360

53.0

7.0

7.5

3,0

0

LOL, 0
[1.0

12.0

L3.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

2240

2380

24.0

2040

26.0

27.0

28.0

28.0

50.0

 ~~

124.7

115.2

104.9

95.2

85.1

7442

goQ

3B. &amp;

14.5

13.7

16.6

6.7

16.9

"Oe8

L243

10.3

3.9

7.9

v6

7,3

5.9

Ce

Ged

6.2

2.0

(46)
41.7

34 43

28.7

2042

21.8

19.0

16.8

14.6

12.9

11.4

949

Be+6

72

6.4

De3

4,8

4.1

340

3.0

2.5

cel

Led

1.4

Dry Eulb
~- Wet Bulh  Oo

17.9

17.9

18.4

18.8

21.2

21.4

21.8

2148

P2el

Pll

2240

21.8

21.4

21.3

2le3

21.3

 of
21.0

20.9

20.7

~
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Run 70 Pressed Pulp snd Water

Calculations

Time, 7 water, gms ./hr. overall coef.
fours dry basis /S0.cmm. of ht. flow,T

5

J

 0

3

4

20

26

27

23)

20

20)

151.8

140,53

127.8

116.1

104.0

90.5

T7646

BG WD

41.8

35.0

30.7

26,6

2342

20.0

7.8
vr;
  !

7
J WG

1]

=

8

340

OB

2.0

1.5

5460

5.04

2e00

1.82

L.7

—4

0.0564

0.0536

0.0848

0.0564

0.0615

00,0815

0.0447

0.0341

C.0201

0.0196

0.0173

0.0140

0.0123

0.0109

0.010C

0.0084

0.0078

0.0078

0.0061

YL, 0056

0.000616

0.000580

0.000575

0.000579

0.000549

0.00055]

0.000427

0.000429

0.000376

0.00034C

0.000332

0.000L77

0.000254

0.000237

0.000224

0.000192

0.000180

0.000192

0.000157

1.00

0.907

0.745

0.0604

0.548

C.474

0.412

0.368

0.317

0.280

0.248

0.218

§.187
0.157

0.139

0.115

0.104

0.089



Run 71 Pressed Pulp and Paper

Blocks of pressed pulp about 5x5 cm. dried

without forced convection in room air,

with thickness measurements.

Time,
Minutes

Net weight, Thickness,

crams MeMe

4

37

35

38

97

167

212

247

377

412

5017

17.84

17.67

17.43

17.14

16.91

15.78

16.04

15,73

15.37

14.19

13.90

12.31

12.8

1247

12.6

12.6

12.6

12.6

12.6

12.6

12.6

12.8

od 8,30 | 4 ey

oven dry Be170



fun 72 Brick Clay and Water

Dimensions 7.0 Xx 7.0 xX 2.54 cu.

Rdres covered with tin foil,

Total face area 98 sg.cm. Net dry wt. 196.2 gms

Plaeed at end of flue through which air was

forced by a blower.

Air velocity 10.6 me. per second.

Laboratory platform balance used.

Time,
Yinutes

3
J

{3

4

1

35

"0

LOS

115

125

135

145

155

170

120

190

200

210

2920

otal water Dry bulb Wet bulb

left .oms, Ce Ow cn
repreTNEME

51.5

48.1

44.8

40.4

36 9

28.9

271

20.42

201

2348

22.4

2242

20.9

20.0

19.8

19,1

18.7

18,0

£2DeB 16.2

25.7

22.9

16.9

15.5

24.2 16.2

dven dry



Jun 72 Rricl Clay and Water

3

5

#

Calculations

Time :
\ , , s % t G
roles ° otal waterro baie , gms./hr

/sq.cm.

Lu

24

11

55

30

LO3

L15

125

135

145

L55

L70

LEO

LOO

200

210

220

20 63

24.5

2248

20.6

18.8

15.2

13.8

12.3

12.8

12.1

11.4

11.3

10.6

1C.2

LCel

F7

9.0

3.2

0.157

06107

0e157
 NY. 107

D.071

D,051

VL, 038

).032



Ron 73 Brick Clav and Water

Dimensions 7.0 Xx 7.0 x 2.54 cm.

Edees covered with tin foil.
Total face area 98 sg.cm. Net dry weight 193.9 gms

Placed at end of flue through which air

was forced by a blower,

Air velocity 15.2 m. per second.

Laboratory platform balance used,

ime, Total water Dry Bulb Wet Bulb

iinutes left,gms. °C. © C.

%.L

bl

67

87

102

219

138

16%

183

205

276

52.8

39.5

36,4

32,0

27.8
25.9

24,0

22.2

20.6
1

Li

| o

24.6

257

24.1

2D ed

20 el

26.3

23 e2

18.9

16,4

15.8

17.4
18.1

1749

16.4



un 73 Brick Clay and Water

Calculations

lime,
Minutes

Iw

ol

37

37

102

119

138

162

183

2005

216

% total water,
drv basis

27 e3

20.4

13.8

16.5

14.4

13.4

12.4

11.5

10.6

Pe

9.0

2.0

hr,

gus. /br’sq.

0.174

0.174

¢.107

C.074

C.064

0.051

0.030

0.034



Run 74 Brick Clay and Water

Dimensions 7.0 x 7.0 xX 2.54 cm.

Edges covered with tin foil.

Total face area 98 sc.cm,

Dried resting on laboratory balance without
forced ronvection.

lime,
dinutes

wy;

50

4

70

L30

165

el

528

370

414

135

-4)

‘ree water Dry bulb Wet bulb

left, pons, © ©

1343

16.7

AC.2
15.0

13.8

12.6

10.4

1089

54 63

5844

37.5

&lt;6 7

27 «0

2743

27 45

277

27 4

2D e'7
25QO

Ly {

17.3

17 4

17 86

15.5

24.9

200 +6
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TolJ a=

Cn BB 2 bi
Lx BS 4

Time,
Tours

Lh

L8

20

22

24

1

~
.

7 0
J o

34

365

393

LO

15

14

1a

Run 75 rricl Clay and Water

Cimensions 7.0 x 7.0 x 2.54 cn.

Fdges covered with tin foil. Total fece gzrea 98 3

Hecording balance used,
Crier used without forced convection of cir,

Squilibrium weight 202.8 gms. Dry weight 200.0

‘ree water

left.gnms,
Dry Bulb Met 2ulbo

°o ° ~
 —— afr—

14./
-

 2 v

~
~~ 3 7 \

ws ~
4 a \ J

40 2

28.7

2€ 49

34 .6C
32.C

29.9

27 «5

2D ed

23.4

2le&amp;
19.4

17.2

15.4

13.6

L1.%

C.3

3¢5

762

3.0

te9

3.9

2.1

258 tr a%

 ~N LCN



Time,
Hours

Run 75 Brick Clav and Water

Calculations

7 total water,

dry basis 7sq. cm.

002

Lt.

L8

20

pAS)

&gt;
-

~
-]

-~

-

50

32

54

56

58

10

12

14

16

x

20.1

19.3

168.4

17.3

16.0

14.9

13.7

12.6

11.7

nov

—

2 E
y

rs

5.8

3.9

Jal

2.2

3.6

5 eC

2490

1.9

1.5

1 gi 4

0.011

0.010

C.009

0.011

0.012

0.012

0.012

0.012

0.0105

0.0097

0.0102

0.011

0.0102

0.0092

0.00092

0.C085

0.0087

0.0077

0.0064

C.005¢0

C.0084

0.0047

20,0089



Com,

Run 76 Whiting and Water

Dimensions 6.9 x 6.8 x 2.54 cm.

Total face area 94 sc.cme Net dry weight 200.8 grams

Placed in vertical position at end of a flue

through which air was forced by a blower.

Air velocity 9-11 m./sec.

Laboratory platform balance used.
Formed 1n wood frame lined with tin foil.

dry bulb 26.4 © C. (sve.)e "Wet bulb 18.2°

fine,
Vinutes

v

L3

24

3 5

50

35

34

27

122

1356

152

166

183

201

228

240

260

201

‘ree water

left,gms.

58.6

34,0

51.2

2840

20eD

22ed

18.2

16.2

12.4

10.9

8.8

8.1

6.6

Ded

446
3.8

3.6

2 _Q



Run 76 Whiting and Water

 x Bh .-

ooo

calculations

Time,
Minutes

}

L

i
35
50
oh
{4

27
122

1 36
152

8¢
L183
201

228
2U0
265
301

% water,
dry basis

19,2
17.2
15.
13:3
12.7
11.1

1:5.16
p12
2:8

Oz1

4

2
z 7

&gt;

grms ./hz.sq,cm,

0.189
0.167
0,148
0.134
0.130
0.117
0,098
0,084

0.0730.061

0.0520,0ko

0,033
0,022
0.016



Run 77 Whiting and %ater

i:

 ie8
Ea

fh pa 3

Dimensions 8.9 x 9.4 z 1.6 cm.

Total face esrea X67 sq.cm. Net dry welicht 239.7 gms

Place in vertical position &amp;t end of flue thru

which air was forced by a blower.

Air velocity 9-11 m./sec.

Laboratory plstform balance used,
Formed in wood frame lined with tin foil,

Ave. dry hulb 26.4° C. Ave. wet bulb 18.,2°

Mie
“re °?

Yirutee

/

14

25

zy

&gt;3

74

36

111

125

141

155

190

217

229

204

2G0

Free water

left, ome

45.8

41.4

59.1

50 el

2063

24.9

18,2

14,7

J,1
743

5.7

= ed
Al
=f

-

2

&lt;

v1

4

o

Pp)



-

2

| a

Run /7 Whiting and Water

calculations

Time, % water s./nr,
Minutes dry ¥esis Jaq om.

9

Le

25

31
3?
36

12Es
L5
190
217

22)
Ep

6
A
LZ oi

LO Lk
 Ll

" JJ
-

pL. 1
5134
2.26
1,88
1.13
1.00
0.79
2.5

0.141
0.141
0.141
0,120
0,113
0,099
0,055
0,036
0.026
0.020

0,013
0,010
0,009
0.008
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Run 78 White Wood and Water

Dimensions 15.2 x 16.2 x 0.41 cri. (as in Run 48)

Nood soaked under water 4 months.

Recording balance uscd,

et dry welght 31.9 gms.
Total foce area 492 cco.cm,

Time, Free water Dry Bulb
Hours left,gms. ® 7.

Wet Bulb
oO nt

‘a

t=

84.5

87 «5

00.4

40.9

3247

23495

16.9

9.6

4.49

Sel

Zed

1.5

&lt;

2eD

2+

545

1.0

£40

2.0

Deb

5.0

7.0

~ , 7 22.0
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Run 78 White Wood and Water

Calculations

Tine,
Hours

J

1,0
2,0
2,5
3.0

30
4.5
5.0
Ded
6,0
7.0

% water
dry basis :

26

83
Lo
128,
1052
73.6
53.0
30,1
15.4

3.7
/

Guo. far

0.035
0,035
0,035
0,035
0.032
0.027
0.022
0.011

0.00530.002
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Ebru XH

Run 79 s Wood and VaterWhite W

Dimensions 15.9 x 30.5 x 0.69 cm. (as Run 50;

"ood soaked under water 4 months.

Recording balance used.

et dry weight 109.8 gms,
Total face area 970 sc.cn.

Time, Free water Dry bulb Wet bulb
3 J o

Hours left,oms. C. © Co

y

7¢5

3.C

8.0

3.0

2.5

10

pk

12

13

14

15

16

17

252 C

222.0

192.4

163,90

134.5

105.2

77.4

O2.e1

41.8

B527
23.2

19.5

15.3

11.9

7.3

Del

369

Sel

ZeD

1.9

1.6

38,2

41,0

4% oO

12 3

— up , |



Ppa

Run 79 White Wood and Water

Calculations

Time,
Hours

0

L,0
2,0
2.5
3.0

oe.0
4.¥
&gt; WL

Df
5,0
7,

5.
9.0L

WD
J

1

12

1

It
15
16

 ae
a

i g

229,06
202,1
175.3

147.3

122.56

[9-2{+5

23.823,
To

iL
oO

2:5
2,3
1.7

J
Tea on.”

0,0307
0.0303
0,0%
0,03
0,03
0,03
0,03
0.0294
0,0286
0,0273
0.023
0,017
0.0136
0,0103

9.00780.0062

0.00330,001
0,0010
0,0007

0.50020.000



tek
y wre)

ur 80 White Wood and Water

Dimensions 15.6 x 20.3 x 1.27 cm.

ood soaked under water 4 months,

Recording balance used.

Net dry weight 1862.6 gms.
Total face area 634 sqg.cm.

Plime,
S0Uurs

Free water Dry bulb
C

left,gms. C.

Wet bulk

LE

164.

144.2

125,2

110.6

10045

91.7

84.0

77 «0

71.0

55.7
51.0

06.0

52.4

47.8
44.8

41.7

33.0

36.8

3040

31.8

29.6

2740

26.C

4,8

2562

9.9

16.2

13.7

11.2

7.3

“} DZ A

4242

42 6 YBD5 YT

1.9GC

0

&lt;1

2

13

4

15

LO

7

RY

0

20
&gt;

24

°B

°8

30

70

26

12.5
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% Tmo

Run 80 White Wood and Water

Calculations

I'ime,
Hours

2
&gt;.5

3.5

5
3

wb

2.5
3

5
J

.1

12

3

b
y

9
0

1

22

02
26

% water gus. /hr
dry basir /sg,.cm

20:5
6% 5

0.0316
0.0276
0,023
0,020
0.0175
0.0157
0.0139
0.0129
0.0122
0.0144
0,0102
0,0088
0.0084
0.0079
0,0076

0.00740.0068
0.00673
0.0057

0.00500,00L47
0,0039
0,0038
0,0035
0,003%2
0.0028

50 5

5.0

50.2

46,0
h2,1
339

36,0

334

IR2 .

26,2
25
22.
5510
20.219,
17.4
6
15.1
1573
13,4
12.7
10.9

0.8
558°
0.671

0.61

0.556

0-10,466
0.431

0.399

0...0, 5u3
0,318
0,29
0.272

0.2520.23
0.227
0,212
0.193
0.18
0.167

0.1580,149
0.141
0.121



Run E-1 Humidity Equilibrium Data

Sulfite pulp as received in tap form from Eastern Mfg. Company

Drier

position oo

Original weight, gms.
Equilibrium weight

Tare

Net dry weight
Equil. water gms.
Days to equil. wt.
% water, dry basis

53.289
53.255
50.050

3.295

5% 2RF

5
Zo

wrA § =

ho.
Se.

53. 414
53.365
50.050

53.365
53.502
50,050

57%. /”02
52017
BUF

53.603
53.427
50.050

0.17" «159 «110 247 o 30 «172
% 1s 12 22 22 27 62
0 3,21 4.96 3.42 7.70 10.86 5.36

at

%» HoS80, in bubbler
at finish 98.3
Temperature °C.
% relative humidity 0

49.9 392 49.7 28.4 20.6 42.5
21.5 23,0 21.2 22.0 25,0
36.2 57.8 36.7 77.7 88.0 51,5



Run E-2. Humidity Equilibrium Data

Shavings of white wood (poplar) - same wood as used in drying

runs 48-55 inclusive and 78-81 inclusive.

Drier

position

Original weight, gms.
Equilibrium weight

Tare

Net dry weight
Equil. water, gus.
Days to equil. wt.
% water, dry basis

% HzS80, in bubbler
at finish

Temperature, °C.
% relative humidity

54,456
54.493
52,705

54.493
S4,610
52.705

54.610
54.536
52,705

oH
Se
.

C
4

-
-

-

54.460
Sk B19
52.705

241
54.35
52.705
1.649

0

62
0

0.139 0.256 0.182 C.1064 2 22 22

gu 15.2 11.0 6.4

0.065
ef

3.9

28.1 16.2 27.6 40.3 49,7 92.9
23,0 21.5 23,0 21.2 22,0 25.0
78.8 91.8 78.9 56.0 36.5 0



Ya
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oN

Run E-7. Humidity Equilibrium Data

Yniting Powder (for rubber trade) as used in

irving experiments.

Drier

position

Original weight, gms.
Equilibrium weight, gms.

Tare

Net dry weight

Equilibrium water, gms,
Days to equil. weight

% water. drv basis

» Hz80, in bubbler
at finish

Temperature, ©C.
» relative, humidity

He
27.251

83.7731
43, (2237.29

+3.) 32
43,737
37.204

J

51.0 39,4 28.6
22.0 52.0 22.2

34.5 58,0 78.0



Run E-4. Humditiy Equilibrium Data

'*Celotex" as dried by Sanford at W.P.I., broken up into
very small pieces.

Drier

position

Original weight, gms.
Equilibrium wt., gms.

Tare

Net dry weight

Equilibrium water,
Days to equil. wt.
» water, dry basis

oms

%» H,80, in bubbler
at finish

Temperature, ©C.
% relative humidity

52.714
52.697

20.8021.842

52.697 52.807 52,778 52.870
52,807 52.778 52.870 52.881

0

23
Nn

0.110 0.081 0.173 0.184
22 22 27 62

5.97 4.40 9,40 10.0

32.0 29.0 49.6 29.4 32.2
22,0 23,0 21.2 22.0 25,0

0 58.1 37.2 76.6 72.0

a

3



£3 LN oA
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7 - Series. Pressed Pulp and Water

Run V-1

Dimensions 7.05 x 8.95 x 1.30 32M.

lime, Weight, Dry bulb, Wet bulb, Air Velocity
finutes ~~ gm=. °q. oa __ in. /sec.

L.
30
1

SU

(&gt;
30

105
Dry

138.2
124.7
171.4
128.4
125.5
122.6
119.9
117.2
57.4

25.
25. %
20:
S73
el .1
23,7
od
25.1

14.0

14.0

2s13.

13.6

To
14.5%

42
4,57

Tin

Run V=2

Dimensions 7.05 x 8.95 x 1.80 cm.

Time, Weight Dry bulb, Wet bulb, Air Velocity
Minutes ome- on or m./sec

3

3
60

Dry

133.6
129,8
126,3
122,55

119.557.

24.4

24.224,

I
24.7

12.

13:21%,

18:1
13.8

x=6.36
2° ir
6.71



® 4)“oa

V - Series.

Runs V-3% to V-19
dimensions 5.03
area 52.6 sg.cm

Pressed Pulp and Water

inclusive made with block of
x 5.24 x 1.52 cm. Total face

 &amp;» 7
 4 FF 7

Time, Weight Dry Bulb, Wet Bulb, Air Velocity
Run Minutes Gms. 0. °c. in. /sec. -

Ve

J 1

TT "

Tf

{ 7

D

1

inR
bu

75
Dry

0

15

oe
£0

ry

0

15

2
60

Orv

0

15

5
60

Drv

0

15

oo5
60

Dry

47.33
45.02
42,68
410.43
38.33

22.82

47,74
il dé
2,32
2902

3:41
20.82

49,60
4g,13
45,52
45,12
43,66
05 go

4g, 72

aie
46.79
41. 36
22.89

49,00
"7.1;
15,20
43,32
41.52
22.82

22.7
22,8
22, 7%

22.923,

ER

ol1

2132

55:8
23.9

26,0
26,4
26.7
26,3
26.2

2D5
2545
25,2
25.2
25.3

24,6
24.6
24.9
24,5
24,9

12.2
12.0
12.0
12.7

12.5
13.4

12.2
12.6
12.4
12.1

12.5

16.4

15,816.
16:2
17.6

16.1
16.1

15.9
15.9
16.0
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5
130k
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4,85
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Dry
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45.28
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Drv
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45.53
DO #9
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on. of. Co in/sec.
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12.312,
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5.81
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ele
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34214,
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[.11
7.56
7.14
6.62
7.00

23.9
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S08

11.2
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11.7
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Convection

20:
224 o

WE

11.6
11.6
12,1
12,1
12.3

4,01

Be 73
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2345

23:223,
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11,6
11.5
11.7
11.8

6.70
6:10
6.76
6.89
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22.6
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11,9
11.9

3,20
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3.25
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Run V-1 to V-19 inclusive,

Pressed pulp and water,

Calculations of Results of Air Velocity.

Runs for conditions at 100% water, dry basis.

un

r

cor
L

Fa

-

i

I de

VE
V9
7 10

V 11

 Vv 12
V 13
7 1k
7 15
V 16

Vv 17
 Vv 18
 Vv 19

R = gms, /hr./sq.cm./°C
difference between wet

bulb and dry bulb temp

0.05%

0.0030.10
0.114
0.074
0,074

0.0120,08
0,097
0,0186
0,063
0.091
0,0625
0,062
0,056

0.0830,045

Dud0.140

Corrected Air

Velocity, im,/sec,

4.63
5.00
7.60
%.60
2.06
b.,o1
4.69
5.70
65,90

free air

2-4o
SriE
3.21
2.62
2.21
1,91

12,03
11.20
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APPENDIX V

-
*

TABLE OF NOMENCLATURE

= surface area

= black body radiation coefficient, = 0.000137 eal./

(sec)sq.cm. (°C. 2bs./100)4

5 = ratlo of free liquid content to initial free liquis
ih —-— T

content = meno

To~Tw

F'= free liquid content of solid divided by the free

liquid content at the critical point.

3 = rate of evaporation as gm.mols/br Jsq.cm¥m.m. Ap.)

h,= surface coefficient of heat flow, air to solid,

as gm.cal.fsec)(sq.cm¥°C.)

overall coefficient of heat transfer from air to

evaporation zone cal (sec Xsg.cm XC) = 0.000136 x

B.t.u. for Ysq.0t (°F)
i = absolute humidity of air under drying conditions

a prevailing, weight per unit weight dry air.

1g= absolute humidity of saturated air at temperature
of the solid or liquid being dried, weight per

unit weight drv air.

k_= diffusion constant, vapor through solid,

D gms. sec Nsq.cn)cm.nom.Hp.)

k = thermal conductivity, cal./bec Msq.cm em )oC)
h

K = diffusion constant, water through solid,

gms. [sec ¥sq.cmfcm. funit difference in v, = K!'//

K'= diffusion constant, water through solid,

gms. sec ¥sq.cmYem)unit difference in T, = kg.

Kg= surface coefficient of vapor diffusion. gms ./sec.)

Asa.cm)unit Dp.

i = molecular weight

 0D = vartial vapor vressure.
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DO, = partial vapor pressure of the vapor in the main

body of the carrier gas.

p= black body coefficient.

5 = partial vapor pressure of vapor over liquid

3 at the point where evaporation is taking place,

- latent heat of vaporization, cal./gm.

R = half thickness of slab.

R1 = evaporation coefficient, gms J far Y(sq.cm)(°C.)

difference between wet bulb and dry bulb temperature.

R11'= evaporation coefficient, gs for Nsq.cm Yunis
absolute humidity difference)

tq = temperature of drying air.

5 = temperature of the liquid or solid being dried

2 at the point where evaporation occurs.

water content on dry weight basis = gms. water

per -cm. bone dry solid.

I'p = equilibrium water content on dry weight basis =
water content after infinite time under constant

drving conditions. = gms. water per gm. dry solid.

I = initial water content on dry weight basis, = gms.

0 water per gm. dry solid.

1 = air velocity, m./sec.

T = water content on volume basis, gms./c.c., = T

 Vv = weight of water or other liguid.

A = ratio of free water concentration at any point to

initial free water concentration at that point.

2 = time

3 = time after start of falling rate DEYIOQ.

2 = density.
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