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ABSTRACT

The drying of solids is commercially one
of the most important of the unit processes of
chemical engineeringe. 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 vapér carrying capacity of air
and humidity relations in general are fairly well
understood. However, the mechanism of the dryiang
process, that is, the exact manner in which the
liquid travels to the surface of the solid and
thence out into the air, has been heretofore
poorly understood. Since little information was
available, the quantitative relations between the
rate of drying and the factors affectihg it,
have been knﬁwn 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 analysis 1s possible of the quantitative
relations between rate of drying and the various

factors involved.
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The general mechanisms of drying are
three: first, evaporation of the liquid from the
solid surféce, the resistance to internal diffusion
of liguid to the surface being great as compared
with the resistance to diffusion of the vapor 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
within the solid structure, with subsequent
diffusion of vapor through the relatively dry
surface layer and thence out into the air.

Although the mechanism is found to be
different 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 solld is dry, but at some
definite liquid content called the "critical
ligquid 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

critical, no constant rate period appears.



3

The mechanism of drying during the constant
rate period 1is 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 wvapor through
the surface gas film controls the rate of drying.
When 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
explained, and radiation from surroundings at
moderate 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 developed, and as an example it
is shown that covering one of two equal faces of
a thin sheet may reduce its overall rate of drying

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



The ligquid 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 ceses of drying of a slab having
an initial uniform liquid distribution the change
is 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 liquid distribution in
the slab is continually changing, although the
slab temperature and the rate of drying are constant.
The equations developed in connection with the
liquid concentrations 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 datsa.,

The falling rate period was found in

general to be divisible into two distinet zones.
The first of these war called "Zone A" and in
the course of the drying followed immediately
after the critical point, i.e., after the constant
rete period. This zone was characterized by a

linear relation between the rate of drying and
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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
period; and the rate of drying in this period
showed no great variation with the thickness of the
sample. It was, therefore, concluded that in
Zore A evaporation occurred at the solid surface,
and that "surface evaporation" was the controlling
factor. It is belleved that in this zone the
decreased rate of evaporation is due to the decrease
in the surface area actually wetted.

In "Zone B", the region between "Zone
A" and dryness, the rate of vaporization falls
off sharply. the rate of drying vs. liguid content
curve being convex to the axis of the latter. 1In
this zone the rate of drying is found to vary
inversely as the slab thickness, and the overall
coefficient of heat flow may or may not decrease
below the value found in the constant rate period
and "Zone A".

For the analysis of data on drying

by this mechanism, the solution of the fundamental

diffusion equation
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distribution at any time in a slab where internal

liguid diffusion controls the drying and the surface

resistance to vapor removal 1is negligible.

Moreover,

if we let
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which is the theoretical drying equation when
internal diffusion controls. This equation was found
valuable in the correlation of data on the drying

of soap, clay, and 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 average liquid
content falls to that value where the rate of
internal liquid diffusion is equal to the rate

of drying in the constant rate period, before



the surface liquld concentration falls to such a
value as to cause the wetted surface area to
decrease, 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
where the rate of internal diffusion is equal

to the rate of drying during the constant rate
perlod. .Such a change in air velocity may thus
eliminate "Zone A", and if the initial liquid
content is low enough, may also eliminate the
constant rate period.

When internal ligquid diffusion becomes
controlling in the case of a porous solid there
is a tendency for the locus of evaporation to
retreat from the surface, as evidenced by an
increase in the overall coefficient of heat flow
from air to solid. Thus, throughout the falling
rate period in the case of paper pulp, the actual
evaporation occurs at points within the solid
structure, as evidenced by a continued decrease
in the overail coefficient of heat transfer.,
Under such conditions it is evident that Tforced
air convection is of 1little wvalue in speeding

up the rate of drying. With the fine-grained



colloidal clay the overall coefficient of heat
transfer remsined constant during "Zone B",
indicating that the evaporation occurred at the
surface as during the constant rate period and

Weone A".



PART I

INTRODUCTION

§ E¢



A — INTRODUCTION

"Drying" is generally taken to mean the removal
of water from a solid, although in some cases the removal
from solids of liguids other than water is called drying,
and in still other cases the removal of water from solids
may be termed filtration, dewatering, centrifuging, or
absorption. The term 1s, therefore, loosely used, though
in general engineering practice 1s used to denote the
removal of water from a system or structure, with the
limitation that the amount of water present be relatively
small, Drying, so defined, may be accomplished by
absorption, freezing, vaporization, mechanical separation,
or by chemical means. The most important method in
commercial work is the wvaporization of the water
present with the subsequent removal in a stream of gas
of the vapor formed., When the gas used is air, the
process is called "air drying" and in industrial practice
is the common method of removing small amounts of
water from solids.

Drying operations are important in the
manufacture of most non-metallic products and drying
is one of the most important and widely used of the

so-called "unit processes of Chemical Engineering."



Drying is of major importance in the manufacture. of
pulp, paper, textiles, ceramic products, soap, lumber,
sugar, rubber, dried foods, low grade fuels, leather,
ete. The drying problem is often that of how to
remove the necessary water as quickly as possible and
with the least expense, but in many cases, such as in
the drying of lumber and clay products, the ma jor
problem is the removal of the water without distortion
or cracking in the product.

In view of the importance of the subject
it is surprising that so little has been published
regarding the mechanism of drying. The literature
abounds with articles on drying and drying equipment,
but the theoretical articles are usually found to
deal with the moisture carrying capacity of the ailr
used, and humidity relations in general)rather than
the mechanism of the transfer of water from solid to
air,

Equilibrium and Free Water Content

Before discussing the mechanism of the
drying process, the terms "free water" and "equilibrium
water content" will be defined, liost solids retain
appreciable amounts of water when left in contact
with other than dry air for indefinite lengths of time.

An equilibrium is reached and the amount of water
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retained depends on the humidity and temperature of the
air. Thus, when a wet solid is being dried in air &t
a definite amd constant humidity, the water content of
the solid can not be reduced below a definite value
called the equilibrium water content. Any excess of
water above this equilibrium water content may be
defined as "free" water. Thus, in terms of the
nomenclature tc be used, T represents the total water
concentration, per unit of dry s®olid. ; Ty is the
equilibrium water content; and T-Ty is the free water
concentration. The quantitative relations between

TE and the alr humidity and temperature will be
discussed in another sectione.

Classifications of Drying lMechanisms

In the drying of a solld of appreciable thick-
ness by air or other gas, two general mechanisms are
possible. These are (a) the diffusion of liquid from
the interior to the solid surface, followed by
vaporization of the liguid at the surface, and diffusion
of the veapor of the liquid into the surrounding gas;
or (b) vaporization of the water at points within
the solid structure, followed by diffusion of water
vapor through the porous solid to the surface and out

intec the air. Both groups may be further divided



into those cases where the resistsnce to internal
diffusion of liquid is very small or very great
as compared with the resistance to removal of the
vapor. Four general cases may be noted:

I. Evaporation at the solid surface;
resistance to internal diffusion of liguid
great as compared with the resistance to
removal of vapor from the surface.

IT, Evaporation at the.solid surface;
resistance to internal diffusion of liquid
small as compared with the resistance to
removal of vapor.

III, Evaporation in the interlor of the solid;
resistance to internal diffusion of
liquid small as compared with the total
resistance to removal of vapor.

IV. Eveaporation in the interior of the solid;
resistance to internal diffusion of
liquid great as compared with the total

resistance to removal of wvapor.



B. Diffusion of Liquid through Solid

The first general mechanism of alr drying described
above is the diffusion of liquid through the solid to
the solid surface where evaporation takes place, followed
by diffusion of vapor into the main body of the alr.

A more or less stagnant gas £ilm on the solid surface
presents a resistance to the psssage of vapor from the
surface into the gas. This "gas-film" resistance

will be discussed more fully later. However, in the
drying process described, the gas-film or surface
resistance to diffusion of vapor, and the resistance

to diffusion of liquid through the solid to the surface
constitute the "over-all" resistance to transfer of
liquid from the interior of the solid to the main body
of the gas. Thus, in a case where the surface resistance
is entirely negligible as compared to the interior
resistance to liquidndiffusion, variables affecting the
latter will affect the over-all drying rate to the

same degree, and laws governing the internal diffusion
of liquid will apply equally well to the drying process
as a whole.

Assuming Newton's fundamental law of diffusion,
and using the principle of a material balance, 1t 1s
possible to derive relations between the time, liquid

concentration, position, diffusion constant, etc.



A complete deriwation of the equation for diffusion

of liquid in a slab is given in Appendix II and the

resulting solution is

/A represents the free liquid concentration at any point

between the slab faces, as a fraction of the initial free

liguid concentration, which is assumed to be uniform

through the slab. The assumptions involved in the

deriwation of this equation are:

l. The validity of Newton's law of diffusion.

2+ The constancy of the diffusion constant,

3. A uniform liquid concentration throughout
the solid at the start.

4, That the diffusion is wholly normal to the
surface plane,

5. That evaporation takes place at the surface

and that the surface resistance to vapor

o= NS o
- (==)7 ~o(LyT —2E(L e
4 2 x7 1 = 3x/M 1 2 5% 71
A = -- sin ~--+- € sin --- + - € 8in ==-=+,.
i 2R 3 2R 5 2R
free liquid concentration per unit volume
= ol = I A = T
initial free liquid concentration per unit volume
x = distance from surface
R = Halfl o thickness of sliab
rT‘ ¥e
= ié'
e = time
K = diffusion constant divided by density,

1

(1)



diffusion may be considered negligible,
i.e., that the liquid concentration on

the surface falls to zero immediately after
the start of the drying.

Fig. I shows graphically the relations stated by
equation (1). The per cent of the initial free water
concentration, wﬁich is 100 times the wvariableA ,
is showh plotted against the location in the slab of
the point considered. The various curves represent
the relations at different stages in the drying process,
as indicated by the values of E noted on the plot. E
represents the ratio of the total free water content
of the slab to the initial total free water content,
and is, therefore, equal to the area under the moisture
gradient curve at any time, divided by the area under
the moisture distribution curve at the start of the
drying. Since the first term of the series in
equation (1) becomes large compared with the later
terms when E 1s less than 0.7, the moisture gradients
may be seen to be represented by sine curves on
Fig. I for sueh values of E,

We have derived the theoretical equation for
moisture distribution at any time in a slab where
internal diffusion of liquid water is the process
controlling the drying. Knowledge of the total free
water left, or of the variable E, is, however, of

greater practical interest. Eguation (1) gives the

17
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moisture gradient for any value of 4, and these
might be plotted and the corpesponding value of E

determined by graphical integration. However,

since
R
4
F = eaee- A dx
1xR
&)
2 2
r - (L 9 (L)
. G 2 7Tx 1 2 Y
A A e gt e sin --=-+- ¢ §In ==== 4+ +sevaceess | dX
TR 2R 3 2R
O
2 =2 2
sle=)Ps  <8l4lyip _25(7yPp
8 2 - 2 & =
E = === | ¢ + - € + -- € e e es . (2
¥ B 9 25

which is the theoretical drying equation when internal
diffusion is controlling. From its deriwvation it is
seen to be subject to the same limitations as equatlon
(1),

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

paper, as E vs. « Since | = ==-=, equation (2) or

RB
Fig. 2 obviously represents the relation between E

and @ for any given slab. We would expect that if
the fundasmental assumptions are valid, experimental
data obtained under conditions where the surface re-

sistance was negligible, would indicate a similar

relation between E and 6.
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W.K.Lewisl, assuming a linear moisture
gradient from surface to center line, derived an eqguation
for the drying of a solid under conditions of negligible
surface resistance, which may be written, using the

symbols defined above:

lOgE:’— ----- .-.-.--a...........(S)

where C7 1s a constant. If the relation between E

and @, as determined by this equation, were plotted

on semi-log paper as in Fig. 23 a straight line would

result, passing through E = 1 at © = 0. The theoretical

relation is linear on Fig. 2 at low wvalues of E,

but curves sharply between E = 0.7 and E = 1,0.

The linear portion, 1f 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 proportional to the square of the slab thick-

ness, R. The discrepancy between the shapes of the

two curves at large values of E is probably mainly

due to Lewis' assumed linear moisture gradient from

surface to center line being impossible at wvalues of

E greater than 0.5, since the assumptions specify

a free water concentration of zero at the surface.,
This limitation of Equation (3) was

realized by Lewls, who derived another equationz

for conditions of negligible surface resistance, which

i
i)



in the symbols defined above may be written

h ce
(To-T) = ----
Rz
Qor
c! ©
(1-m)" = e L L LR R R TR TR EPRRRRR PRI (3a)
R

where C and c' are constants, and n is a constant
approximately equal to 2. The theoretical equation

(2) may be compared with this equation by plotting

1-E as calculated from equation (2) vs ®, on logarithmic
paper. This has be;gﬁﬁgewn as shown in Fig. 3, and

it 1s seen that a linear relation results, as called

for by equation (3a), over a wide range of values of

E. Moreover, between E = 0,9 and E = about 0.4,

the slope 18 very nearly 0.5, corresponding to a

value of 2 for n in equation (3a). Lewis' equation

(32) is, therefore, seen to compare closely with
equation (2) for the drying of a slab under conditions
of negligible surface resistance, during the perilod

in which the first 60% of the free water is being
removed. Since E approaches zero as the drying proceecds,
the curve on Fig. 3 must approach 1-E=1 sas an

asymptote at large values of P, Equation (3a)

is similarly limited to values of 1-E less than

unitye.
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Theoretical Equation for Rate of Drying

(Surface Resistance Negligible),

Since the rate of drying is often found to be
a convenient basis for the analysis of experimental
data on drying, the theoretical equation for the drying
rate may be noted here, By differentiating equation

(2) with respect tg‘T

(I ek es(dDAn
de 2 2 2
-—— = -2 e + e + e + Sa i nwes val  Lde)
ar
Equations (2)nand (4) together give the relation between
dE de dE
-=- or -- and E, which when plotted as -- vs. E,
af  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 E axlis, going off asymptotic to the line

E = 1.00,

Theoretical Eguations for Internal Diffusion

of Liguid Water, Surface Resistance Finite.

The moisture gradient equation (1) was
derived in Appendix II using the conditions that the
water concentration v was zero at X = 0 and at x = ZR,
i.e., at the two surfaces. This amounts to the
assumption of negligible surface resistance. It is
possible to derive a corresponding equation, assuminga
finite surface resistance, and a finite free water
concentration on the surfaces. The conditions used
in solving the fundamental differential equations

are not
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v =0 at x=0 and x = 2R
DV
but_g-- =+hy at x = 0 and x = 2R
-
where h is a proportionality constant.

The solution is given by Carslaw® as

e 2
S
= _xAp"6

n
2‘25 A, Cos Ap x+h sin Apx
< i

1 I e e e =

v= 3
(An2+h )2R+2h

2K

f(x)(A, Cos Ap X+h 8in A X) X eevevvecvernncrnoscns..(5)

Pl
where f (x) represents the moisture distribution across

the slah at the start and A, is the nth positive root of
2hA
tan 2AR = -=--- a4 Tl e s e e i RIS A e a MO)
The assumptions on which equation (5) is based are
fewer than those used in the derivation of equation
(1), and are:
l. The validity of Newton's law of diffusion.
2. The constancy of the diffusion constant.
3. That the diffusion 1s wholly ndrmal to
the surface plane.
4, 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,
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If £ (x) =1, i.e., the moisture concentration be
assumed uniform at the start, then v = , and
n=oe-kA 2 @ -
= 1 Cos An X + h sin A x h
<. T2 n
A =<¢ f@-; ————————————————————— 8in 2&?— -- (Cos 2 R R-i](?]
(A_"+h®) R + h A J
n n {
n=o |
2R
i
and since E = -- A dx, E may be found from equation
2R

(7), by integrat-/o ing the right hand side between

the limits x = 0 and x = 2R, The result when simplified

is
-Ay RP -Az R®®  -A°R%P
il
E: - Qle +Qge +Qae + ...-.---...(8)
2R ‘
h o o
[sin 2 A, R - i (cos 2 A, f’-lJ‘)
where = ssnsmREsSssEmwsREnsasdsas e e ———— s
(A,”+h®) R + h
J21®]
P = o=
R

and A, is the nth positive root of equation (6).

The use of equation (8) is restricted by the difficulty
of the solution of equation (6), especially as a new
solution is necessary in calculating each term of
equstion 8.*

#At beginning of next page.
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#Two simplifications of the calculations mey be noted.

Equation (6) may be written

2 A®. n® A n
tan 2AR hA hA . A
Let q = 2AR, then
2 q 2hR
tan q 2hR q
Q hR
cot g = ==== = ==
4hR
% - il
and if q 18 within 4° of (m=1)N , then cot g = ~—~ccee--an
a- T(n-1)

gn h
and L -= + h2
2R R

Also, since E=1, when T = 0, then from equation (8)

é (Q1+QB+Q3+ OO‘O'!.........):BR
n = -
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As h is made smaller and approaches zero, the surface
resistance becomss controlling and the drjing rate 1is
specified by the assumption that EY =+hv. Under such
conditions, the moisture distribuggon through the slab
would be nearly uniform and the average water content
would be nearly equal to the surface water content. The

assumption referred to could then be written,



el

d(T—TF)
mem-mmem = Oy (T-Tg)
de
T-Tn
whence log ==----=- = log E = - C2 ©

TO-TE

-Ceb
or E = e . AT o W R (9)

for any given slab, where the dry density is constant,

Thus, when small values of h are substituted
in equation (8) the result should approach the form of
equstion (9), and when large values of h are used, the
result should approach the form of equation (2). In
order to check the denvation 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 T .

h Eguation
-0.0000501"
0.0000318 E = e
-0.000507"
0.000318 E=e
-0.0050T
0.00318 E=c¢e
-0.0467T
0.0318 E = 0.997 e il e
-0.4254fk
0.318 B =008 8 0T aan
-1-72/‘ ~“\
5.18 E = 0.916 e 0. 05 o~16+31 -30.21

+0.027e



-47.87T

+ 0.013 e R
-2.,37T =921 251 -59,17
518 E = P.B2%e + 0.,0885e + 0.,0295e
-116871
+ 0.0134e B in e e 8
-2.46't T -61.3 7
318 E = 0.814e + 0.0904e=22+0! 4 ¢.0321e
20,17
+0.0l65e-l O.l+ ® % & 2 2 2 2 P " R

Equ-tion (2) may be written

N e
_2 ' ‘-22.2 [ - A i
E = 0.810e~2*4"" 4 0.09 + 0.0324001-81

_ 0.0
+ 0.0165e~ 12091,

and in this form is seen to check nearly exactly the
last equation in the above table. The first equations
in the table for low values of h, check the form of
equation (9). Thus, the general equstion is seen to
agree well with the special forms derived independently
for the two extreme vakues of h, and the comparison

serves as a check of the derivation of all three

equations.,

e
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C. - The Evaporation of a Liquid from a Liguid Surface.

Case II of the general clasgification of drying
mechanisms is that of the evaporation of the liquid
from the solid surface, the assumption being made that
thé resistance to diffusion of the liguid to the surface
is negligible. Except from complications introduced
by the presence of the solid, the drying process under
such conditions may be expected to be governed by the
principles involved in the evaporation of a liguid
from a liquid surface.

The phenomenon of the evaporation from a
liquid surface of a liquid into a gas has been dealt

with in many publicationsé’s’e.

A relatively
stagnant gas layer bs recognized to be present at the
liguid=-gas interface, and the rate of diffusion of
vapor through this film is governed by the effective
gas film thickness and the driving force causing
aglffasion. Thqﬁatter is equal tec the difference between
the partial vapor pressure at the liguid surface and

the partial vapor pressure of the vapor in the main

body of the gas. The diffusion equation applying

may be written

dw *
éé:l‘ij;&(ps—pa) .----c--o--o--ooc.u--(lo)
dw
where =- = rate of diffusion of vapor, weight per unit time.
de
A = effective surface area,

*see page .
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p., = partial vapor pressure of vapor over liquid
p. = partial vapor pressure of vapor in the main
body of the gas
(pg=pa) =Ap = driving force,
Ke= surface coefficient of vapor diffusion.

Although this vapor diffusion equation iz simple
in form, its use in connection with the drying of sclids
is complicated by the uncertainty of the terms. The
constant Kowill depend on the direction and velocity
of the alir currents past the surface, as well as the
temperature and other conditions; the effective surface
area A in the case of a solid with a rough surface may
vary 1in some unknown way with the water content of

the solid; and pg will depend on the liguiéd and on

urface.

[97]

the temperature of the liquid at the solid

=

In the adiabatic evaporation of a liquid from
a ligquld surface, the latent heat of evaporation must
be supplied by conduction through the gas film from
the main body of the gas. A high liquid temperature
corresponds to high wvalues of the vapor pressure Das
the driving force Ap, and the rate of vaporization,

As long as the liquid temperature is below that of
the gas, heat will flow from the gas to the liquid,
but if this heat inflow 1s not equal to the necessary

heat of vaporization, heat will be extracted from

the liguid which will consequently be cooled. The



values of py, Ap, and the rate of vaporization are
reduced, increasing the temperature difference between
gas and liquid until the heat inflow from the gas is
equal to the required latent heat of evaporation.
A condition of dynamiec equilibrium is thus reached,
and the end point temperature of adisbatic evapvoration
of the liquid is the so-cz2lled wet-bulb temperature.
When a liquid is evaporating adiabatically
under equilibriumconditions, it is at the wet bulb

temperature and the rate of evaporation, which remains

constant, as given by the equation (10) as

adw
-H:F:-SA (p\V-pa) .l.lll.."l.l'l'.l.'-..(ll)
ae
where
dw
-- = rate of evaporation
de

A = effeetive surface area

py = partlial vapor pressure over the

o
e
=
l-—J!
o}

at the wet-bulb temperature.
py, = partial vapor pressure of the liquid in
the main body of the gas,
i L represents the latent heat of vaporization of the
i

!_1.

guid at the wet-bulb temperature, then this rate of
vaporization may also be expressed sas

dw 1 d4de 1

e S e T

(t -+) n--ct--o---..----(lg)
dae ry 40 Tw '
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where
dQ
~- = rate of heat flow, gas to liquid
ae
hc = surface coefficient of heat transfer,
gas to liquid
ty = wet-bulb temperature
ta = gas temperature

From (11) and (12) above, it follows that
(pw-p&): ------ (ta-‘t ) .------.---o-ato-(lS)

which equation assumes that the gas is maintained

at a substantially constant temperature t even though

a9
heat is flowlng from gas to liguid. Qutside influences
on the gas film conditions, such as the effect of forced
gas convection on the film thickness may be expected

to influence h, and Kgsto the same extent. The ratio

of hs to K will, therefore, be constant, and since

ry 18 nearly constant over ordinary temperature

ranges, we may write as a close approximstion:
(pw“'pa) = (COI’lStant) (ta"tvf) Oltltl‘l.(lé)

Since py 1s a function of ¢ this is equivalent

w?

to stating that for given values of t_; and Pgs by

is constant, i.e., that the wet-bulb temperature

is 1ndependent of gas film conditions,



The conclusion that the wet-bulb temperature
is independent of gas film conditions 1s based on the
assumption that hc is proportional to K,’and also
on the assumption that all of the heat transferred is
conducted through the gas film. In cases where the
water receives heat by radiation from the surroundings,
or by conduction through a solid, the latter assumption
does not hold, and the equilibrium temperature of
the water is higher than the true wet bulb. Thus,
in measuring the wet bulb temperature by means of a
wetted wick around a thermecmeter bulb, an appreciable
fraction of the total heat flow to the wick may be
by radiatiom from the warmer surroundings. By blowing
gir rapidly past the wick the total heat interchange

may be greatly increased by increasing that fraction

H
|_h
o

transferred by conduction through the gas

lm, en

m

the heat flow by radiation, which is not changed
appreciably, becomes a negligible fraction of the
total. The wick then cools to the true wet-bulb
temperature.,

The rate of evaporation of a liquid into
a gas, under adiabatic conditions, 1s seen from
(12) to be proportional tc the wet-bulb depreszsion

(ta-tw). The same relatlon follows from the vapor

diffusion equation (11) and ecuation (14).
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Expressing the rate of evaporation by (12) is equivalent

to considering the problem as one of heat transfer,

the temperature difference or driving force being equal
to the wetebulb depression. This is a convenient
point of view when the evaporation process considersd
is adiasbatic and the liquid temperature constant,
The vapor diffusion point of view 1s perhaps simpler
to follow when the process considered is the more
complicated case of the drying of a seolid under
conditions where the liquid temperature no longer remalns
constant.

Since the rate of evaporation into a gasy
of a licuid from a liquid surface 1s governed by the
rate of diffusion of wvapor and heat through a surface
film of gas, variables affecting the effective thick-
ness of the gas film are primary factors influencing
the rate of evaporation. The direction and velocity
of gas flowing past the surface are prebably the most
important factors, although the gas temperature,
pressure, and the shape of the surface are other
factors known to influence the effective gas film

thickness. Data on the effect of air velocity on

the rate of evaporation of water into air has been

=3

obtained by Garriera, Hinchley and Himus , and

Coffey and Horng, which will be compared in a later

section with data obtained by the wrilter.



Evaporation of a Liquid from the

surface g£ a Bolid.

In the foregoing section the . vaporization
of a liquid from a liquid surface has been discussed.
That process is similar to the drying of a solid
where the liguid content is so high that free liguid

covers the solid surface,
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may be expected to apply.

In many drying pperations, part of the surface
srea of the so0lid is not wetted but is impervious
to the liquid being vaporized., The total surface
area of the solid may be divided into two fractions,
the dry and the wetted areas. Although no liquid
is evaporated at the dry areas heat may be absorbed
by the solid at these aress, increasing the rate
of evaporation from the wet areas. The eguilibrium
temperature of the wetted surface under such
conditions may be shown to be higher than the wet
bulb temperature of the alr,

Let A represent the wetted area and A' the
dry area. Xgis the surfece coefficient of vapor
diffusion and h, is the surface coefficlent of heat
transfer at the wetted surface as before. Let H
represent the overall coefficient of heat flow from
air to liquid surface via the dry area Al, The

rate of evaporation is given by



aw
_—:,L\SA (ps“'pa)ll-o-c'olo.o--o-n-.u-o"--.(11&)
ae

where pg 1s the partial pressure of vapor over the
ligquid at the wettéd surface, and pg the partial
pressure of vapor in the gas. The total heat flow

is the latent heat rg times the rate of evaporation,

whence
dw B
e HA! - h. A —
i IAY (-t ) + heh (b=t )

and from (lla) above,

(£, ) = —=-mmmmmoefo
(BAY + ha A)
I’
W I O o
AT
H ==+ h,
A

Tw
(ta—tw) T e em e e (pw—pa).. ------- LI R A ] (15)
hc
Therefore, ---------- S e e - - ?__Wl____‘. .....
Dg-b ) A
a o
(1 == + hC\ (pv\r“pa)

-
a'e

)
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since rgy is practically equal to ry.

Furthermore, fromm(1l7)

-------- /“V"'"‘""""g-- LI ) . » e -o-c------a(lg)
&l (ta-tw)
Since pg imcreases with ty and py with t, therefore
from (18) for any given values of Py and t,,

(pg=Pg) ;> (pw-pa) PR (=)
(tg=ts) / (Ba=by) eiveiiiirnniiiaine. . (19)

and i W o A D A e e s 28
i ;7 = (20)

In other words, the equilibrium surface temperature
tg, under such conditions, is higher than the wet
bulb temperature.

Furthermore, althbugh the temperature difference
(t,-t,) 1s less than the wet bulb depression, the rate
of evaporation, which is proportional to pg-pg, is
increased. IFrom the heat transfer point of view, the
heat inflow st the dry area more than offsets the
decreased heat flow at the wetted surface caused by
the decreased temperature difference.

An interesting conclusion from the above relations
is that the total rate of drying of a wet solid is not
decreased in proportion to the amount of surface

covered with a layer impervious to the liquid.
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For example, consider a very thin sheet of porous

material wetted with water, the area of each surface

=

being A, The material is to be considered to be sz

wet that the surface is covered with a layer of water,

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

bulb temperature of the air. Let the dry and

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

respectively, in which case P, = 20.6 m.m, and py =

~

26.6 m.n, Then the total rate of drying, weight of

water per unit time, is given by

o

40-27
I%Q (26.6-20.6) T et e e e e -

w

dw

dae

2

(QhCA)

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

membrane impervious to water or water vapor, and which

of fers a negliglible resistance

l.6., assume H = Then the

hc.
weight of wster per unit time,

aw

de

Kﬁ'(pS-EO.G)

to the flow of heat,
total rate of drying,

is given by

Neglecting the difference between T and Iy,

the ratio of the rate of

loss of water in the first

case to that in the second case is
Rate (both faces wet) 2(26.5-20.86) 4027
Rate (one face dry) Ps - 20.6 40-1:S

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

equation may be solved by the use of steam tables,

whence t_ = 29.4° C, and pg = 30.6 m.m.



. Rate (both faces wet) 2 (26.6 - 20.6)
. @) | | S S5 e L v P S B e = == = e mmmeme e .- == - l.f':
Rate (one face dry) 30.6 - 20.6

Thus, the rate of less of water has been decreased
less than 20% althoush the wetted face area was
decreased by 507

Qther Influences of the Presence of a Solld on the
Rate of Evaporation offa

b

(:l
Liquid,

The influence of having part of the total solid
surface dry or impervious to liquid or vapor has
been discussed in detail. A special case of this

phenomenon is found when the solid surface is so

s

rough as to be jagged and points o

relatively dry
solid jdt out through the liquid surface layer

into the gas. Such roughness may not only decrease

o

the wetted surface srea but influence the surface
coefficient of heat transfer hg;.

S0lids influence the liquid vapor pressures
in several ways and so cause the rate of vaporization
to be different than in the case of a pure liguid.
Solids soluble in the liguid lower the wvapor
pressure and decreasé the rate of evaporation. Solids
containing capillary pores conceivably increase
the vapor pressure of the liguid, and this effect
probably is the explanation of "Von Schroeder's
paradox.“g Von Schroeder found that gelatine

absorbed 1000% water when immersed in licuid water



but less than 400% when in saturated water vacor
at the same temperature. Later experimenters considered
von 3chroeder's data worthless, slthough still later
Washburnlo found that moistened clay will dry fairly
completely if suspended in s closed vessel above
water.

Most solids absorb or adsa b water, the amount
of water held depending on the humidity and to a
certalin extention the temperature of the air in
contact with the solid. This "egquilibrium" or
hggroscopic water content is zero when the air is
dry, but ranges from practically zero in the case
of such materials as glass to upwsards of 25% for
some textliles and leathers when the air is saturated
with water vapor. Thus, the partial pressure o
water over the so0lid varies from zero for the dry
solid to the vapor pressure of water for the wet
solid, providing this pressure 1s not lowered by
sclution of the solid. The partial pressure data are
aveilsble in the form of humidity equilibrium
relations. These data sre of importance in
connection with the rate of drying, since the partial
pressure gradient is directly affected by a decrease

in the partial pressure of water over the solid,



D, =~ Qonstant Kate and Falling Rate Periods

As long as the solid being dried is so wet that
the surfaces are covered with a layer of the liquid,
the conditions are not greatly different from the
evaporation of a liquid from a liquid surface, with
no solid present. The surface will cool to an
equilibrium tempersture, and if heat is supplied only
by conduction through the gas film through which the
vapor diffuses, this will be the wet-bulb temperature.
As long as conditions remain unchanged the rate of
drying is constant, sand this part of the drying
process 1s called the constant-rate periocd.

Much experimental data shows, however, that
the rate of drying of a solid does not remain
constant over the complete range of liguid concen-
trations, 1.e, from the initial to the eguilibrium
liquid concentration. At some intermediate liguid
concentration the drying rate falls off from the
constant rate of the constant rate period, approaching zero
as the equilibrium liquid concentration is approached.

The liguid concentration at the end of the constant
rate period is called the critical liquid concentration,
and 1s designated by T,. That part of the drying

process coming after the critical liquid concentration



is termed the falling rate period. If the liguid
concentration is initially lower than the ecritical,
no constant rate period will be exhibited, 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
been mentioned - these and others will be discussed
in detail in a later secltion.

Evaporation of lLiquid Mixtures.

@ .

Special processes, especially in the chemical

industries, involve the drying of solids wetted

with mixtures of two or more 1iquids)usually
commercial solvents. In cases where the structure

of the solid allows the rapid diffusion of the
liguids through it, and evaporation tekes place

at the solid surface, the rate of wvaporization will
fall continually due to the increasing proportion
of the less wvolatile liguid in the liquid mixture
on the solid surface. Such a process is not
dissimilar to batech distillation and it 1s probable
that relations worked out for the latter ease

might be appiied to such a complicsasted drying

process,



EFFECT OF PRESSURE OF INERT, VACUUM DRYING

The work of K.C.ChanggB has brought out
the fact that the rate of wvaporization and diffusion
through a surface gas film is a function not only
of Pg and Dg but of the partial pressure of the
inert gas present. "When the partial pressure of
the diffusing wvapor 1s small compared to the
pressure of the inert gas, Chang's fundamental
differential equation may be integrated to zive
essentially the form of eguation (10). However,
for the case of vacuum drying, or when the solid
temperature approaches the boiling point, equ«tion
(10) does not hold and the ecuations developed
by Changbhould be used in applying dats obtained
at one pressure to the case of drying at another

pressure.

‘3’: 5



E - Vaporizetion of the Licuid in the

Interior of the Solid,

Cases III and IV of the general classification of
drying mechanisms involved the vaporization of the liquid
at some point in the interior of the solid, followed by
diffusion of vapor through the porous solid to the solid
surface with subsequent diffusion of the vapor through
the surface gas film into the main body of the gas.

It some ways this process is similer to the
evaporation of water from a pan filled level with
marbles, As long as the marbles are conpletely covered,
evaporation will proceed at a constant rate. When
the level has receded so that dry surface of the
marbles protrude above the surface, the overall rate
of loss of water will decrease. Similarly, a
porous material so wet that the surface is completely
covered with liguid will dry at a constant rate,

If the liguid level recedes into the pores of the

solid, ahd evaporation occurs in the intericr



of the pores, the drying rate will fall off not

only due to the decreased area for surface evaporation,
but also due to the added resistance to vapor
diffusion offered by the pores,

An important characteristic of thils process
1s the decrease in the overall coefficient of heat
transfer from the air to the point where the evaporation
is baking plsee, The heat necesgsary must flow, not
only through the surface gas rfilm, but through the
surface layer of solid “hrough which the vapor
diffuses. The decrease of the overall coefficient
of heat tramsfer is an important criterion of the
occurrence of this mechanism of drying. Furthermore,
the start of the decrease in H should coincide with
the critical liquid concentration.

The overall resistance to heat flow during

th

(0]

constant rate period is equal to the surface

gas film resistance. As the critical moisture is
reached and passed, and the heat must penetrsate

greater and greater distances into the solid, the
surface resistance to heat flow becomes a smaller

and smaller fraction of the overall thermal resistance.
FPactors affecting the surface reslistance have a
corresponding.decreasing effect on the overall
resistance. For cxample, the gas veloclty past the

s0lid surface has 2 marked effect on the surface



coefficient hc' However, In cases where the evaporation
and consequent heat consumption is an apprecisble

distance in from the surface of the solid, the surface
resistance 1/1'1c may be a small fraction of the total
resistance 1/H. Sinece 1t 1s only this surface

resistance which is affected by the gas velocity,

the overall resistance and consequently the rate of

drying under such conditions may be expected to be

only slightly influenced by the gas veloeity. This

|
=

s of importance in practical drying problems ,
since it is obvious that where this mechanism of
internal evaporation occurs, it is of little use to
increase the gas velocity in order to speed up

the rate of drying, during the falling rate period.
When it is found that the rate of drying of a
particular solid during the falling rate period is
practically independent of the gas velocity past
the surface, the surface gas film resistance to
heat transfer or vapor diffusion may be concluded
to be negligible. Thils 1is possible if the evaporation
is taking place in the interior of the seolid or if
the evaporation taekes place at the surface and the
internal diffusion of water iIs very slow and
controlling. However, 1f the solid 1s so obviously

porous as to malke the latter mechanism improbable,
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the finding that the rate of drying is independent
of the gas velocity is a good indication.that
evaporation is taking place in the interior of the
solid.

In the case of the evaporation of water from
the interior of the pile of marbles described
above, all of the evsporatlon sakes place from =
plane and at the same distance from the top of the
plle., In the case of the porous solid the pores
may vary greatly in size, and evaporation may take
place in a large pore at & considerable distance
from the surface simultaneously with the evapocration
in a small pore at a point relatively near ©
surface. The evaporation, therefore, is not from
a plane parallel to the surface, but from a zone

of width depending on the structure of the solid.
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A - Construction of Tunnel Drier

Most of the drying experiments made were carried

out in a tunnel drier of wood and beaver board con-
struction, through which heated air was recirculated
by means of a Sturtevant Monogram blower. The drier,

shown 1n Fig. 5, consisted of a rectangular tunnel

1.23 m. long having an interior cross-sectlon 4€x4€ cm,

The ends were fitted with rectangular galvanized iron
funnels tapered to fit 9 ecm. galvanized iron pipes
through which the air was reclirculated. In this
return line and directly over the drier was a 5,09
cm. sStandard thin-plate orifice by which the amount
of air recirculated could be measured. However, this
orifice was seldom used as its purpose was to
determine the air velcecity 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

'meter and the blower was an electric heater, attached
parallel to the length of the flue. At the end of
the drier where the air 1eft was another electric
heater consisting of a zig-zag spacing of michrome

wire stretched on

a5
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a wood frame and placed at right angles to the
direction of air flow at the point where the air
entered the exit galvenized iron funnel., When both
electric heaters were used 1t was possible to heat
the air in the drier 15-20° C. gbove that of the air
in the room. The system was by no means air tight,
in faect there were numerous small openings through
which air entered and left, and as the volume of

air ig the systep was considerable, the vapor removed
from the small samples dried had a negligible effect
on the humidity of the air in the system. UNo means
was provided in this drier to maintain temperature
or humidity constant, although in most cases these
were measured frequently throughout the pericd of
the experiment. The alr temperature and humidity,
therefore, paralleled those of the alr in the room

n the drier

|

although due to being heated, the air
hed & low relative humidity.

The weights of the sample being dried were
measured either by a laboratory platform balance
or by a recording torsion balance, in neither case
being removed from the drier. An ordinary platform
balance reading to 0.l gm. was fastened on top
and outside of the drier. A slot having several

branches was cut in the paperboard roof of the drier,



making it possible to guide the wire hook on which

the sample was suspended, along the slot to a point
under the balance, where the weighing was performed.
The 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 removed. Records
were kept of the weights and time of weighings.

For several reasons it was found preferable to
have a continuous record of the weight of the sample
for the duration of the drying, and to obtain this
a recording torsion balance was constructed. The
soring was of steel piano wire wound on a lathe to
about & 5 cm. coil. This coil was hung vertically
and could be raised or lowered by a windlass and a
cord over a pulley attached to the ceilling directly
over the drier. From the lower end o the helical
spring was hung a vertical straight iron wire passing
through a screw eye guide and a small hole in the
top of the drier. The sample being dried was sus-
pended at the lower end of this wire. The weight
record was made by a pen attached to this vertical
iron wire at a point above and outside the drier.

The paper on which the record was made was attached to

a slowly rotating vertical drum, the support of
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wﬁich rested on the top of the drier. This drum was
constructed of galvanized iron, and was €8 cm. in
diasmeter with vertical sides 19-20 cm. high. Un
the under side of the upper enclosed face was fastened
g circular iron track resting on three casters
approximately equally spaced around the perimeter of
the track. The horizontal top of the drum rested
not only on the casters but on a wheel attached to
the vertical steel drive shaft which in turn was
supported on 2 ball thrust bearing. MNMost of the
welght of the drum was born by this shaft and
thrust bearing, the track and casters serving mainly
to keep the perimeter of the drum horizontal.
By the use of a series of reducing gears a small
synchronous motor of the type used in electric clocks
was made to drive the drum at a uniform speed.
The speed of the drum was one revolution in 41.7
hours, or approximately 5 cm. per hour at the perimeter.
Strong wire clips held the paper in position on the
vertical face at the perimeter of the drum.

The spring wes of such a length that the
avallable height of the paper on the drum could

record a change in weight of about 50-60 grams,



Before each experiment the balance was calibr

(5]

ted
over the weight range expected. Weights approximating
that of the sample were hung on the balance, and
marks made on the drum every 10 gms. over a range of
50 gms. By releasing and turning the drum, a series
of lines were drawn by a pencil held stationary at
the level of each mark. The paper then had on it
lines representing weights at 10 gm. intervals.

The total weight was usually obtained at the end of
the experiment by means of the laboratory olatform
balance, and the record used to determine change

in weight. Since the horizontal 1lines representing

welights differin

o
2

by 10 gms. were always very
nearly 3.2 cm. apart, each gram was represented by
a vertical distance on the chart of 3.2 m.m., and
the accuracy of the record was probably to within
considerably better thano.,5 gm, The continuous
record offered an espeeially convenient means of
measuring the rate of drying, since the tangents
to the recorded curves could be measured with relatively
high accuracy.

The sample was hung so that the drying faces
were parallel to thqairection of air flow, and
remained so except for some side to side turning

of large light samples. The helical spring was

(&1
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twisted slightly to hold the pen in contact with the
paper on the drum and this prevented turning of the
wire on which the sample was hung. Whenever the
recording balance was used the sample was hung in
the same position in the drier, except for movement
upwards as drying proceeded. The direction and
velocity of the air in these runs was, therefore,
always the same, The air velocity at this point
was too low to measure accurately, but was 0.5-1.0
m. per second,

The air temperatures, dry and wet bulb,
were measured by either glass thermometers or thermo-
couples. When thermocouples were used a single
copper-Ideal couple was used to measure the dry bulb
temperature, and a pile of eight couples in series
used to meadure the wet bulb depression. For the
latter purpose alternate 10 cm. lengths of 22 gauge
copper and Ideal wire were twisted and soldered at
the ends with fine spaghetti rubber tubing as
insulation between joints. The wires were bound
together, lyingbarallel to each other, with eight
junctions, a2t each end of the bundle. A cloth wick
was fastened around oneset of junctions, and fed
by water in a small bottle kept full by a siphon from

a small constant level tank outside the drier.



The junctions under the wick were the cold junetlons;
the others exposed te the air in the drier were the
hot junction. The bundle was calibrated by immersing
the cold junctions in water at various temperatures,
while the hot junctions were exposed to the air of
the room, the temperature of both water and air being
measured by glass thermometers reading to 0.1° C.

The dry and wet bulb temperatures of the air
when measured by thermocouples were always recorded
by a Brown recording pyrometer kindly loaned by
the Hood Rubber Co. This instrument was capable of
recording the temperatures of six separate thermo-
couples, and in this work usually recorded the
temperatures at three points: the dry and wet bulb
air temperatures and the temperature of the surface
of the solid. A thermopile was used to measure
the latter temperature, slternate junctions of
22 gauge wire being inserted in the sample near
the surface, and alternate junctions allowed to
protrude inbto the air, so that the measurement was
actually of the temperature difference between air
and solid. This pile was calibrated similarly
to that used for the measurement of the wet bulb

depression, and the leads were of 1lightly coiled

Ca
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fine wire so as not to influence the recorded weight
of the sample as it rose as drying proceeded. When
glass thermometers were used for the wet and dry bulb
temperatures of the air, a Leeds and Northrup
potentiometer indicator was used 1n connection with
this thermopile measuring the tenmperature of the
sample.

With the helical spring used throughout,
the deflection corresponding to the width of paper
on the drum was caused by a change in weight of
50-60 gms. In cases where the sample contsined
more than that welght of free liquid, it was necessary
to readjust the position of the spring at some time
during the run. The height of the spring was
adjustable by means of the windlass on which was
wound the cord from which the spring was suspended,
This also adjusted the vertical position of the
pen on the record. At the stert of the run the
windlass was adjusted so the pen was near the
bottom of the paper and left there during the first
part of the run. As the drylng proceeded the pen
rose and when at the top of the paper was replaced
at the bottom by readjustment of the windlass. This
procedure was repeated as often as necessary during

the run,.



Be - Preparation of Bamples
Whiting

The whiting used was fine calcium carbonate
prepared for use as a pigment in rubber compounding.
This was mixed with water or other ligquid in a mortar,
forming a paste firm enough to hold its shape.

Poplar wood frames were made square‘and of the thick-
ness desired of the sample. The wood was shellaced
and rubbed on the inside with hot paraffin to prevent
the absorption of liguid. At intervals around the
two sides and top of the wood frame small holes were
bored through which were inserted the cold junctions
of the eight-junction pile used to measure the
temperature of the sample. These junctions pro-
truded 2-3 cm. into the interior of the wood

.
frame and the hot ‘unctions 6-7 cm. out into the
surrounding air. When the whiting paste was well
kneaded it was pressed 1into the frame and both
open faces leveled off. Care was taken to have four
couples near each face and all couples as nearly
as possible 2-4 m.m. from the surfate. This
forming in the frame was done quickly and the sample

then hung in the drier to start the experiment.

!
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When dry the dry weight and tare were obtained by
weighing on the platform balenee. Later, samples
were formed in a frame lined with tin foil without
thermocouples, and the frame removed before the start
of the run, leaving a whiting block with edges
covered with tin foil.
Pulp

The pulp used was viscose pulp lap obtained
from the astern Manufacturing Co. OSome samples
dried were cut from the sheets as received. In
other cases the pulp was digested and pressed into
blocks. The sheets werevtorn into smzall pieces and

digested

‘.J‘.

n steam and hot water, forming a fairly
fine and homogeneous suspension of the fibres. This
material was screened and pressed by hand into thick
sheets. 1In the "pressed pulp" samples these were
pressed mechanically between heavy brass plates,
using a pressure of about 24 kg. per sq.cm. The
"hand pressed" samples were pressed by hand rather
than mechanically. No wood frames were used with
these pulp sanmples. ©Smell holes were drilled around
the edges of the thick samples, and the cold junctions
of the thermopile inserted 8-3 cm., the hot junctions
protruding into the air. The edges were covered
with paraffin or collodion to prevent locss of water

and secure the thermocouples. In the pulp samples



the thermocouples were inserted at the center line
of the slabs. The sample was socaked under water
an hour or more, the excess surface water shaken
off, and the sample hung in the drier,
clay

The clay used was ordinary brick clay as used
in making cheap building brick, and obtained in the
form of green bricks from a Canbridge brick yard,
The well-kneaded clay was in general formed in wood
frames with thermocouples inserted, being handled
in the same manner as the whiting paste. In later
runs the thermocouples were omitted and the wood
frames, lined with tin foll, were removed as soon
as the sample was shaped. The tin foil stuck to
the edges of the clay block, preventing evaporstion
from these surfaces and at the same time offering
a constant resistance to heat flow from the air
into the clay through these edges.,

Poplar or "white" wood wes dried in slabs
the grain being parsllel to the Taces so that
drying occurred at right angles to the direction
of the grain. The edges of the slabs were covered
with M.J.B. (a nitrocellulose) cement, and hung
in the drier by screw eyes inserted in the samples,

In order to wet the wood, the samples were soaked



under water at room temperature for various periocds
ranging from a week to four months. It was not
attempted to obtain the temperatures of these wood
samples during drying.
So0a

Several cakes of "Babbitt's Best Borax"
laundry soap were cut into amall pieces and the
whole well mixed and put through an ordinary kitchen
meat grinder. The mass was then sprinkled with

water, kneaded, and again put through the meat

grinder. After further kneading it was firmly prsssed

into wood frames without thermocouples, and dried
in the frames.
Starch

n . . 0A
"Argo" laundry starch was mixed with

water to form a thieck paste, whieh was pressed into
wood frames in a manner similar to the whiting

water paste.,.

Nitro-Cellulose

The nitro-cellulose used was obtained fron
Picatinny Arsenal by Prof. C.S5.Robinson. It was
of wax-like consisteney and when chilled wasg

pressed into brass rings cut

(&

H

rom brass tubing.
The solvent contzined was said o be cne third ether

and two thirds sleochol.



Co= Moisture Gradient Determinestions

Molsture gradients were determined at various

stages in the drying process for soap, whiting and

g
pressed pulp.

T

Ihe same soap bloek £.54 em, thick was

=

o
.

used for gr ent measurements at different tilmes

during the drying process. A square chunk about

2.3 X 3.3 cm. was cut from the face of the socap slab
being dried, and the edges of the square hole

so formed immedistely lined with tin foil to prevent
drying from these surfaces. The chunk cut was
placed in a square welded steel frame into which

it just fitted. Square pileces of iron 3.3 cm. X
Sed Xms %X 1.9 m.m. were placed in this steel

frame under the soap chunk one at 2 time, thus

raising the upper face of the soap by increments of
approximetely 1.9 m.m. above the upper face of the
steel frame. Each time the soap was raised in this
way the soap protruding above the upper face of the
steel frame was sliced off with a sharp knife,

In this way the whole chunk wag sliced parallel to
the drying faces into thin slices approximately
equal in thicknesses. As each one was sliced it

was weilghed cuickly on a weighed watch glass and

placed in the heated drier. The soap chunks were

513



sliced into 13 slices, the first and 13th being

the face slices. After coming to consbtant weight
the slices on the watech glasses were again weighed,
and the original water content of each slice
calculated.

The moisture gradients in whiting were
determined in a similar manner except the chunks
cut for slicing were sach taken from a separate
whiting block in a wood frame. MNMoreover, these
frames were 3.18 cm. thick so that instead of
cutting 13 slices from face to face of each block,
only nine slices were cut, from the surface in to a
point a little beyond the center line of the slab.

In the case of the pressed pulp the chunks
to be sliced were prepared before the start of the
drying, due to the difficulty of cutting such
samples from a large slab during drying. The
small bloecks, all cut from the shme slab of pressed
pulp, were coated on the four edges and one face
with M.J.B. cement. They were then soaked under
waber and all put in the drier at the same time.
After different periods of time, they were removed
and sliced in the steel frame parallel to the

drying face as in the case of the moap or whiting.



De- Experiments on the Effect of Air Velocity

A series of experiments was carried out to
determine the effect of varying air velocity peast
the surface of wet pulp (Runs V-1 to V-19), These
were carried out in a horizontal 11 cm., i.d. galvanized
iron pipe through which air was forced by a blower
driven by an electric motor. A rheostat in the
power line to the motor afforded a means of varying
the blower speed and the air velocity. A small
block pf pulp with the edges covered with M,J.B.
cement was placed upright in the flue 10-15 cm.
from the exit end. The pulp bloeck was first soaked
under water, the excess wabter on the surface
removed by shaking, snd the sample dried 10-15
minutes before the welght readings were started,
This was done to eliminate the possibility of loss
of water by dripping during the run. Every fiftesen
minutes the sample was removed and weighed quickly
on a laboratory balance reading to 0.01 gm. Air
velocity was measured by an anemometer placed
directly at the end of the flue, and in a position
corresponding to that occupied by the sample.

The wet and dry bulb temperatures of the air were

measured by thermometers placed in the air blast
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at the exit end of the flue. The run was not
continued until the sample Waé dry, but only
until the water content had fallen somewhat below
100%, dry basis. No measurenments were made of
the temperature of the sample.

E.- BEguilibrium Moisture Relations

4.

Conslderable data was obtained on

equilibrium moisture relations of several materials
11

using the method described by Wilson and Fuwa.

Air from the laboratory compressed gir line was

bubbled through two bottles containing sulphurie

acld solution, through a flask containing glass

wool, and finally through a U-tube contalining

the sample. In passing through the two acid bottles

the air humidity was adjusted to a value depending

on the acld strength. The second bottle was

packed with bits of broken glass, so that the

air rising was broken up into a number of small

bubbles, affording a large area of contact between

acid and air. The flask containing glass wool

was simply to remove any acid which might have

been entrained in the alr. The alr conditioned

in this way was passed over the sample in the U=

tube until a constant weight was attained. This



required from three days to two weeks, depending
on the type and exposed area of the sample. The
dry weight of the sample was obtained using dry
air conditioned with concentrated acid. The
humidity of the air used was found from the acid
strength by reference to published humidity
equilibrium data of sulphuriec acid.12 At the time of
the final weighing of the sample, after a constant
giiﬂrhad been reached, the acid in the second acid
= \ 5
bottle was titrated with standard sodium hydroxide
solution. In order to speed up the determinations,
five trains as described above were used, and the
samples switched from one to the other, filve
different acid strengths being used. Equilibrium
was approached from the wet side in some cases,
and in others from the dry side, although it was
difficult to do both for the same strength aecid,

as the acld strength changed slowly.
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DISCUSSION OF RESULTS
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Definite examples of the three general drying
mechanisms described in the introduction will be dis-
cussed in detail, These are: internal diffusion con-
trolling (Case I): surface evanoration controlling (Case II):
and internal evaporation controlling (Case III or IV),
They will be discussed in that order, the first ceing
illustrated by data obtained on the c¢rying of soap
(Runs 6 - 10). The second case is illustrated by data ob-
tained on the drying during the constant rate period of
water from several soliads, and of several lioguids from
whiting, The third case will be illustrated by data obtained
on the drying of pulp durinz the falling rate period,

The drving of specific solids such as clay, wood,
puln, and whiting will be discussed in detail in later sec-

tions,



A - TNTERNAL DIFFUSION CONTROLLING - SOAP

Soap is a well known example of that class of
solias through which water ciffuses so slowly that the
rate or drying is in general limited by the rate of inter-
nal diffusion, The data of runs 6 - 10 was obtained over
a period of five months on the drying of several thicknesses
of soap slabs at 23 - 30°C, Five thicknesses were used,
0.6%, 1,27, 1.90, 2.54, anc 3,17 cm, respectively, although
the 2.54 cm, slab was used to obtain moisture gradient data.
The initial moisture content was 20_?% on the dryv basis as
determined by analysis of a samnle of the batech of well-
mixed wet scan from which all the slabs were formed, A
certain amount of shrinkage took place, with consecuent re-
treat of the slab edzes from ths wood frames, The total
edze area amounted to from 8.9 to LU 6% of the area of ths
two faces, but a2s the bottom énc at least one ot the two
gides were always in contact with the woocd frame, the fresh
area for drying exposed by shrinkage was at the nost 4.5 to
22.%% of the face area, Moreover, since the space between
the slab edge face and the wood frame was never more than
apbout 3 mm,, the difficulty of drying from these edge sur-
facés was large compared to that from the face areas past
which air was flowing, The conditions therefore approxi-

mated the drying of infinite slabs,
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The drying of solids under such conditions was

discussed in the introduction anc the followlng relation

derived:
= o 2 i
TR N Gl n o (4 "
=y 1 Sz 25l 1
T =,§; e (2} % e + %f e * ... (2)
where
T = Ty . .
B = ———-—_ = ratie of free water to initizal
To- TE free water
A8
[ RE

& = time from start of drying
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This relation between E and is shown »lotted
on semi-log paper in Fig, 2, 1In order to compare experi-
mental data with this eguation, various values of K may be

N s

agssumed and the data plotted 28 E vs, '} on Fiz, 2, the
best value of X being that which gives the best comnarison
of the data with the theoretical curve, This method is

laborious, however, and was abandoned in favor of the use of

m

special plotting paper,

A special plotting paper was constructed, using a
uniform abscissae scale, but so changing the crdinate scale
as to force the theoretical relation (2) to be a straight

line, Then using this special paper, since the abscissae
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gcale is uniform, data following the theoretical relation

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

naper as E vs, 4\, ae E vs, %3 or as £E vs, &, By compari-
gson of the location of such a straight line with that of the
$heoretical line, the value of X may be solved for, directly.
The data of several runs for slebs of the same material but
of different thicknesses plotted as E ve, & should fall on
straicht lines the slopes of which would vary inversely as
the square of the sleb thickness,

Fig, 6 shows the data of runs 6, 7, &, and 10
olotted as E ve, ©/(2R)2, Lines are shown as there were so
many readings as to make to plot confusing if it were at-
tempted to show the voints. The plotting paver used is the
special scale meper described above, on which the theoreticsl
relation (2) is represented by a straight line., The lines for
the various s8lab thicknesses coincide fairly well, in spite of
the 25-fold variastion in the term R2, The thicker slabs
appear to dry relatively faster, when compared on this basgis,
This phenomenon ie no doubt due to the relatively greater
edge surface, exposed by shrinkage away from the wood frames,
at which a certain amount of drying takes pnlace. As pointed
out above, the face area of all the slabs was the sare, so
that the relation of edge surface to face area was propor-

tiocnal to the thickness, Although the theoretical relation

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

Tepresenting the data on scap are seen to curve in each
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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 K as the drying proceeds and the moisture concentration
falls off, The decrease in K is no doubt intimately connected
in this case with the shrinkage of the soap, It shows up in
the plot of the data as a decrease in the slope of the drying
curve and a conseoguent curvature,

An aporoximate value of K for the soap may be ob-
tained by couwparing Fig, 6 with the thecretical relation on
Fig, 2, For example, in the case of runs 6 and 7, a value
of £ = 0,60 is reached at 6/(2R)® = 310, Fig. 2 shows the
corresponding value of 1 to be 0,126 '

. P =0,126 = X8/R® = 310 x 3600 x K x U
and X = 2,82 x 10—8, which is an approximate value of X be-
tween E = 1,00 and E = 0,60, i,e,, between average water con-
centrations of 20 and 12%, dry basis, The value of K is less
then this in the later stages of drying, but its relation to
the moisture concentration of the socap is not easily deter-
mined from the data obtained,

The decrease in diffusion constsnt K with moisture
concentration is also indicated by the moisture gradient
data obtained in Run 9, Fig, 7 shows the moisture gradients,
with percent free water on the dry basis plotted versus the

location in the slab, The points are placed at abscissae

representing the center lines of the slices analyzed. The

w..i-;
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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, 8%, and 1152 hours, and are represented
by the three solid curves on Fig, 7, By graphical integra-
tion of the area under the third curve the average moisture

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

13,1
20,2

(from Fig, 1) corresponding to a value of E of 0,565 is shown

fore or 0,65, The theoretical moisture gradient curve,
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
as being due to the lowver values of the diffusion constant K
at the lower moisture concentrations, i,e, near the faces,
Where X is low & relatively steever gradient curve is neces-
sary to cause the water to diffuse than in the center where
moisture concentration and consequently K is greater,
Discrepancies in the soap drying data as compared
with the theoretical relations are therefore found to ap-
pear in three ways: in the failure of the curves of Fig, 6
to coincide; in their failure to be linear; and in the com-
varison of the moisture gradient data, The first is ex-
plained by the exposure of the slab edges to drying as the

soap thrinks, the thicker slabs exposing a relatively larger



0

edge area, The last two are explained by the decrsase of
the internal diffusion constant K with moisture concentra-
tion,

As pointed out in the Introduction, values of 1-%,
calculated from egquation (2) when nlotted vs. on log
paper give a curve linear over a wide range, but asymptotic
to 1-E = 1, (see Fiz, 3), Fig, % showe the data of Runs
©-10 on soap, plotted as 1-E vs, ©, on log paper, By
plotting in this way, the data are seen to fall in nearly
straight lines, and in general to parallel the theoretical
curve, The decrease in K with moisture content shows up in
the fact that the slopes of the data curves decrease more
rgpidly than does that of the theoretical curve, indicating
a relatively lower dryinz rate in the later stages of drying,
By dividing the abscissae by R®, the gurves could be brought
very- close tozether, although at hich values of 1-E they would
e foumd to fall in order of the slab thicknesses, due to the

exposure of the slab edzes as described 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 lioguid evaporates at the surface and the resistance to
diffusion of vapor through the surface gas film is large
compared with the resistance to diffusion of liguia through
the solid to the surface,

The adiabatic evanoration of a lioguid from a
liouid or from a wet solid surface has been discuseed in the
Introduction, The fundamental equation aopplying was seen to
be the gas film diffusion equation,

aw

T = KSA (ps - pa) (10)

where

%g = rate of drying, weight evanorated per unit time,

A = effective surface area
Dg = partial vapor pressure of vapor over liquid

Py = partiel vapor pressure cf vapor in the main
body of the gas,

surface coefficient of vapor diffusion,

=
m
il

Effect of Forced Air Convection

In many dryving operationg all or nearly all of
the drying is accomplished during the conetant rate period,

and the mechanism is that of surface evaporation controlling,



Factors affecting the rate of arying unaer these conditions
are therefore of great importance, High air temperature
will cause pg tc be large; dry ailr corresvoncs to low
values of pg; and thin sheets expose large drying surfaces
per unit weight of material, However, for a given shape

of the material being dried adiabatically under 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 important variables affecting Kg
are the direction and magnitude of the currents of air or
other zas used,

In runs V-1 Lo V-19 inclusive, very wet blocks
of pressed pulv (5,0 x 5,2 x 1,52) (cm,) containing over
100% water, were dried in a small flue through which air
was forced by a blower, Freouent weighings were made and
the rate of drying at the instant when the pulp contained
100% water was calculated, Since the edges of the block
were covered with a cement, and the block was placed longi-
tudinally in the flue, the actual drying took place from
faces placed parallel to the airection of air flow, The air
velocity was changed from run to run, and measured in each
case by an anemometer in the flue,

The actual temmerstures of the sample were not
measured, but assuming for the moment that this very wet

pulp actually reached the wet bulb temperature, the rate of

evaporation as gms,/(hr,)(sq,em,)/(°0.) may be calculated

=}

i



by dividing the rate as gms,/(hr,)(so.cm.) by the ob-
gserved wet bulb depressicn, This has been done and is
shown plotted vs, air veloecity in Fig, 9., 1In this plot
logzarithmic paper is used and the slope of the line is
roughly 0,6, indicating the rate of evaporation to be
proportional to the 0,06 power of the air velocity. This

is approximately the same as the exponent found by Chapnell

and I.‘IrJAriaznleL

for the variation with air velocity of the
coefficient of heat transfer from air to the outside of
pipes, An analogzy might be expected, since the resistance
to diffusion is in each case an alr film whose thickness
devends on the air velocity past the surface, The curve
approaches an asyumptote at the lower end corresponding to
the value of the rate of vaporization under conditions of
natural air convection,

The same data together with that of Tu15 are
shown replotted on ordinary coordinate paper in Fiz, 10,
Tu'e data was obtained in a similar manner, but using a
thinner pulp block (9.0 x 9.9 x 0,82 cm,) The actual
temperature of the pulp was measured by several thermo-
couples in series inserted in the sample, The actual
temperature difference so found, rather than the wet bulb
depression, was used in calculating the rate of evaporation
per °C, 8Since the temperature of the sample was always

slightly hicher than the wet bulb temperature, the actusl
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temperature difference is less than the wet bulb depression,
and the rate of evaporation per °0, calculated using the
actual At mizht be expected to te relatively greater than
the same rates calculated using the wet bulb devcressions,
The temperature of the pulp may be shown to ap-
proach the wet bulb temperature as the alr velocity is in-

7

creased, This follows from eguation (16),.

(ta = tg)= %gi? f iii;oa) (16)

where t5 - tg 1s the actual temperature difference, h, is
the surface coefficient of heat transfer from air to wetted
surface, and H is the overall ccefficlent of heat flow from

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

to the dry surfaces, and throuzh the solid tc the wet sur-
face where evaporation takes place, Since the resistance of
the 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 compared to hg, anu since for the
experiments with pulp blocks described A' was less than A,

h, A will be large compared with HA' in the denominator in
Eoquation (16)., At high air velocities, HA' will be negli-
gible, and the ecuation may be written,

Kgr
(tg = tg) = B8

" (pg - pa) (168-)

o

o N



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

—
=
W

whence, under the above conditions, tg = ty
Thus as the air velocity is increased, the surface tempera-
ture aporoaches the wet bulb temperature, and the temverature
difference approaches the wet bulb depression,

In a similar manner it may be shown from (1%4)
that for any given values of hy and H, the surface tempera-
ture approaches the wet bulb temperature as the dry surface
A' is made negligible compared with the wetted surface A,
The ratio of the temperature difference to the wet bulb de-
presgion is a function of the ratio of dry to wetted sur-
face, as will be discussed below in caonnection with the
experiments in the tunnel drier, These experiments indicate
that for the low slr veloclty 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, corresponds to a temperature difference At
of about 65-70% of the wet bulb depression, With the hich
air velocities of some of the V—series of runs, the tempera-
ture difference At might be expected to approach closely
the wet bulb depression, The above assumption, that the
wet pulp actually reached the wet bulb temperature, which

was used in calculzting the pointe for Fig, 10, is valid



for the high air velocities, i,e. at the right hand side

of the plot, At the left hand side the error cauvsed by
this assumption is seen to cause the calculated values to
be somé 35-40% lower than they should; the true curve should
therefore be similar to that shown dashed, of a slope
nearly the same as the line through the points representing
Tu's data.

Both curves on Fig, 10 are higher than would be
expected for the limiting case where the whole surface is
wetted, i,e. A'/A = O, From the heat transfer point of
view the added dry area (the rates showvn are per unit wetted
area) increases the heat inflow (and hence evaporation) more
than enouch to offset the reduction of heat flow due to the
decrease in temperature difference below the wet bulo de-
pression, Or, since the added dry surface is seen toc raicse
the surface temperature above the wet bulb temperature, pg
and consequently Ap are increased, For the author's data
on Fig, 10 the ratio of A'/A was 0,6; for the data of Tu
shown this ratio was 0.,16; for a wholly wet surface the
corresponding curve should be somewhat lower than eilther

of those shown,

w3
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COMPARISON OF VARIQUS DATA ON EVAPORATION
FROM LIQUID SURFACES

Datsz on the effect of air veloclity on the rate
of evaporation from free liquid surfaces is of
importance in drying during the constant rate pericd.
In this part of the drying process the surface is wet
with 1liquid, and except for complications due to
the presence of .the solid, as previously discussed,
the process is essentially that of the evaporation
of a ligwld from a liquid surface. Since the rate
of evaporation varies greatly with the air velocity,
a knowledge of the quantitative relation is of wvalue
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. /4. The rate
of evaporation 1is expressed on this plot as gm. mols
per hour per sq. meter per m.m. partial pressure
difference, and the air velocity in meters per
second.

W.H.Carrier6

concluded from his own datsa,
together with that of Coffey and Horne8 that the
rat= of evaporation of water was a linear function

of the air velocity and directly proportional to

the partial pressure difference, or "driving force",
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Carrier gives his conclusions in the form of equations,
which 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 u 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 @ytensive and valuable
data on the evaporation of water was obtained by
Hinchley and Himusq. These investigators evaporated
water from shallow pans planmed flush with the floor
of a tunnel drier through which air was forced
at various velocitles. llaintaining the air velocity
constant, they varied the water temperature, and
hence the partial pressure difference p, - p,,
or 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

G = 1.72 + 0,76 u

The line representing this equation is shown on

Fig. 1l.
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13
T.B.Hine has published data on the rate of

vaporization of liguids other than water, namely,
nitrobenzene, toluene, m-xylene, and chlorbenzene.
These experiments were carried out on a large scale
in a large ventilating flue at Edgewood Arsenal,
evaporation teking place from a round copper pan
590.06 cm. in diameter placed flush with the floor
of the flue. The data obtained show that fo:r the
licuids used the weight evaporated per unit time at
any given wind velocity was proportional to the
product of the molecular weight and the wvapor
pressure., Since the air used contained no vapors
of the liquids, Ap is equal to the vapor pressure
of the liquid. 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
the wind velocity. The results were summnarized
in the form)of an equation which may be rewritten
as

G = 0,365 + 0.815 u
and is also represented on Fig. II. 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 equation, 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. I,
for comparison with the data from the literature
discussed. In order that this data-might be put
on the same basis, i.e., the rate expressed as gm.
mols 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 is very nearly
true6 when the surface is at the wet bulb temperature.
If, however, due to the presence of dry surfaces
in close proximity to the wet, as in the case of
the wet bulp blocks, the sample temperature is
raised above the wet bulb temperature, the At
is decreased and the Ap increased, and the ratio
is rapidly altered.

Since in Tu's experiments the actual
surface temperatures were obtained by means of
thermocouples, it 1s possible to calculate the
actual Ap, 2nd hence to replot Tu's data on the
same basis as that of Carrier, Hine, Hinchley
and Himus on Fig. [f. Tu's data 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



dotted line shown, marked "Tu, recalculated’ .
As predicted above, this correction brings this
data down in line with that of Carrier, Hinchley and
Himus and Hine.

In passing, attention mey be called to
Fig. 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 calculstion of Ap, as in the
recalculation of Tu's data, above.

It is to be noted that the lower curves of
Fig. Y, i.e., those of Carrier, Hine, and Hinchley
and Himus, represent the relation between the air
velocity and the minimum drying 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
predicting this minimum drying rate. Caution nmust
be observed, however, in using these curves for
the prediction of drying rates of liguids other
than water, for, as will be explained below, there
is doubt as 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.



Thickness t D.B.
Run MATERIAL Cm. °g, -W.B.
33  WHITING 0,63 123 133
25 . 0.63 10.4 11.3
31 " 1.59 9.2 10,4
32 " 2,54 11.6 12,5
16+ " 3.17 8.5 10.5
21 " 3.17 9.0 11.1
70 " 3,17 12,5 15.0
38 : 3417 7.7 8.5
39 " 3,17 13.0 16.4
34 " 3.81 9.6 12.1

TABLE I

Ratio

dry to Gms./hr.
wetted Gms./hr. s8g. om.

gurface /sg.cm. /°C. ¢

0,33 0,0318 0,00259
0.33 0,0264 0.00254
0.69 0,0279 0.00303
1.33 0.0419 0.00361
1.84 0.0574 0,00675
1.64 0.0392 0.00435
1.64  0.0516  0,00413
1.67  0.0459  0.00596
1.67 0.0529 0.00406
1.78 0,0361 0.00376

Gms./hr,

Heat Transfer

Gme./hr. Coefficient,
[o0.(BiBoo.B.) Jume D __ He o
0.00240 0,001k 0.000397
0.00233 0.,00399 0,000388
0.00268 0,004U6 0.000461
0.00335 0.00456 0,000569
0.00546 0.00615 0.00099
0.00353 0.00467 0.,0@0715
0.00344 0.00527 0.000649
0.00540 0.0093 0.000933
0,00322 0,0042 0.000603
0,00298 0.00342 0,000619




TABLE I (CONT'D)

61 PULP 0.69 14,9 18,7 0.093 0.0395 0.00265 0,00211 0.00313 0.000394
66 " 0.69 15.7 19.5 0,093  0,0437 0,00279 0,00224 0,00712  0,000418
27 0.76 8.3 8.9 0.118 0,026M4 0.00318 0.00296 0,0058M 0.000607
2% 1.12 12.3 13,7 0.149  0,0388 0.00215 0.00283 0.00411  0,0004U41
70 ¢ 1.70 15.1 19.6 0.396  0,0572 0.00379 0.00292 0.00377  0,000575
41 " 1.80 10.5 13.4 0,322 0,0405 0.00386 0.00302 0.00412 0.000556
60  OLAY 0,63 16.1 19.% 0,33 0.0395 0,00245 0,00204 0.00326  0.000373
59 " 1.59 12.9 15.6 0.69 0,0348 0,00270 0.0022% 0.00329 0,600407
58 " 3.17 13.5 18.1 1.64 0.0450 0.00363 0,00271 0.003k9 0.000548




Considering first the runs with whiting it is
seen that the rate of drying as gme. water per hour
per sq. om. varies roughly two fold. Runs 16 and 3% 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 vgporization 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 is 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.)(sq.cm.)(°C. At.),

as gms./(hr.)(sg.cm.)(°C. Wet-bulb depression),
and as gms./(hr.)(sq.cm.)(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 signe, 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.)(sqg.cm.)(m.m.Ap.), the
average value of which for whiting is 0.00434,

S8ince the surface temperature of the sample, and
congequently the vapor pressure of water on the surface
changes with the relative amount of dry surface in
proximity to the wet surface, the caloculation of the
rates as gms./(hr.)(sg.om.)(m.m. Ap.) allows for varia-
tions in the ratio of dry to wetted surface. Correlation
on the basis of gms./(hr.)(sg.cm.)(°0. wet-bulb depression)
does not do this, and it would be expected that the latter
would vary with the ratio A'/A. PFig. 13 shows the data
of Table 1 so plotted as to show thie 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
case of 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 paraffin 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.)
(°0. wet=bulb depressionjri.ll gm. mols./(hr.)(sq.cm.)
(°¢.), corresponds to about 2.2 gm. mols./(hr.)(sqg.cm.)
(m.m.Ap.), which checks well with the value read from
Big. 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 sﬁggestion 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.m. 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 expected



that these coefficients would vary with the ratio of

dry to wetted surface. That such is 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)s

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 ies interesting to note that
Chappell and McAdamslLL give this value of H for about a
%3 cm. pipe when air is flowing transversly with a
velocity of 1.0 m./sec.

The similarity of Figs. 17 and 14 suggest that
the rate of vaporization varies directly with H, and
this 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.cm./°C. (D.B.-W.B.) ve. H, and a straight
line passing through the origin is found to represent
the data well. Thig shows that in these runs the rate
of vaporization was influenced by the same factors as

was the overall coefficient of heat flow,
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EVAPORATION OF VARICUS LIQUIDS FROM WHITING DURING
CONSTANT RATE PERICD

A number of runs were made using %.17 cm. whiting
blocks but mixing the whiting with other liguids 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

below,
TABLE II Heat
Tranefer
Gms./hr. Coeffi-
D.B. Gms./hr. Gms./hr. sq.cm./ cient h
Run Liquid At -W.B. /sq.om. ;gg.qg% m.m. Ap CeZeBe

17 Toluene*
19 Amyl Acetate*
20 1] ]

22 Carbon Tetra-

S e 6 0. 34 0,0021 0,00217 0,00078

23 Acet 16.1 v § ’ g
2E x;§e32% 4,1 8.0 0.103 0,0026 0.0042 0.000732
25 Acetone 12.7 30.0 0,250 0.00157 0.00126 0.000666
27 Benzol®*
gs %fhyi fcetgte; T 17,7 0.132 0,00096 0,00209 0,000

0 0 L ] L ] L L] L ] @
12 Wagera 3.5 18.5 0.0574 0.006%5 0,00615 0.000339
21 Water © 9,0 11.1 0,0392 0,00435 0.00467 0.000215
%g gater 1%.; 12.0 g.o %6 o.ggulg 8.88527 0,.000649

ter ® ° ® 9 ° 0000
29 w:ter 13,0 16.3 0.0523 0.00286 o.oogg 0.00828%

*no constant rate period.

8not in recording balance position in drier.

Psurface 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 waes seen to crack badly from
the first, so that the observed rate of drying is
undoubtedly abnormally high.

The rates as gms./(hr.)(eg.cm.)(m.m. actual p)
are shown plotted in Fig. 16 vs. the molecular weight
of the l1iquid M, and ve. 1/M. The circles represents
the data plotted ve. 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 ies 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.17 shows a plot of fhe same data ve. | M 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 air). 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 foyir ligquids show the gm. mols. hr./
sq.m./m.m. Ap. to be constant at any air velocity. Lewis
and Whitman’® state that in cases of gae 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 propor tional to some power of M between O and -1.
Due to the unsatisfactory state of the data on the
evaporation of liguids 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 appréciable fraction of the total
heat inflow necessary to maintain evaporation of the
water on the wick. In order to minimize this radiation
error it is usually recommended that a high air velocity
past the wick be used, as by so doing the heat inflow
by convection is greatly increased without much change
in radiation, so that the radiation is made a propor-

tionately smaller fraction of the total heat transfer.



In a like manner, wet solids drying in a current of
air approach the wet bulb temperature as the
radiation to the solid is made a smaller and smaller
fraction of .the total heat flow.

The effect of radiation from the surroundings
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
gms./hr./sq.cm./unit absolute humidity difference,
rg the latent heat of vaporization at the licuid
surface, Pe the black body coefficient of the surface,

eand h, the surface coeifficient of heat flow by

convectlon. The rate of evaporation is given by

aw
""':}—‘?.“A (H "II )..........‘...-....(1'7)
ae s a
aw daQ 1
also = T o
de de r

8

and assuming the surrcundings to be at the air

temperature
aw 1 t b
a s
- = —= B A (bg-tg) + Ap, P(==-)% & (=--)°
d r_ 100 100 ,
in which tg and t, are in ° C.absolute (°K.)
Combining the above
r _R" D_c t t
S - = a 4 s 4
=== (Hg=Hg) = (bg=t_ ) + -2-= |(===) = (===) |.......(18)
h : T 1C0 100

c c
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4 has shown that for conditions of evaporation

Now Lewils
at the wet bulb temperature,

h

- = 8 = the specific heat of the wet air......(19)

R“
Since h, and R" are primarily dependent on the gas [ilm
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,

to the case in question,

b (HS-HB.) - (ta"ts) B e (-—-“) - (--""") oa»--o(?»())
S h, 100 100 «

To 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

drying under the following conditions:-

t_ = 40° C., or 313° C. sbs.

tw S 287® G or 300 0. sbs.

H, = 0.0170, 8 = 0.246, rg = 587 (approx. )
Pg = 0.9

h, = 0.000612, or 4.5 in English units

then, substituting in (20)

587 0.(x0.000137 | 313 , t. .
------ (Hy = 0.017) = (813-300) + ==-=-=-=--oo|(-==) -(-2-)

0.246 0.C00612 1060 100



and by reference to a humidity chart this eqguation

may be solved by trial and error, giving ty = 27.6° C.
(approx.) corresponding to a correction of less

than 5% on the temperature difference and also on

the rate of drying. Since in the exXperiments 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

be affected by radiation, and those in the center
surrounded by wet sheets be not so affected. Although
the difference in the rates of drying mighgbe

small, the correction applies to the dryéngaccomplishedJ

so that when nearly dry the water contents of the
sheets in the two locations in the drier might vary
quite appreciably.

The general equation, for surroundings at

ts is
3 p t 4 tg
=2 (Hg-H_ ) = (ty-tg) + -2-%- (-24) - (--2)* LLli(21)
S . h 100 100
c

Solving this equation for different values of tn
and a given value of pe, and of tg, it 1s possible
to find the corresponding values of ts and Hg.
Since the rate of drying is proportional to the
difference Hg-Hg, it is possible to calculate the

drying rates for different conditiocns of radiation.



As a basis, call the drying rate unity when

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

at the air temperature. When the surroundings are
at 190° C., with a surface temperature tgy of 4C° C.,
i.e., just equal to the alr temperature, the rate

ia 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, D, 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,
which from equ-tions (17) and (19) is seen to be
proporticnal to (H,-Fa) x he, plotted vs. the
temperature of the surroundings. It will be obvious
that when radiation is eliminated, 1i.e., trzts,
the rate of drylng depends on h, only. The difference
between curves A and B, at tp = 27° C., is maintained
nearly constant over the whole range of tg, so that

at high values of the latter, a change 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
hc as in case B. Curves B and C are seen to approach
each other at high values of t,, indicating that at

high wvalues of ts, the air humidity is an unimportant

variable.



C - 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 drylng
continually decreases. The point at which the rate starts
to fall off from constancy is called the critical point,
and the moisture content of the material at the critical
point is called the critical moisture content, usually
expressed on the dry basis. This critical moisture
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 fange, both in the falling rate
period range, or lie on either side of the critical
moisture content.

_ FPigure 19 shows graphically the type of data
obtained on the drying of whiting slabs. This
particular data is that of Hun 32 using a 2.54 cm.
whiting sample, mixed with water., The figure shows
the loss in weilght, air temperature, wet bulb
depression, and temperature difference At, as recorded
by the recording balance and pprometer. The linear
portion of the loss in welght curve represents the

constant rate period, which is seen to end at
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about 7.6 hours. During this periocd theAt parallels
the wet bulb depression, indicating an almost constant
difference in temperature between the sample and fthe
air. At practically the same point that the loss in
weight curve indicates the end of the constant rate
period, the wvalue of At starts to fall away from the
wet 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 all
cases studied. It appears that the At should be looked
upon as decreasing because the rate of wvaporizaticn
decreases, rather than vice versa,

The division of the drying operation into
constant rate and falling réte periods is shown
clearly in Figures 20 and 21, where the results of
several runs with whiting are shown plotted as gms.
/(hr.)(sq.cm.) vs. the water content of the sample.
The hooks in the curves at the extreme right-hand
ends are doubtless due to adjustment of the sanple
temperature at the start of the drying to the
temperature prevailing during the constant rate period.
The rates prevalling during the constant rate period
vary with the conditions and with the slab thickness,

as 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. Faér convenience,
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 sclid rises,
the vapor pressure of water on the surface must
increase, and the driving force xﬁp must increase.
Furthermore, the rate of vaporization continually
falls off during the same period, so that it is

evident that the coefficient XK, , the rate of



vaporization per unit area per unit Ap, must decrease
more rapldly than the rate of drying. Filg. 22 shows
this coeffiecient, plotted against the average water
content, for éeveral of the whiting runs previously
shown. The division of the falling rate periocd into
two zones is agzin evident, the limits of each zone
being unchanged.

E.A.Fisherle-zl has also found that for a
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
-when extended to cut the rate axis. PFig. 23 shows
an example of Fisher's data on wool fabric: the three
curves are for one, two, and three thicknesses
respectively. Since the rate of change of molsture
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 DECREASING 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 inqulire the cause of the
discontinuities 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.

One 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
would not have to parallel exactly the equilibrium curve,
but if thus were the true reason for the decrease
in drying rate, we should expect the critical point
to fall in the region of moisture content where the
vapor pressure curve approaches its maximum value,

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

on wool shown in Fig. 23. As the moisture content
decreases the vapor sressure begins to fall off at 30-33%;
the 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,
whereas the critical moisture as shown above varied

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



maximum on the vapor pressure curve is 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 Fig. 23 the vator pressure cunrve
shown is for a single temperature, and is drawn in
relative units; sinece it flattens off to coincide

with the rate curve A during the constant rate period,
it corresponds to the wvapor pressure curve of the

wool 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 ccntinually throughout
the falling rate period, the rate curve should everywhere
be above the vapor pressure curve drawn. This is seen
not to be the case, and the vapor pressure may be
eliminated as a possible controlling factor, in this

region of the drying curve.
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Four other possible 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

; 17
wedges become smaller, as suggested by Fisher

D

P

the wetted surface is a function of the water content,

as suggested by Lewis.t

(b) Change of mechanism to Case I, as described in the

Introduction (resistance to internal diffusion of

liquid controlling, with evaporation at surface).

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

of the solid, resistance to internal diffusion of

ligquid controlling.

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

of the solid, resistance to vapor removal controlling.
The first and second mechanisms presuppose

continued evaporation at the solid surface, as distinct

from the third and fourth cases. Under conditioms

of Case II the overall reslstance to heat transfer

from air to solid should not be affected, and the

coefficient H should remain the same as during the

constant rate perlod. The overall temperature

difference should be directly proportional to the

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

be regarded as a criterion of evaporation from the

surface.
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The heat transfer coefficient H is also constant
when the mechanism 1s that of Case I, internal diffusion
controlling but evaporation at the surface. However,
the first and sécond 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. 0Un 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. loreover 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
period. (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 wvalue
found during the constant rate period. ©Since the
waporization and hence the heat consumption is at
points within the interior of the solid, the heat
must 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
evaporation with internal ligquid diffusion con-
trolling, should involve a variation in rate with

slab thickness similar to Case I; that is, the



rate should vary approximately inversely with the slab
thickness. ngxamples of case (d), evaporation in
the interior of the slab with resistance to wvapor
diffusion controlling, that rate is doubtless also

an inverse function of slab thickness at any given
percent water, sc that there 1s no apparent 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,
evaporation at solid surface: no decrease in I;
rate varies inversely with slab thickness.

(c) or (d) Evaporation in interior of the solid:
decrease of H.

Ag 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 Figs. 20 and 21. As discussed in a previous
section, the value of H during the conétant rate

period is found to be a function of the thickness
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of the sample. It should be espegially noted that
the breaks in the H curves do not come at the criticall
moistures 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
more 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
whiting the overall coefficient of heat transfer H
is constan®t 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 liquid diffusion were controlling.
It is therefore to be concluded that in zone A
the mechanism of drying is the first possibility
aboves: evaporation from the solid surface, decrease

of wetted surface with moisture content.
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In zone B the value of H decreases with 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 @echanism
of drying in 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 longer
takes place at the solid surface, but from points
beneath the surface, and during zone B either the
rate of internal diffusion or the rate of wvapor
diffusion through the relatively dry surface layer
is the controlling factor.

. It seems evident that the reason for the change
of mecrnanism at the end of zone A is due to a decrease
in the rate of arrival of moisture to the surface
to a point where 1t is slower than the rate of
vaporization from the surface, allowing for the
decreased "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 layer
of increasing thickness is formed and evaporation
commences abt points beneath the surface. If the
solid should be dried to too great a distance from

the surface, the resistance to vapor diffusion of

ER:Y
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the "dry" zone would be so great that the rate of removal
of vapor would be slower than the rate of arrival of
water 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 drying 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 gas flow is reduced, the flame front retreats
toward the small end of the tube.

MOISTURE GRADIENTS IN 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 molsture gradients were determined by
cutting slices parallel to the drying face, and

arnalyzing the slices for moisture. A separate
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samplé 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 384 were sliced
after 13.5 and 15.75 hours respectively and yet the
gradient 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 constant
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
gradient curve, but the lower curves show appreciably
greater slope. This is to be exXpected if internal

diffusion is controlling in Zone B. It should
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be noted that at low water concentrations in both
Runs 38 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 molsture concen-
tration gradient during the constant rate period will
be made in detail in a later section on the drying of
clay.

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
was formed in wood frames lined with 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 forcded 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
between @ and 11 m. per sec.

The results of these runs are shown
graphically in FPigure 30 where the rate as

gms./hr./sq.cm. is shown plotted vs. the water content,
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The data of Run 30, obtained in the tunnel drier
using warm air at low velocity 1s 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 30
approximately in inverse proportion to the slab
thicknesses, as might be expected. 1In 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
concentration the center-line concentration and
hence the average water content is greater for the
higher air velocity and drying rate. Since it is

no doubt the surface concentration which determines
the critical water content, the critical water
content may be expected to increase with alr velocity.
Comparison of the curves for Runs 30 and 77 shows
this to be the case. The data of Run 76 1ls harder

to explain: no constant rate period 1s indicated,

and the curve for Zone B practically coincides

with that of Run 77 for the same range, even

though the slab thicknesses are different.
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SEMI-LOG PLOTS OF DATA CN THE PALLING 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 commerciasl drying equipment, it &s of importance
tc have a simple equation which, even 1f it is only
adapproximation, is readily manipulated. Such an
equation may be derived by making the assumption
that the rate of drying is a linear function of the
water content of the meterial. Although this is
seen from Figs. 20 and 21 to be only a rough
approximation, the integrated equation will be shown
to fit the datas surprisingly well.

Two new symbols will be defined: E!' is the free
water content divided by the free Wafer content at
the eritical peoint, and is equal to f:?@___ : 6

To-Tg
is the time after the start of the faﬁling

rate period
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Now if the assumption be made that the rate of evaporation
be a linear function of T, then since the rate is zero

et T = T_ and equal to the constant rate

E
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The last equation indicates that as long as (23)
holds, a plot of E' vs. @' on semi logarithmic paper
will give a straight line. It should be noted that
this will be so no matter what value of T, 1s used in
calculating E!', and it 1is, therefore, not important
to know T, exactly to obtain this linear relation
on semi log paper. In fact To may be substituted for
Tc and the curve will still be linear over the

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

E! becomes E, so that a plot of E vs. 6 on semi
log paper will be a straight line over the region

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



concave downward over the range of the constang rate
period.

To illustrate this method of analyzing drying
data, the results of Runs 351, 32, 33, 34 and 39 on
whiting 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 nmeans linear over the
same range. Equation (25) indicates that the slopes
of the curves of Fig. 31 should be inversely
proportional to the slab thickness; providing the
ratic of the evaporation rate during the constant

rate period to Tc - T_ is independent of the slab

E
thickness. Since the slopes of the curves should
vary inversely with slab thickness, the time (o')
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. 31l. 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 expression of the form

ce!

10g B! = = === svsescosensn(26)

R

is seen to approximate the data on whiting for the

falling rate period. The .actual value of C
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for the conditions prevailing in the exXperiments
described is about 0.36.

In a later section the data 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 LICUIILS-FALLING
RATE PERIOD

A number of experiments were carried out
using 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
of plotting on semi-log paper.

Figures 33, 34, 35 and 36 show the data of
runs 1ly; 18, 15; l4; 17, 19; 20, 21; £2, 23, 24, 235,
26, 27, 28 and 29 plotted as E' vs. ©! for the
falling rate period. In most of the above runs,
however, no constant rate period occurred, and the
data is shown plotted as E vs., 8. The liquids
used were ethyl a&cohol, carbon tetrachloride,
eth/l acetate, benzol, toluol, amyl acetate, water,
Xylol and acetone. Inspection of these figures
shows that the data of most of the rums may be

well represented by straight lines but that in four
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cases the lines are curved slightly concave upwards.
The curvature occurs in the case of the more volatile
of the several liquilds 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.
The very volatile liquid would evaporate so readily
once it 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 dateas
on the effect of slab thickness in order to show
this.

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 vertiecal asymptote. The
hook before the constant rate period in the case of

run =23 with acetone correspcnds to the period during

lacsisy
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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 eacnh run, the rate of drying might be expe cted
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!' of 0.30., A general relation
is apparent from this plet, although the wet-bulb
depressions were measured only roughly.

Inspection of the tables of calculated

data 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 H

to remain constant during the first part of the

ii'-»:.‘l
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falling rate period, i.e., fhe existence of zone A,
The liquids in these runs were amyl acetate, water,
~Xylene, benzecl and ethyl acetate. The indication is,
therefore, that with very volatile liquids the zone
A may be eliminated., Fig. 42 show: diagramatically
how 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.

U ECDPF represents the rate of internal diffusiocn,
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 begins to affect
the drying rate, is the same for both liquids and
equal to Cg. The rate of drying of the less volatile
will follow AB from the initial liquid content

Cy, 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
would heve a higher constant rate,following A'DB',
However, the internal-diffusion curve is met

before the critical moisture Cg, and the curve

DCE O followed. Under such conditions no mone

A appears.

boraa
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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 evaporation of the liquid from the surface of the
solid., Examples 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 drylng 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
points beneath the surface of the solid. Case III is
that where the resistance to internal liquid diffusion
is small, and Case IV is that where resistance to
Iinternal liquid diffusion is great, compared to the
total resistance tc vapor removal,.

As an example of evaporation from the interior
of the solid structure, the data obtained on the drylng
of pulp will be discussed in detalil. By an analysis
of the data it will be shown that the drying of paper
pulp in the falling rate period is an example of
this mechanism, and furthermore that it is an example
of Case IV,

As in the case of whiting, the drylng of pulp
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 periocd has been discussed in a previous =section.)



The critical moisture content, however, is found
to be from 40-280% 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 'Method 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

proportional to the water content, equ-tion (£6)

e!

In E' = (constant) =--=

R
might be expected to represent the data approximately,
for the falling rate period. In order to test this,
Figures 46 ahd 47 have been drawn, showing E' for the
above runs on pulp, plotted on semi-log paper sgainst
@', the time after the start of the falling rate
period. Approximately straight lines result,
indicating the value of this method of plotting in
eanalyzing drying data on pulp for the falling rate
period. The slopes of the lines are seen to vary
approximately inversely as the slab thicknesses,
although they are also affected by the drying

conditions.
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Equation (25) may be written

1n E!

ot
(constant) «- x (constant rate)
R

from which it will be seen that the slab thickness

divided by the product of the constant rate period

drying rate and the time to reach a given value of

E!,

following table shows the variation in the calculated

values of this constant.

should be 8 constant for all the runs.

The

pamiy
vy
[ 3%

TABLE III
(1) (2) (3) (4) (5) (6)
Run Hours to Reach Constant Thickness (4)/(2) (4)/(2)(3)

E'! = 0.1 Rate 2R cm,.

Period

Drying

Rate

gms,./hr,

per 8Q.Co.
62 9.6 0.041 0.69 0.123 3.00
63 4.6 0.044 0.69 0.150 3.41
66 5.6 0.043 0.69 0.123 2.86
37 10.5 0.026 0.75 0.071 2.74
36 19.5 0.037 1,12 0.087 1.55
69 15.0 0.054 1.70 0.131 2.42
70 15.3 0.055 1.70 0.111 2.02
41 22.9 0,041 1.80 0.079 k81
Average 0111 2.62
Average percent deviation from average 26 22



From this it 1s seen that fhe values of the
thickness divided by the time to reach a value of
E! of 0.1 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
faect that variations in the constant rates are due to
variations in air velocity, which do not affect the
falling rate period greatly. rather then to changes
in air huniditye.

In the case of seven of the ten runs 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 at
moisture contents approximating the critical
moistures. The following table shows a comparison
of the critical moisture contents and the maisture

contents corresponding to the breaks in the H

curves:
TABILE IV
Run Critical Moisture Moisture Content at
Break in H Curve

36 765 T

S 61l 62

41 65 63

&1 59 56

66 65 66

70 58 58
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The nearly exact coincidence of the break in
the H curves and the critical moisture content ir each
case is striking, and shows clearly that the overall
resistance to heat flow starts to increase at the end
of the constant rate period. Thus, no "Zone A" is
apparent for these samples as was found in the case
of the whiting. The increese 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 resistence to heat
flow is that of the surface air film, However, as
the critical moisture is reached and passed, the
evaporation begins at points beneath the surface. The
heat necessary for vaporization must flow not only
through the surface air film, but also through the
relatively dry layer of soclid between the surface
and the points where evappration proceeds. The
overall resistance to heat flow, therefore, builds
up and the value of H decreases. At the same time
the vapor formed must diffuse, not only through the
surface air film, but through 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 proportionsal
to 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 evaporaetion occurs
within 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 wvapor diffusion may be
expected tc decrease, as well as the overall
coefficient of heat transfer. In those runs where the
sample tewperatures were recordsd, it is possible to
calculate the actual driving force, Ap, end
consequently the overall coefficient of wvapor diffusion
as gms.fhr.)Xsq.cm.Xm.m. Ap.) This has been done,
and the caleulated results are shown plotted in
Figure 50. The highest curve is for the thinnest
sample and lowest for the thickest, as might be
expected, but the 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. 1In the case of thils 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 uvusual air
conditions. The retreat of the evaporation zone
from the pulp surface is, no doubt, slower when the
drying is slow, since the moisture gradient in the
central or wet zone is less steep, and for a given
water content the wet zone must, therefore, be wider,
and the relatively dry surface layer must be thinner.
The variation of the coefficlent in the constant

rate period, from run to run, as shown in Figure 48
is partly due to variations in the drying conditions,
and possibly to variations in the condition of the
pulp surface. Runs 61, 64 and 66 were made on the
same sample of hand-pressed pulp, whereas the

other two runs were made with pulp pressed hydraulically.
The structure of the latter two samples was,
therefore, denser than for the first.

Where drying takes place with evaporation at
points beneath the solid surface, the resistance of
the surface air film to heat flow, or to vapor
diffusion, becomes a small part of the respective
overall resistances. It would be expected, therefore,

that factors affecting the surface film resistance



would have only a small effect on the rate of drying.
That such 1s actually the case is clearly shown by
‘the results obtained by Tu15 who determined the effect
of air velocity on the drying of pulp slabs. During
the constant rate period the rate of drying was found
to vary greatly with the air velocity, as discussed

in a previous section. During the falling rate period,
however, variation of the air velocity past the pulp
surface was found to have a relatively small influence
on the rate of drying. Examples of the data obtained
by Tu are shown in Figure 51, where the rate of

drying is plotted against the water content, for three
runs using air veloclties of 4.9, 8.5, 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 molsture is reached,
these data, therefore, substantiating the conclusion
above, that for paper pulp the actual evaporation

of 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 Jjust after the
critical moisture is passed, and it may be 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

of sueh an effect.
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DRYING OF THIN PULP SHEETS

Several tests were made, using sheets of sulphite
pulp lap as received from the pulp mill. Small
rectangular sheets of the material were hung on a
chemical balance and allowed to dry in that position.
No heated air or forced draft was used, althcugh
the balance case was well ventilated. Freaquent
weighings were easily obtained without moving the
sample. In two runs (43 and 45) double thicknesses
of pulp were used, two identical sheets being sewed
together with cotton thread. -The rate of drying
was calculated from the difference in weight and
time elapsed between successive readings rather than
by measuring the slope of the drylng curves.

The results of these runs are shown in Figure
52, which shows the rate of drying plotted vs. the
water 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
off of the rate curves near the critical moisture.
Another possible explanstion is that when the
sheets were quite wet water drained to the bottom,

so that the top reached the critical moisture
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first; the result would be the same as that described
above. In order to test this a sample was wetted
with a strong solution of cobalt chlericde ., which is
red when wet and blue when dry. The sample so treated
was dried snd 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 at the ceritical point in

each case falls in the same relative order as the
initias]l water content, and it is the latter which -
determines the tendency to drain by gravity. A

few percent difference in the initial water content
would make a considerable difference in the

tendency to drain, and the sample tested with

cobalt chloride may have had a relatively low
initial water content, These data do show, however,
that the critical for the thin sheets 1s approximately
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; considerazble

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

bulb temperature, and during this period the rate

ok
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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; or whether the evaporatlion is
distributed through a layer of relatively dry pulp
near the surface; that is, whether the eveporation
takes place at a plane continually retreating from the
surface during the falling rate period, or whether
there is an evaporation zone of appreciasble thickness.
In order to throw light on this question, data
(Runs 56 and 57) were obtained on the actual moisture
gradients 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 Figure 63, which
shows the datas obtalned, the average total moisture
content of the slices is plotted against abscissae
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 after
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.
If all the evaporation were taking place
at a plane a definite dis tance from the surface in
each case, a discontinuity would be expected in the
gradient 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 as the plane of evaporation
was 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 equilibrium with -
satursted air was approximately 13.5%, and it is,
therefore, evident that the discontinuity in the
gradient curves described above would appear at

ordinates of about 13.5% water. From the curves of
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Figure 53 it 1s apparent that no such discontinuities
occurred, in fact not even moderate increases in the
slopes of the gradient curves were observed. It may,
therefdre, 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 plane, it seems more plausible that the
total evaporation should be distributed from the
pulp surface in to a plane, beyond which no evaporation
takes place and water diffuses by capillary flow.
This 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.

The structure of the pulp is non-homogeneous, the
sizes of the individual fibres varylng greatly, as
do the sizes of the spaces between the fibres.

It seeﬁs reasonable to suppose, therefore, that

even when the inner 1limit of the evaporstion zone
has retrested a considerable distance into the pulp
slab, a small amount of evaporation is still taking
place at points very near the pulp surfsace,

probably from the surfaces of the small water wedges

between the smaller fibres.
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Hawes®? has shown that between 180% and 60%
water pulp being dried in room air shrinks little
or notbt all. Two examples of this shrinkage data
obtained by Hawes on pulp are shown in Figure 54,
From this figure it may be seen that at a water content
corresponding to the critical point, SO%Jshrinkage
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
water as two glass plates with water between are pulled
together; when the water is wholly gone the tension
is no longer acting and if the structure 1s 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 1is
negligible, the water lost is replaced by an equal
velume of air. Some air also enters the pulp during
the falling rate pericd, as Hawes has calculated
that for one run the volume shrinkage from 47% to
0% water amounted to only 694 of the volume of the
water lost. Moreover, since no large gradient is

set up during the constant rate period, the large
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amount of air entering the pulpr must be fairly evenly
distributed throughout the mass. It would, therefore,
seem probable that the larger sapillary 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 by diffusion slong the surface
water film on the pulp fibres. When the supply of
water to the surface by such mechanisms becomes
slower than the rate of removal of water from the
surfece by convection, evaporation begins to take
place at points beneath the surface. 1In a large

long capillary evaporation might take place at
considerable distance from the surface at the same
time that evaporation in a short small capillary

was occurring at a point very near the surfsace.

From the foregoing it would seem, therefore, that

the dyying rate of pulp is controlled by the rate

of internal diffusion of water. As in the &ase

of whiting, therefore, the internal evaporation
phenomenon, with consequent decrease in the overall
coefficient of heat flow, H, is caused by the slowing

up of the drying rate, and not vice versa,



It should be pointed out that the argument
put forward above to show that the evaporation in the
case of pulp is distributed from the surface in through
a relatively bhick layer, and does not take place
at a plane, is based primarily on the fact that
the structure of the pulp is non-homogeneous. If the
solid 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 might serve as an illustration.
If, for any reason, water in the capillaries were
held back from flowlng to the surface, evaporation
would begin to take place within the capillary tubes.,
However, the water-air interface would be expected
tc retreat from the surface at the same rate in each
capillary, so that considering the slab as a whole,
evaporation would be taking place at a retreaging
plane, and not from a zone of aporeciable thickness.,
Indeed, in the case of the grahular whiting,
moisture gradient data (see Figur#QQ, lowest curve)
showed some sign off&iscontinuity indicating an

approach to such conditions.
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MATHEMATICAL ANALYSIS OF DRYING BY MECHANISM OF INTERNAL EVAPORATION

Although the total evaporation of water from
pulp during the falling rate perlod 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
the surface will be the effective thickness of a
relatively dry surface layer. If kg represents the
diffusion constant of water vapor through the relatively
dry surface layer, the rate of drying is given by the
equation

| B ek & Mikus! Scepio an e 3 10 ain e w2 4id KRS

air, and neglecting the sensible heat required to wabm
the solid, the following equation may also be written:

A -
aw 1 ty ta

Ade v |x/kn + 1/hg

and, ifHt = tg - ta’ and Ap = pg - Pys it may be shown

..--........-.......(28}

from equations (27) and (28) that
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Using the data of Run 86 as an illustrestion, the
average value of Kg was 0.00000087 gms./(sec./(sq.cm.)
(m.m.Ap); the average h = 0.000418 cal./(sec.)
(sq.cm.)(°C.), and r = 537 wal./gm. Using

Hawes'~~ value of kg of 7 x 10-8, and the value of
0.00015 for kA (reported by Lees and Charlton25

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

1 537
_______________ t = meeimeeaee- A p
0.00000087 0.000418
==
537 1 '
--------- et S St S = #_\t
0.0C015 7x10-8
Nt - a2k o
2.12 p = 12,43 ©
and
aw 1 (3600At)
== = gug, f(hours){8g.em. )| & ~s—sac—nsm e oo =
AGS x 1 ]

Since in Run 66 actual temperatures of the solid were
obtained, /\p and /\t are available at any point during
the drying. Thus, it is possibrle to calculate both
X and the drying rate, and compare with the actual

values recorded. This comparison is shown below:



Hours Ap . At X,cn. gms./(hr.)(sq.cm.) gms./(hr.)(sq.c]
MM 9C (calculated) (calculated) (actual)
3 15,7 0 C.0438 0.0438
5 14.8 15.4 0.008 0.0421 C.0425
6 19.0 131+8 0105 00257 0.0279
6.5 B0.9 10.5 Qe LY6 0.0190 0.0226
{ 22T F+0 0.400 0.0119 0.0183

In view of the uncertainty as to the proper values of ky
and kj, the agreement between the actual and the calculated
drying rates 1is quite close. The calculated values of

x, the effective distance of the evaporation "plane"

from the surface, are approximately those which would be
expected, although higher. The general agreement of

these calculated values with the actual data may be

taken as further substantiation of thqkormer conclusion
that during the falling rate period in the drying of

pulp, the evaporation ocecurs not at the surface, but

at points within the solid structure.
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E - THE DRYING OF CLAY

Clay is perhaps one of the most important single
materials which is dried commercially. The drying of
ceramic wares before‘giring 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
te the drying of clay. They have contained, however,
only a limited analysis of the mechanism of drying
and many of the authors have been content to deal
with data obtained only in the constant rate period.
For example, in one of the most thorough of these
papers,,z4 the authors, although distinguishing between
the constant rate and falling rate periods, give
no quantitative analysis of the drying rate in the
falling rate period.

In the course of the present inveétigation,
several experiments were made drying clay, the
technique being similar to that when whiting was
used, Slabs of clay, formed and held in wood frames,
vere dried in the tunnel drier, using the recording

balance. As in the case of the whiting, = constant

4



rate period and a falling rate period were observed,
Figure 55 shows the data obtained, plotted as
gmsv«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.

with a critical moisture content of 13%. If this
were 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 Haweszs, 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
moisture 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 1s 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

[N
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the shrinkage is due to the loss of adscrbed or 'gel!

water, 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) mey 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 period. 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 constangi%nly 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
whiting. 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 c¢lay. 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, explalned as being
due, not to a fundamental difference in the drying
mechanism from that of whiting, but rather to the
much smaller porositj of the solid.

SEMI-IOG PLOTS OF E'!' vs ©6' FOR CLAY DATA

As may be seen from Figure 55, the drying
rate for any one of the three runs shown is roughly
proportional to the water content during the
falling rate period. This suggests a possible
correlation of these data by plotting, on semi-log
paper, E!' vs, 6! for the falling rate period,

as was done in the case of whiting. Figure 58

%N
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shows the result of plotting the data in this manner,
and as may be seen, straight lines are aporoximated.
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
0.2, by an equation of the florm

ot

log E' = (constant) --

R

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

the drying conditions.

EFFECT OF AIR VEIOCITY ON THE RATE OF DRYING OF CLAY

Three runs were made using identical samples but
dried 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 x 7.0 x 2,54 cm. thick in each case, and stood
on edge with the faces parallel to the direction of
air flow. One edge, therefore. receiwved the full
force of the air blast. impinging at right angies,
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.;

in Rim 72 10.6 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
air of the room..

The effect of air velocity on the drying
rate during the constant rate pericd is very marked,
and is much as might be expected. The ratio of
the rates durling the constant rate period for the

two runs at high air velocitiies might be expected

to be
0.6
5.2 8el
(====) X === = 1l.14
10.6 8.8

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

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 0.028 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
reglon, rather than the constant rate line, inter-
secte the internal diffusion curve. For example,

Run 75, using no forced convection, shows evidence

of a Zone A, and internal diffusion is not con-

trolling until a very low water content is reached.



High air velocity 1s 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 is considerably greater. It 1is of interest
to note that in Runs 72 and 73 internal diffusion is
controlling at water contents below 16%, whereas in
Run 75 surface evaporation is controlling from 16%
water 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 HUMIDITY ON THE DRYING OF CLAY

In the course of the present investigation,
nd experiments were undertakmn to determine the effect
of varying the air humidity on the rate of drying of
clay. However, in connection with the foregoing
discussion it is of interest to analyze the data
obtained by Chang.25 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. Figure 60 shows examples
of the rate curves obtained by Chang, the two shown
being obtained by drying 0.64 cm. slabs at
43.2° C. and with air humidities of 16% and 35%

absolute, respectively. The division into constant
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rate period, and Zone A and Zone B of the falling rate
period is clear in each case. The equilibrium

water reported by Chang for this clay is about 2 3%
and 3.6% at humidities of 16% and 35% respectively.

The d fference of the two values, or 1.3%, corresponds
to 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 1is to be expected since humidity can have

little effect on the drying rate when internal liquid
diffusion is controlling, as is believed to be the

case in XZone B. However, the difference in equilibrium
values does not eiplain the difference between the

two curves in Zone A, and it is evident that in this
range 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
evaporation from the surface.

COMPARISON OF FALLING RATE PERICD DATA ON CLAY WITH
THE THEORETICAL DIFFUSION EQUATICNS

Since it is believed that internal liquid diffusion
is conbrolling ﬁuring the falling rate period in Runs

72 and 73, a comparison of this data with the theoretical
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diffusion equations previously derived would seem
logical. It will be remembered that the data on

soap was plotted as E vs. €/(2R)® on special plotting
paper, the ordinate scale being so changed as to

meke a straight line reoresent the relation between
E and(T « oSince the clay datz shows a constant rate
period, E!' will be plotted vs. o', 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 K for clay may be obtaired from
this plot by comparison with the theoretical relstion
between ® and/P + For example, from the theoretical
equation for surface resistance ne:ligiblé?wis found
to be 0285 when E = 0.40. From figure bl the
corresponding time is seen to be 153-174 minutes,

or an average of 164 minutes.

el K x 164 x 60

and K 8 4.7 x 10-5 in c.g.s. units,
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MOISTURE GRADIENTS IN A SILAB DURING THE CONSTANT RATE PERIOD

"hen the data of Runs 72 and 73 were compared
with 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 datz on the special co-ordinate plot. It seems
probable 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 holé initially for the
derivation of the theoretical relation. It seems
desirable, therefore, to present & quantitative analysis
of the conditions existing in a slab, especislly 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 analysis, the
derivations are general, and apply to drying of other
solids.

Assuming the diffusion constant K' to be inde-
pendent of the moisture concentration; the rate of

drying is given by the equation

aw ar
Seime - :_K' !_"")s ..-.......-.(30)
A de dx
where K'!' = diffusion constant where concentrations are

expressed on a weight basis, = %p
T = gms. water per gm. dry solid
X = distance of the point from the center line

of the slab.



Subseript "s"

refers to conditions at slab surface,
and "m" refers to ccnditions 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 gradieht 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

F are equal. DNow the area ABCFDE represents the
moisture 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
gradient curves, such as ABC and EDF, are of the

same shape and parallel.

A

Hence (7f5)x

= constant.

Therfore, from the fundamental equation for diffusion

in a slab (see Appendix II)

Pe-m = __7_l_- = constant = ¢



MOISTURE GRADIENTS DURING CONSTANT
RATE PERIOD. :
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V‘]hence K': ----------- ) ( ----- ) ---.-..-.-.--.-(35)

The 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
be calculated.

26 af ford

The data of Troop and Wheeler
possibility of the calculation of the diffusion constant
by this method. These authors report dats on the drying
of clay in a thermostat, which was used to maintain the
temperature of the clay as nearly constant as possible.
Cylirders bf 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
hours, and the moisture gradients obtained; the data
covering only the constant rate period, however.

For example, one run at 70° C. and 90% relative
humidity gave values of Tp - Tgy of 0.056, 0.054 and
0.047, 0.051 and 0.C43, after 6, 12, 24, 29 and 36
hours, respectively. The average of these values

is 0.050 and the average rate of drying wa:. 2.86
gms. per 24 hours. Therefore, substituting in

(33) above,



128.7 2.86 -4
K! = mmmmmmm e K mmmm e e e = 8.8 % 10
2 x 0.050 24 x 3600 x 0.785 x 2.54%

Since the data were obtained using a sample having such a
srall ratio of dry to wetted surface (0.045), the cooling
effect of the evaporation wars 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 x 10‘5, and since the density was approximately
1.6, K' = 1.6 x 4.7 x 10°° = 0.74 x 10~%. The
temperature of the clay in Runs 72 and 73 was not
determined, but the corresponding fluldity was doubtless
in the vicinity of 0.8. A comparison of this value
of 0.75 x 10~% at a fluidity of 0.8, with the data
of Broop and Wheeler show: that their clay would
have about twice the diffusion constant at the same

fluidity.
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WHEELER ON MOISTURE GRADIENTS DURING

THE CONSTANT RATE PERIOD.
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The thesis of K. Chang25 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 pun there muét be an initial stage of
transformation from the uniform to the parabolic
gradient. The parabolic gradient is approached
more and more closely as the drying proceeds, and
Tm-Ts increases from zero, approaching amn asymptote
which would correspond to the final or equilibrium
parabolic gradient. It is this asymptotic or
equilibrium value of Tp-Tg which shculd be used
with equation (33) to get K'. Since Chang's data
were obtained so soon after the start of the drying,
the values of T, -T, increase with time; for example,
in Run 1 of Chang's thesis, they are 0.045, 0.055,
0.065, 0.065, 0,070 after 20, 40, 60, 80 and 100
- minutes, respectively. Thus, the values of X'
calculated from Chang's data are high, being 11 to
15 x 10°° at fluidities of water of 1.2 - 1.5.

The dats of Troop and Wheeler are not subject to
a large error due to this cause, as thelr gradients
were obtained 6-36 hours after the start, and Tp-Tg

does not show a tendency to increase with time.



RELATION BETWEEN RATE OF DRYING
AND CRACKING OF CLAY

It follows from the deriwvation of the parabolic
moisture gradient in a clay slab during the constant
raée period that the greatest slope of the gradient
curve is at ghe solid surfece. Since the shrinkage
is a direct function of the water content, 1t follows
that the shrinkage is always greatest at the surface.

Since the clay is non-compressible, the surface
plane must remain of the same gross area as the
corresponding parallel plane at the center, with
consequent appearance of cracks in the surface; or
else 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 eliminate surface cracks
will depend on the ratio of thickness toc surface
srea, Thus a slabbeing dried only from the two
faces, and having a very large face area compared
to its thickness would have no chance to take up the
different shrinkage by distortion, and would crack
easily. Another slab of the same materiasl, but
guite thick as ccmpared to its face area could
take up the differential shrinkage by distortion
(from a cylinder to a barrel-shaped bar, if drying

were from the two circular faces).



For any given shaped object the differential
shrinkage is a function of Tm-TS, which in turn
isidirectly proportiocnal 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
glven clay would make possible the prediction of
the maximum rate of drying without cracking of
the large slab where np distortion was possible.
Where distortlon helps prevent cracking, the
plasticity of the clay 1s doubtless an important
factor, since the rate of change of form must
correspond to the rate of shrinkage or cracking
will result.

CALCULATION OF THE DIFFUSICN CONSTANT
FROM THE RATE CURVE

The value of the diffusion constant K may
also be obtained 2y comparison of the actual with
the 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./sq.cm.
when E was 0.5, From Figure 4 it 1s seen that the

correspodding theoretical value of dE/d“““is 1,254,
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F - THE DIRYING OF WOOD

The drying of wood offers a commercial field
where the theoretical equations for internal liguid
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 K was then used with the
theoretical drying equation (2) to predict the
drying curve for a similar 5.08 cm. spruce slab.

The 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 is a considersble 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 is necessary.
| The data of only one experiment are
shown by Tuttle, and that in the form of a plot, so
it is impessible 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%lE was,

therefore, 0.60 at 33,8% water, which from the plot
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corresponded to about 28 hours. From Figure 2,

E = 0.60 when T= 0.126

Ke 28 x 3600 x K
ﬁwz 06186 = mp= = mmccccmcma o
R (2.54)=

where K = 1.05 x 10~° in Ceg+S. 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
E = 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%
with the thick 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
cculd not be expected to fit the data. 1In 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-foll
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
Ke
= 0,126 = --- = 3.72 x 3600 x K
RE

-6
whence K = 9.4 x 10 , which compares well with the

value of 8.05 x 10~% obtained from Tuttle's data on
spruce.

In order to obviate the difficulty of
obtaining uniform moisture distribution in the samples
before the start of the runs, the four wocd 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
90-265% water, but since the wood was so very wet
and swollen, it is believed that a fairly uniform
moisture distribution was possible in each slab,
even though the water contents were different in
the slabs of different thickness. Figure 85 shows
the rate curves calculated from the data of these
runs. In each case a constant rate period
appeared, gnd in the case of the two thinner slabs,
the falling rate period is clearly divisible

into Zone A and Zone B. The rate curves in Zone
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B fall approximately inversely dn order of the slab
thicknesses, except for the near coincidences of the
curves for Runs 80 and 81, and in this region internal
liguid diffusion is controlling. It is interesting
to note the appearance of a Zone A in the runs with
the two 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 Jith the thicker slabs, the
internal diffusion curve is reached before the
surface water concentration drops to that point where
Zone A appears; with the thinner slabs the
internal diffusion curveé are so much farther to
the left at the same rate that the surfaee water
concentration drops to a low enough value to cause
the appearance of a Zone A before the internal
diffusion curves are reached.

It has been shown in the discussion of
the data on drying clay that an increase in air
velocity may be the cause of the disappearance of
the Zone A. From the above it 1ls seen that an increase
in slab thickness may cause the same effect. The
explanation in each case is that conditions are
changed so the internal diffusion curve is reached
before the surface water concentration can drop to
a value low enough to cause the appearance of a

Zone A.



The data of Runs 80 and 81 have been plotted on
the special coordinate paper, as E!' vs. G'/Ra as shown in
Filgure 66. The curves are seen to be linear except at
high values of E', and it 1is suspected that during the
constant rate period in each case a gradient waz set
up from center to surface, so that the initial drying
rate in the falling rate period was less than that
called 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 approximate 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

A
theoretical value off |

Ak

is 0.285;
= 0.285 = K x 3600 x 21.6
whence K = 3.67 x 10‘6, which may be compared with
the value of 8,00 x 10'6, obtained by Tuttle for
SPruce.
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 liquids by wood.
The reverse of the drying process should be amenable to

the same mathematical analysis, and a correlation of

e
9}
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such data might throw light on the problems

involved in soaking wood with liquid preservatives.



(- - EQUILIBRIUM MOISTURE DATA

Equilibrium moisture data for several of the
materials dried were obtained by the method used
by Wilson and Fuwaf It was found, however, that
instead of three days, one to three weeks were
necessary to bring the sample to constant weilght.
For thlis reason several months were required to
obtain the data on the four materials tested.

The results are shown plotted in Figure 6/ , which
shows the typical sigmoid curve representing percent
relative humidity as a function of water content.

It 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. Even pulo contains
only 2-3% equilibrium water under the conditions
prevailing in the tunnel drier.

The similarity in shape of the various
equilibrium curves, such as those of Figure G7}
suggests a method of correlating such data
similar in principle to the "special plot" method
of using equation (2). Figure 68 shows

29
equilibrium data from the literature, plotted as
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in Figure 67 , 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
equilibrium curve with limited dats, for since all
the curves must pass through the origin, another
single point is sufficient to fix the location of

the straight line relation in Figure éfﬁ and hence
the approximate equilibrium curve on a linear

coordinate plot as in Figure 67 .
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PART IV

CONCIUSTONS




CONCLUSIONS

The general conclusions reaghed as a result of

the present investigation have been described in the

Abstract. However, a number of conclusions have been

1.

Se

collected and tabulated below.

Under constant drying conditions, 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
the critical poimt, and the liquid content of the
solid at the critical point is called the critical
liquld 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 1is wetted, the rate of drying
corresponds to the rate of evaporation from a

free liquid surface.

Under the same drying conditions, the rate of
drylng in the éonstant rate period is the same

for the whiting, clay and pulp tested, providing
the ratéoof the dry to the wetted surface of the

solid is the same in each case.
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The rategof 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 cénstant 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 airj 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
higher temperature may increase the rate of drying
very materially. Radilation 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.

The data on drying of whiting during the constant
rate period using different ligquids are too

meagre to be correlated on the basis of the
physical properties of the liquids. What data

was obtained indicate that the coefficient

Kg (gms./hr./sqg.cm./m.m. \p) varies inversely as

the molecular weight of the liguid evaporating.



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
wet 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.

The falling rate period is in general divisible
into two zones called "Zone A" and "Zone B",

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 the solid. Zone B follows Zone A, and is
distinguishable by the plot of rate of drying

vs liguid content, being convex to the axis
representing liquid content.

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 wvalue
found during the constant rate period it
follows that during Zone A the evaporation of
liquid is at the solid surface.

Juring Zone A of the falling rate period the
curve of rate of drying vs. liquid cdntent 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 liquid is not controlling

in this range.



13,

14.

15,

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
data indicates strongly that in this region the
rate is inversely proportional to the slab
thickness; it is concluded that in this zone
internal ligquid diffusion is controlling.

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

is apparent. Thus, in Zone B for whiting
evaporation occurs beneath the solid surface;
for clay evaporation @8 at the surface in Zone
B, It istoncluded 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 relation between internal
diffusion and liquid content. Thus, 1f the
liguid content, at which the rate of intermnal
diffusion is equal to the constant rate period
drying rate is reached before the surface
ligquid concentration falls to such a value as
to cause a decrease in drying rate due to
decreased wetted surface, then no Zone A"

appears.,
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17.

18.

19.

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 pcint, and
decreases continually throughout the falling
rate perlod. It is concluded that for the case of
pulp, evaporation occurs at points bencath the
solid surface throughout the falling rate period.
Variations in air velocity have little or no
effect on the rate of drying of pulp in the
falling rate periad.
From the data on moisture gradients in pulp
during drying, it is concluded that evaporation
in the pulp 1s not at a plahe, or a relatively
thin zone, but is distributed from the surface
in to a plane paralled to the surface beyond
which no evaporation takes place.
The liquld gradient in a slab during the
constant rate period may be represented by a
parabola on a plot of liguid concentration
vs., 8lab thickness. If the initial 1liquid
distribution is not parabolic, the parsbolic
gradient is approached more and more closely

as time goes on.
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The mathematical theory and Fourier series
derived and commonly applied to the conduction
of heat in solids may be applied to the
diffusion of liquids through solids. The
equations so derived apply in general to the
dryling of solids where internal liguid
diffusion is controlling.
The theoretical equations apply to the drying
of soap, if proper allowance is made for the
change of diffusion constant with moisture
content.
For preaectical calculations, the change of liquid
content with time in the falling rate period
is found to be well represenped by the equation
log E' = - C 0!
where E! is the ratio of the free liquid content
to the free liquid content at the critical point,
@! is the time after the start of the falling
rate period, and C is a constant. Thus, the
data on the drying of clay and pulp wet with
water and of whiting with several liquids,
is found to be well correlated by an equation

of this forn.
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APPENDIX I

THEORETICAL ANALYSIS OF RATE OF DRYING FOR CASE
WHERE EQUILIBRIUM CONTROILS

In the discussion of the possible causes of the
decrease in drying rate after the critical point is
passed, it was shown that the decreased vapor pressure
of water at low water contents was not in general
important as a factor influencing the drying rate,
However, it is interesting to see the possible effect
of the partial pressure of water over the solid in
the extreme case where this factor controls the drying
rate. OSuch might be expected to be the casefcr the
case cf a very thin sheet of homogeneous material of
such a structure that the surface area when wet is
the same as when dry. Under these conditions no
sone A or Zonefﬁould 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 1s very wet, the partial pressure
of water over the wet solid is equal to the vapor
pressure of water at the same temperature. However,
as indicated by the equilibrium moisture curves,

ressert
the partialndecreases with water content and is zero
at zero water content. The equilibrium curves do
not vary greatly with temperature, so that the partial

pressure of water over a solid at a2 given water content

is found by multiplying the corresponding percent
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relative humidity by the vapor pressure of water.
Figure 69 shows the partial vapcr pressure of water
over wool calculated in this way plctted vs. water
content of the wool, for several dilfferent
temperatures.

Under the ccnditions specified, these
curves in Figure 69 represent pg, and if pg represent
the partial pressure of water in the alr, then
the rate of drying shoulcd be prcportional to
pg-pa or Ap. Thus, with dry air, and if the solid

temperature remained constant the curves shown would

Ly

represent the relative rate of drying.

at the wet-bulb

(=
a2

However, the solid
temperature during the constant rate period, and is
at the dry bulb temperature when dry. For example
if the air is at 31.5° C. and dry, therefore having
a wet-bulb temperature of 11.8° C., the Ap during
theconstant rate period will be 10.4 mm, snd the At
during the same pericd will be 31.5-11.8 = 19.7° C.
Since from the conditions specified H will
remein constant, At will be proporticnal to the
heat flow, which in turn will be very nearly
proportional to the rate of érying and toAp.

Under these conditions the relation between At znd Ap

is given by
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1.8 %
AL = =mas Ap
10.4
and since Ap = D, - Pg = Pg
and T e T

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 HMigure 69.
With data on the rate of drying during the constant
rate period, and data én the equilibrium water
content it is thus possible to predict the curve

of drying rate vs. water content.

The dashed curve on Figure 69 represents
the data of Collins (M.I.T. Thesis, 1928) on the
drying of a thin piece c¢f wool fabric. The curve
is drawn so that the constant rate period rate
coincides with the horizontal part of the partial
pressure curve for 11.8¢ C/ B8ince the data
was obtained using dry air at 31.5° C., the resulting
curve showed dashed should coincide with the

predicted curve shown dotted. The fact that the

iiu."?:

- ¥



two curves do not check indicates that either the
equilibrium data used is not ccrrect for the wocl
used, or else that other factors than the decreasing
partial pressure of water over the wool affect the

drying rate.



APPENDIX II

DERIVATICN OF EQUATION FOR MOISTURE
CONCERNTRATICON IN SLAB

(SURFACE RESISTANCE TO VAPOR DIFFUSICN NEGLIGIBLE)

NOMENCLATURE

v = moisture concentration per unit volume, at a
distance x from the surface, and at e time ©
from the start of drying.

@ = time from start

X = distance of point from surface

R one half slab thickness

K = diffusion constant of moisture through solid.

From Newton's Law of Diffusion
dv

- k -- ds do represents the moisture diffusing
dx

across an element dS in time do.

The total amount of water diffusing is the surface

‘j/ dv
- K de -- ds

(s) ds

integral

which is equal to the volume integral

The amount of water in the element dx dy dz
at a time € 1s dx dy dz and after an interval A4e

this amounts to

rm-}.

=}

'
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v
(u'+ --- de) dx dy dz
-

and, therefore, the loss of moisture is

)"'
- ((%“- @9) dx dy dz
)9

and the total loss of moisture is

03
- de --- dx dy dz.
D e

Equating the amount lost to the water diffusing

E E
ﬂ@ RS LA\ VR
)ye D22 k e

This is true for any region and hence the integrand
must vanish at any point
2
ﬁb v 7) v ‘a v 1 v

u—

) x? }yﬂ /Dze k e
In the case of the slab, v is independent of y

and z, whence

*Bzv 1 b v
%%k do

which is the fundamental differential equation for

the drying of a slab.

e

‘k\'



In order to solve this equation, let v = X0 where

X is independent of © andéﬁjmdependent of x

then ?-%- = % :l@i
Y x? K o

10 ex 1 @

OF = =i =i —— e

ol K@ e

each side of which must be a constant, since the

left side does not change as 6 is varied, and the

right sdde remains constant as x 1s varied.

2
il
el = Lesoo e 1R

X ?x

then X = C cos r X + ¢z sin rx and let
— Fé@i = pr®
K 08

~-r?ke rs ke

then@zcse + Cao e

and the general solution is

r=s
-r?ko
v = (AP cos rx + B, sin rxX) (C e
T
=0
The conditions are
v = 0 when x = 0 (1)
v = 0 when x = 2R (2)
v = 1 when @ = 0O (&)
v = 0 when 6 =0 (4)

23

)

=
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Conditions (1) and (2) follow from the assumption

that the surface resistance to vapor diffusion is
necligible; conditions (3) and (4) from the assumption
that v is unity at the start and zero after infinite
time, or in other words, from the definition of w

as the ratio of the free water concentration at any
time to the initial free water concentration at the
point in question

i.e., v = A (sce main table of nomenclature)

r=

-r2ke r2ke
From (1), above, 0 = > O, € + DR e

r=0
eand from (4) Dr = 0
pz !
. -Krea
ol e U= Cr e for all values of ©

r=0
hence C, = 0 for all values of r

=R

- -I‘Dkg
e s V= e B sin rXx
A .

=0

from (3) 1 = Zg Br sin Kx

\
Ny
[
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but a Fourier series for 1 between ¢ and 2R

may be written as follows

r =P

2 2RA.
hence B = fl-(-1)¥7 -- where K = ==-

or Bk TR e

e Sin "“""+" e Sil’l ————— +0--soocl
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and since the total concentration change is 1,
. « v =/\ = ratio of free water concentration to
the initial free water concentration at the point

in question.

e ST
oA ~o(L)=? - —es(l)RT
4 =(==)“ Xh 1 2 3x 1l 1 2 51 x
= - e = gin =-- + - e gin ==--- + - & sin ====--
T 2R D 2R 5y 2R



APPENDIX III

CORRECTION TO DERIVATION OF GENERAL DRYING EQUATION
GIVEN BY WALKER, LEWIS AND MCADANS®

The equations derived, by Lewis for the case of
drying with internal diffusion controlling have already
been discussed. These equations are given in the
chapter on Drying in Walker, Lewis and McAdams'
"Principles of Chemical Engineering", together with
their deviations, which are based on the assumption
of a linear moisture gradient from center line to
surface of the slab. The general equation derived

is

Sis &'y woalk W 5 sreny m B s w2

where y = moisture concentration, weight per unit
volume
@ = time
L = total slab thickness
A = coefficient of di fusion through the stock.
/9 = coefficient of surface evaporation.
Using this equ=tion the surprising result was obtained
that shrinkage influences the rate of drying when

surface evaporation is controlling. Since this

conclusion is obviously in error, it is of interest

to search out the error in the dertvation. This
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i8 found in the statement "Since the averége concentration
of free moisture (y) appears on both sides of Equation
(4), it is allowable to substitute for y the weight ratio
of free moisture on the dry basis, (T-E)". Since it

is y that appears on one side of the equation and dy

on the other, the above statement is only true when there
is a constant relation between T-E and y. DNow it

is assumed that

e Le[} + a (T-EE]

where L, is the thickness corresponding to the equilibrium
water content. If/a is the dry density, the relation
between y and T may be written

Le

y:T/)-__
L

SR
" [isa(r-m)]

ﬁ+a(T-EﬂdT/dg - aT ar/de /2 (1-aE) dT/de
o 1 Ui TS B T
Therefore, from (4)

ay ﬁ (1-aE)dT/de 83 ¥ 89%(i,e/L)T
Cae ia(rrj]t L4 A+4 1) 'i'I;ZEig££§



de L? (4 AKX + L) (1 - aE)

e BG%T

Ly (4 a@/ L)(1l-aE)
a(T-gE) 8 A4 T

de L, (4.9<$/¢4L)(1-a13)
which 1s the general equation, replacing
- R e s B R LT D L e e §
as given in the bbok referred to.

Application to Case I. Diffusion rapid compared

with rate of surface evaporation, 4 large compared
withv/glu For these conditions the general
equation derived above, becomes

d(T=-E) 2 T

It is to be noted that when the derivation is
corrected as above, the resulting equation for Case I
no longer shows the rate of drying to vary as shrinkage

OCCUIsS.,



Application to Case II - Diffusion slow compared to

surface evaporation, 4 - small ccompared to Lie
For these conditions the general equation derived

abcve becomes

When shrinkage 1s neglected, LzLe, and a = 0, and

the integrated equation is

de L, " E+a(T-E)j(l-aE)
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Time,
Hours

p

b
5

9
"
o'y

Rung 1, 2, 3, 4 and &
Argo Laundry Starch and Water

Starch paste formed in wood frames.
Laboratory balance used. Samples
hung from roof of drier.

All wood frames 14.2 X 14.2 cm,

Dry Bulb Wet Bulb
= 3 4 [5) &6 ¢

{
e

0 216.2 412.7 537.6 723.1 907.0

1.67 883 .0
1.78 397 .9 895.4
1.957190451 514.6
3,785 860.9 2545 107
5.86 HE82 46 67040
4,04 . 494 .7
11.00 T74.3 2840 LS
11,31 326.3 583.0
11.28 426.,1
22478 699 28.7 17.8
2286 055.8
23.04 587.2
30,67 67545 30.0 18.9
30.78 516.9
Run No. 3 2 3 4 5
Thickness,cm. 0.63 1,21 1.90 2.54 3.18
Tave 41.9 51.2 66.4 7843 87.3
Wet dry, gms. 36645 494,0



puh
pla

Runs 1-5 Starch and Water

Calculations
Run 1 2 5 4 )
% water, dry basis, at start (71y (71) (71) 76,0 65,9

Gms./hr., constant rate period (13) 7.8 9.7 11:7 14.5
gms./hr./sq.cm., " " i 0.033 0.0193 0.0240 0.029C 0.036

Ratio dry to wetted surface 0.09 0,18 Q.27 055 0.45
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Run. 6. Borax Soap and Water

"Babbitt's Best Borax" laundry soap
put through meat grinder, sorinkled
with water, again put through grinder,
kneaded, and pressed into wood frame.
Initial water content 16.8% wet basis.
Dimensions 14.2 x 14.2 x 0.64 cm.
Laboratory balance used. Sample hung
from roof of tunnel drier.

Air temperature 23-30°C.

Net original weight (wet) 148.9 gms.

Time, Loss, Time, Loss,
Hours Grams Hours Grams
1092 . 9 272'2 104
- ° * D.
6. 67 2.6 632 16.9
20.5 b8 663.5 170
u1.5 6.2 69 171
Lg, 3 7.4 720 1851
89.7 8.2
119. 9.8
140.5 0.0
161.5 11.0
169. 10.8
188.5 11.6
209.5 112
226.5 12.0
257.5 12,1
292.73 13,1
308. 5 2.7
0. 13.&
55700 14.1
379.5 140
106.5 2l
hes.5 14.5
53. 4.7
L78. 14,8
497.5 15.0
524.5 15.
Slis. 5 15,
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Run 6 Soap and Water

Calculsations
Time,hours % water, dry basis E

0 20.2 1.00

1.92 19.5 0.965

6.67 18.1 «895
20.5 16.3 « 807
41.5 15.2 « 751
48,3 14.2 . 704
89.7 13.6 +671
119 12.2 «609
140.5 11.8 . 084
161.5 11.3 + 00
169 11.5 . 068
188.5 10.8 « 0535
209.5 10.7 « 528
23640 10.5 « 52
257 .5 10.4 . 018
292.5 0.6 475
308.5 9.9 491
330 9.4 463
357 .5 8.8 +435
379.5 8.9 A4
406.5 8.4 415
425.5 8.5 W42
453 843 411
478 8.2 408
497 .5 8.1 «40
024 .5 7.8 « 388
545.5 7.6 376
5725 7.5 372
593.5 7ol « 368
646 6.55 524
669.5 6.46 32
694 6.4 «316
720 5.6 276



Run 7. Borax Soap and Water

Dimensions 14.2 x 14.2 x 1.27 cm.
Procedure and conditions as in

Run 6.

Original net weight (wet) 292.7 gms.

Time, hrs. Loss, gms. Time, hrs. Loss, gms.
0 0 768 27,5
58 1.5 794 23.9
7 13 2,56 819 23.9
2l.2 4.5 8328 23, 7
hp,2 6.2 g3 ek.2
49.0 8.0 910 .2
90. 4 9.5 931 24, =
119.7 1057 9813 25.1
141.2 11.8 1006 25.8
162.2 12.5 1051 26.2
169.7 12.9 1151 26.2
183, 2 1.4 117k 26.7
210.2 14,1 1226 2£.o
237.2 14.8 1267 26.7
258.2 14,7 1321 27.&
2973, 15.9 138 2%,
309.2 15.6 143 28.4
220.5 16,7 1488 28. 7
358 17.2 1950 29.1
280 17.6 1658 29.9
Lo 18. 2014 71.2
Yo 18. 2060 20.6
Ll 18.8 2280 22.0
L78.5 18.6 23252 32.0
Log 19.6
22 20.0
5L 20. 4
273 20.0
gau 21.4
7 22.5
670
69U
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Eun 7 Soap and Water

Caleulations

08

Time, % water, Time, % water,
Hours dry basis E Hours dry basis E
0 20.2 1.00 454 12.5 0.617
2458 19.6 A 478,.5 0.621
733 18.7 « 926 498 R 0.60
21 .2 18.4 « 21 525 0.592
42.2 17.7 87 546 11.8 0.585
49.0 16.9 . 836 573 0.592
90.4 16.3 +805 594 11.4 0.b64
119.7 15.8 .78 647 0.541
141.2 15.4 .76 670 11.0 0.545
162.2 15.1 745 694 0.542
169.7 14,9 o736 720 0.516
189.2 14,7 726 742 10.7 0.528
210.2 14.4 «T13 768 0.522
237.2 14.1 .70 794 0.514
2568,.2 14.2 +70 819 10.3 0.514
293 13.7 + 676 838 0.519
309.2 13.8 68 883 10.3 0.508
330.5 13.3 .66 910 0.508
558 13.1 +605 931 ¢.806
380 13.0 « 64 8983 D39 0.490
407 12.6 623 1006 0.475
426 12.6 +625
1656%” 0.467
1151 9.45 0.467
1174 0.457
1226 9.14 0.451
1267 0.4587
1521 8.9 0.441
1387 0.422
1436 8.55 0.422
1488 0.416
1556 B.26 0.408
1658 0.392
2014 7.4 0.366
2060 0.378
2280 7«1 0.349

2352 0.349



"Run &. Borax Scap and Water.

Dimensions 14.2 x 14.2 x 1.90 cm.
Procedure and conditions same as

in Run 6.

Original net weight (wet) U43L.Q zms.

Natus
“f i

A

Time, Loss, Time, Loss,
Hours Grams. Hours Grams
0 0 742 25.
2.4 0.8 768 2b.
7.2 z.4 794 26.3
21 &.Z 819 27.
yp 6. 838 26.0
ug. 8 7.6 883 28.9
90.2 10. 4 910 20.7
119.5 10.8 9731 28.8
141 11,6 9&3 28.6
162 12.2 1006 30.6
169.5 1.0 1051 29.4
149 1%.6 - 3151 20. 4
210 14.2 1174 29.7
237 15.1 1226 30.8
258 15, 2 1267 22.0
292.8 16.5 1721, 22,6
709 15.2 1387 72,2
330. 3 17. 1476 2.2
358 18. 4 1488 a.o
280 1.9 1556 28,0
Lo 181 1658 3. 7
Lo 19. 2014 36. 7
Lsh 19.5 2060 =l
L78.5 20.5 2280 27.7
Log 20.8 2420 28.5
522 21.7 2715 1o, 8
54 21.8 3720 4z,
573 2.1
) 23.9
o7 2.8
670 2h.8
694 2L, &




Run 8 Soap and Water

Calculations

Time, % water, Time, % water,

Hours dry basis E Hours dry basis E
0 20.2 1.00 426 14.8 735
2.4 20.0 «99 454 1353
Te2 19.3 .953 479 14.6 72

23 18.9 . 9356 498 715
42 «923 525 14.3 709
48.8 18.4 « 209 546 702
90,2 . 857 873 14.1 697

119.5 17.2 «855 594 13.6 872

141 .841 647 673

162 16.8 «833 670 «66

170 «821 694 13.4 «66

189 16.4 .814 720 64

210 +805 742 13.2 «653

237 16.0 794 768 +639

258 #7191 794 12.9 637

293 15.7 774 819 .626

309 .785 838 13.0 644

530 15.5 +755 883 .606

358 « 749 910 12.8 «635

380 15.0 o741 931 +606

407 o739 983 12.3 +609

1006 11.7 0.581
1051 0.598
1181 11.8 0.585
1174 0.594
1226 11.7 0.578
1267 0.561
1321 1152 0.555
1387 0.56

1436 11.3 0.56

1488 0.548
1556 10.8 0.535
1658 0.526
2014 1C.1 0.497
8060 0.493
2280 9.9 0.49

2420 9.6 0.473

2715 8.9 0.449

3720 8.2 0.407



Soap
Run 9. Boraxiand Water.

Dimensions 14.2 x 14.2 x 2.54 cm.
Procedure and conditions ag in
Run 6.

Original net weight (wet) 567.2 gms.

i

- 0
Nt

Time, Hours Logssg, grams
0] 0
2.08 1.5
6.83 2.5

20T 4.8
h1.7 5.9
4E.5 9.7
89.8 10.1
119.2 10.7
140.7 12.3
161.7 12,

This sample used to obtain moisture gradients, being cut
into blocks at intervals starting at 166 hours.



Run 9

Moisture Gradients in Soap

Square chunks about 3.3 x 3.3 cm.
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.
Slktces 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.

cut from sample No.9

ook
el
e

[

Slice Slice Water, Dry Weight, % Water
No. Thickness,m.m. gms. 2. Dry Basis
1 1.9 0.20 2.098 87
2 1.9 0. 24 2,323l 13.82
% 1.9 0. 44z 2.668 16.61
i 1.9 0. 41 2.542 17. %2
5 1.9 0. 786 2.195 17.62
5 1.9 0.L447 2,472 12.41
7 1.9 0. 392 2.152 1%, 22
g 1.6 0. 041k 2,290 18.09
9 1.9 0.427 2.37g 1&.02
10 1.9 0.418 2.70 18.10
11 1.9 0. 223 1.872 12.27
12 1: 9 0. 351 2.140 16.42
1% 2.5 0. 367 %, 350 10.97




Run

Moisture Gradients in Soap.

Table II.--After 382.7 hours.

(cont.)

flll!
Llf p

S8lice Slice Thick- Water,

Dry Weight,

% Water Dry

No. ness, m.m. oms . oms. Basgis
1 1.9 0. 345 3, 352 10.29
2 1.9 0. 292 2.097 14,08
: 1.9 2. 747 15] 3%

1.9 o 371 2.145 16.
2 1.9 0. 310 1.888 16. 2
1.9 0. gg 2e 130 17.37
7 1.9 0.3 2.121 0
& 1.9 0. ﬂos 2,371 17 51
9 1.9 0. 388 2.250 17.2

10 1.9 0.296 1.923 15. uo

11 1.9 0.292 1.948 15.00

12 159 0. 721 2. 370 17. 56

1% 2.5 0. 219 2,256 9.80

Table III.--After 1152 hours.

Slice Slice *hick- Water, Dry Weight, % Water Dry
No. ness, m.m. oms. ons. Basis
1 1.9 0.211 3. 181 6. 64
2 1.9 0.254 2.128 11.92
E 1.9 0. %32 2.405 11 g9

1.9 0.267 1.820
5 1.9 0. 462 2. 380 14 60
6 1.9 0. 35 2.295 15,79
7 1.9 0.415 2.729 15.15
g 1.9 0. 329 2.047 16.03
9 19 0.3%79 2. U489 15.20
10 1.9 0.376 2. 496 15.06
11 1.9 0.251 1. 716 14, 67
12 19 0. 364 2.769 13. 13
1% 2.5 0.251 %, 519 7.15 "




Run 10. Borax Soap and Water.

Dimensions 14.2 x 14.2 x .18 cm.
Procedure and conditions as in fun 6.
Original net weight (wet) 746.2 gus.

Loss, Tinme, Loes,
SMS . Hours Zms.
0 670 2g. L
1.4 69U 29.0
7.1 20 20.3
7.2 Th2 20,7
7.9 768 29.8
9.3 794 22.5
11.1 g19 22,2
leye &328 22.5
13.g 883 7L, 8
14, 910 23,6
15. 931 33
12.4 58 304
16.5 100 20,2
170 1051 25.
17.8 1151 26. 8
19.1 1174 25.8
18.9 1226 28.5
19,7 1267 29.L
20.9 1721 29. 4
22.5 1287 40.6
22,7 15428 40.6
1.l 1488 41.8
22.2 1556 4z.0
24,2 1658 2.7
25.0 2014 hs,2
207 2060 4g,1
26.73 2280 4.2
26.2 2420 52.0
26.7 2715 1.8
28.9 2720 58.8

£

Ly
e iy
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Run 1C Soap and Water

Calculations
% water, Time, % water,
dry basis E Hours dry basis E
20.2 1.00 426 16.7 «829
19:9 0.989 454 .B23
19.7 0.976 478 16.3 « 807
19.0 « 943 498 «800
« 938 525 15.9 788
18.7 «926 546 .891
« 912 873 16.0 «892
18.2 « 903 594 891
891 647 15.5 o7
17.8 . 884 670 774
878 604 15.5 769
17.5 « 865 720 759
868 742 15.2 +755
17 .5 .865 768 . 763
. 868 794 15.0 741
171 .848 819 743
«88 838 15.0 741
17 .0 84 883 e 255
834 910 14.8 732
16.6 «82 931 713
«811 983 14 .4 o714
0.727
14.5 0.716
706
14 .4 «715
. 683
13.8 685
.685
13.6 677
877
13.5 « 667
«657
13.3 «660
«640
12.4 .616
614
11.8 « 585
« 587

10.7 #8531

o
LS
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Runs 11, 12, 1%, 14, and 15.

Whiting and Alcohol CCl,, Benzol, Ethyl
Acetate, Water.

Each 7.18 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 plus Tare, gms. Dry Bulb,
Minutes e

11 12 1% 17 15
Alcohol Col, Benzol Eth. Acet. Water

0 329.5 332.6 299.7 320.3 3347 3
9 7226, 7 317.9 291.7

5 307.5

7 324.7

2 308.g 280.5 233.0 32

2 21.2 296. U
&1 ¢ 271.0

59 2178 28l. 7
£65.5
&7 327.5 31.5

102 279.5
109 261.%

116 265.5

124 309.0

142 , 275.8
149 e 258.7

156 260.0

164 302.1 .
180 71%. 9
195 272.4

202 255.1

ol
no

217 297. 4
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Rung 11, 12, 1%, 14, and 15 (cont.)

Time, Total Weight plus Tare, gms.
Minutes 11 12 1% 14 15 Dry Bulb®C.

27 313.6 25
262 271. 4

269 254,41

278 252.6

cal 294, 2

313 gL I
328 271.3

33] 25k.2

740 252.6

746 292.2

362 04,7 21
300 271. 4

784 254.2

393 252.6

399 290.6

L7 . 300.% 32
4322 271.4

4=

39 254, 6
Lig 252.9
Lsh 290.0 2gh.0 =1
1400 271.4
1410 25k, 3
1426 252.7
1430 286.7

286.8 252.7 254,73 27,4 2873,
Tare Lo. 4 40. 3 4o.0 40.1 40.8

LG ]




Run 11 Whiting and Alcohol

Calculations
Time, % alcohol, Gms/hr.
Minutes dry basis /sq.cm,
0 173
9 16.2
17 154 0122
S 14.0 0.108
59 12.6 0.083
89 10..8 0.087
124 9.0
164 6.2 0.082
217 4,3 0.040
284 3.0 0.021
346 s
399 1s5
454 1)
1429
1524

2899 0



Run 12 - Whiting and Carbon Tetrachloride

Calculations
Time, % 0Ly, Cms./hr.
Minutes dry basis /sq.cm. E
0 377 1.00
9 307 813
14 2642 0.94 .696
29 1875 0.485 49
5l 12.9 0.224 342
81 9.0 0.134 « 238
116 6.1 0.097 + 161
156 35 0.070 .093
211 3 d +03
276 0 0



Run 13 Whiting and Benzol

Calculatlons

Time, % benzol, Gms/hr.
Minutes dry basis _/sq.cm, E

0 20.7 1.00

9 17 .0 0.841
22 1242 0.459 0.589
44 7.8 0.169 0.376
74 S @, X0 0.252
109 S 0.061 0.158
149 1.8 0.043 0.09
202 0.4



Run 14 Whiting and Ethyl Acetate

Calculations

Time, % et.acet. Gms./hr.
Minutes dry basis /sq.cm, E
0 2l.1 1.00

15 15.6 0.45 0.739
37 11.8 0.28 0.51
67 Se9 0.14 0.272
102 Se0 0.07 0.165
142 1.9 0.044 0.09

195 0 0.023



Run 15

Whiting and Water

i
%. '

Calculations
Time, % water, Gms./hr,
Minutes dry basis Sge.cCh.
0 21,1
22 20.4
52 19.2 0.051
87 18.1 0.051
- 127 16.4 0,051
180 14.6 0.051
247 12.4 0,051
309 10.7 0.046
363 847
417 6.9
1393 0.2
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Run 16. Whiting and Water.

Thickness 3.1& cm.

Dimensiong 6.7 x 6.7 cm. Formed in
wocd frame. Laboratory balance and
indicating potentiometer used.

Net dry weight 24%.0. Total face
area &89 sgy.cm.

Resting on drier floor.

Tire, Loss, Dry Bulb, Wet Bulb, AT
Minutes gms. °C. °(. °(.
0 0 )
2 32, 7.5
6 ' 7.§
9 3.5 7.8
18 72. % 22.1 7.9
20 1.8
22 72,4 22.2 g.1
zU 32.5 2252 8.2
3 22 2.5  22.3 8. 3
> 2.5 .
60 .0
o1 9.1 32,6 22.4 g.2
114 11.72 27.0 22.5 g.u
159 14,4 33.5 22,0 .6
2Lz 20,0 23,2 8.7
250 21.7% 1 .
27 24,0 232.% .9
342 o8, 5 20, 2 23.1 g.9
274 20. 7 3L, 7 23.6 8.0
576 by, 5 32.5 2%.9 6.9
1222 5%.0 3.5 23.7 0.9
= 54,6




Run 16 Whiting and Water

s

Calculations

Time, % water, Gms./hr.

Jours dry basis /8q.cm. H
0 2240
1 19.6 0.06582
2 17.6 0.054 0.00096
3 15.9 0.,0506 0.,00088
4 14.1 0.0506 0.00087
5] 122 0.0506 0.00086
6 10.3 0.0506 0.00086
i 845 0.0461 0.00083
8 6.9

10 3.8
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Run 17 Whiting and Toluene

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cme Formed in wood frame.
Recording balance and recording pyrometer used.

Net dry weight 220.6 gms. Total face area 89 sq.cn.

Time, Loss, Dry bulb Wet bulb At
Minutes gns . ® Gk ° C. °© Ca
0 0
3 38.8 22.6 4.4
15 8.6 11:9
28 39.1 23.2 11,7%
30 14.0 11.7
45 21.9 10.4
60 2545 8.5
63 39.8 23.2
75 27 .8 6.8
90 29.6 S50
120 31.9 4.2
150 3344 3.8
180 3543 4141 348
240 37.2 343
288 41.6 2349 :
300 38.6 249
360 40.1 2.5
413 41.6 24.3
420 1.7
480 40.2 1.5
540 40.2 1.3
598
600 41.1 2347
= 40.2



Run 17 Whiting and Toluene

Calculations
Time, % toluene, Gms./hr.
Minutes dry basis /sq.cn. H E
0 18.2 1.00
15 14,3 0,787
30 11.9 0..298 0.000696 0.653
45 8.3 0,182 0.456
60 6.7 0.145 0.000616 0.367
79 0.6 03l
90 4,8 0.265
120 3.8 0.045 0.000383 0.208
150 3.1 0.171
180 2.2 0.033 0.000362 0.124
240 1.4 Q07T
300 0.9 0.017 0.000187 0.041
360
420
480
540

598



Run 19 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.

Net dry weight 235.3 gms. Total face area 89 sq.cm.

Time, Loss, Dry bulb Wet bulb At
Hours gms . % e 9 e .y

0 0

0.25 4.5 59.4 26.8 14 .9
0.5 8.8 40.0 2745 2.1
0.75 12.9 10.3
1.00 16.4 9.3
1.25 19.7 8.4
1.5 2048 7.6
1.75 28 e 73
2.0 7.0
3.0 5.7
4.0 5643 41.5 29.8 3¢5
4.5 3740 o8
5.0 377 2,6
5.5 38.4

6.0 3849 41.6 28.8 2.2
740 39.7 2+l
8.0 40.5

9.0 41.1 L'l
10.0 41.4

=

42+



Run 19 Whiting and Amyl Acetate

§ad
~1

Calculations
Time, % amylacetate, Gms./hr.
Hours dry basis /8q.cm,
0 J8wl
0,25 16.1 0.193
0.50 14.3 0.186
0.75 12.6 0.163
1.0 11.1 0.163
1.25 Gl 0,163
1.50 T+9 0.163
1.75 6.1 0,191
2
3
4 246 0,015
4.5 2e¢3 0.015
5 240 0.015
Ded 8
6 1.5
7 I
8 0.85
9 0.6
10 0.5
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Run 20 Whiting and Amyl Acetate

Thickness 3.18 cm.

Dimensions 6.6 x 6.7 cm. Formed in wood frame.
Recording balance and recolding pyrometer used.

Net dry welight 238.5 gms. Total face area E9 sq.cm.

Time, Loss, Dry bulb Wet bulb A

Hours gms . o Cs & O ® B
0 0
0.25 5.5 8.3
0.5 1148 5840 29.7 6.+ 9
0.75 13.4 6.4
1.0 6.1
1.25 D'
1.5 22.0 38.5 32.0 D6
1.75 24 .8 O3
2.0 23 s 9.0
2.5 31.6 4.2
Se0 34.3 5843 52 563
3.5 56 .9 243
4,0 3749 1:8
2.0 3945 1.3
6.0 4C .4 37 4 30.6 1.2
7.0
8.0 41.5 3840 1.1

¥
H
w
.

08
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Run 20 Whiting and Amyl Acetate

Calculations
% amylacet. Gms./hr.
dry basis /sg.cm. H E
128 1.00
16.9 0.88
14.5 0.1852 0.756
5+6 0.708
0.1313
10.0 0.52
] 8.8 0.46
2.0 7.8 0.1020 0.405
£eB 6.0 0.31
3.0 4.4 0.0562 0.25
3.0 3.7 0.195
4,0 Ded 0.0247 0.174
5.0 246 0.138
6.0 2.3 0.0146 O.12
'?.O
8.0 148



Run 21 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 225.5 gms.

Total face area 89 sqg.cn.

Time, Loss, Dry bulb Dry bulb At

Hours gms . e Oy - wet bulb ° C. o 0.
0
0.25 0.4 LS NS 9.4 6.8
0.5 1.3 B2U 1@ Ted
0.75 2.3 3240 10«8 759
1.0 59D 33545 10.4 8.5
1.5 DY
240 7.8 3042 11.0 8.8
2¢5 9,5
540 11.3 D65 D Il 8.9
3eb 13.0
4,0 14.6 36.0 B i 9.1
5] 17 =7 5.9 112 G..0
6 21l.4 37«2 11,8 9.0
7 24.7 36.8 2 I P | 9.0
8 27 .2 56.3 11.0 8.9
9 31.3 56«3 11,0 8.6
10 34 .5 3643 11.0 845
A ST o7 36,0 I i 8 8.0
12 40,7 36.4 11.5 e
13 42 .5 56.8 11.0 4.8
14 43,5 37 « 2 11.2 5.6
15 44 ,4 37.0 11.1 25
16 45,0 3640 10.8 2.4
AL 3643 10.7 2e¢3
18 3745 b 5 (P I e
19 46,1 38.2 188 2ald
20 38.0 102 1.9
2 47 .5 39,0 1.3 1.8
22 58.0 11 .9 147
23 48,9 59.0 1ds s 1.4

0 4.9.9
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Run 21 Whiting and Water
Calculations
Time, % water, Gms./hr.
Hours dry basis /sq.cm, H E/
0 22
028 22.0 003 0.000812
(<90 21.6 0.0529 0.000997
1.00 207 0.0472 0.000848
2 18.7 0.0405 0.,0006855
3 7 0.0405 0.000665
4 15.7 0.0394 0.000637
5 14.3 0.0382 0.000645
6 12.6 0.0382 0000631~
. 11 .2 0.0382 0.000625
8 9.8 00365 0.000610
9 8.3 0.0365 0.000637
10 6.8 0.0360 0.00063%7
1 5.4 0.053%7 0.000665 1.00
12 4,1 a.,0270 0,000637 0. 7E5
13 Sed 0.0150 0.000574 0.607
14 2.8 0.0107 0.000540 0«H25
i3] 2ed 0.0084 0.000501 0.451
16 e 0.0047 0.000269 0.401
A DB 1E
18 0. 19%
19 TI ST



Run 22 Whiting and Carbon Tetrachloride

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cm. Formed in wood frame.
Laboratory balance and indicating potentiometer used.
Net dry weight 229.3 gms.

Total face area 89 sg.cmn.

.
o'/

Time, Loss, Dry bulb Wet bulb At
Minutes gms ., ¢ U & G e
0 0
5 18.0
6 15.0
8 20.0 19.0
10 23.0 19.3
11.5 25.0 19,53
14 30.0 19.2
17.5 35,0 56.4 1358 18.8
gleb 40.0 36,5 18,1
26 45,0 278
52 5010 153
36 36.4 11.8 14.1



Run 22

Whiting and CCL4

£ -

T~/

[erzds

Calculations
Time, & 0oLy Gms./hr.
Minutes dry basis SQ.CM. H E
0 4750 1.00
5 0.841
6 34,6 1.64 0.00101 0.78€8
8 32.4 0.756
10 3l 1 1.24 0.00083 0.735
11-1/2 50,2 0.682
14 28,0 1.06 0.00078 0.629
17-1/2 25,8 0575
21-1/% 23.6 0.82 0.00070 0,522
26 21 .5 0.67 0.00071 QB
32 19,3
36 0.56 0.00082



Run 23 Whiting and Acetone

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 em. Formed in wood frame.
Laboratory balance and indicating ﬁotontwometer
Net dry weight 242.,7 gus.

Total face area 89 sqg.cm.

used,

Time, Loss, Dry bulb Wet bulb At
Minutes gmns . % O ° Qs ° G,
0 0
2 4 N
345 6 17.4
5] 34.0 176
8 10 17 +6
12.5 12 33.8 2.8 17.0
17445 15 16.9
27 20 34.1 16.2
31 er
42 28 34.3 1.1
o7 35 34 .0 3.0 15.4
AT 126
80 11.3
87 8.9
95 4] 748
110 643
125 S
140 4,1
155 340
170 1.6
185 43.5 0.8
200 0.4
215 0.2
230 i

44,6



Run 23 Whiting and Acetone

Calculations

)
LA

Time, % acetcne, Gms./hr. y
Minutes dry basis /sq.cm. H ¥ © minutes
0 18.355
2 16
5led 15:9
5 D812 0.001180
8 14.2 0.460 0,000900
12.5 13.4 5
17.5 e 036 0.000782
2 10.1
31 9B 0.560 0.000807
42 6.8 0.360 0.000809 1.00 0
57 3.95 0.58 15
67 0,133 0.000384
Ar
80 0,103 0.00086896
87
95 1.5 Ule2R2 53
110 0.0568 0.000489
125
140
155
170
185 0.5



s-c:. j I ’ij

Run 24 Whiting and Xylene

Thickness 3.18 cm.

Dimensions 6.7 x 6.7 cm. Formed in wood frame.
Recording balance and recording pyrometer used.
Net dry weight 217.3 gms.,

Total face area 89nsqg.cm.

Time, Loss, Dry bulb Wet bulb
Hours gms « @ O ¢ iCs

S
et
(Gp]

3249 -
53.4 2545

26,9 34 .4
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Run 24 Whiting and Xylene

Calculations

Time, % xylene, Gms./hr.

Hours dry basis /8q.cm. H B!
0 2045
055 183
1.0 15.9 0.108 0..00072
1.5 14.0 | 1.00
250 T340 0.113 0.00078 0,785
5.8 7.8 0.073 0.00069 0.5b6
3«5 6.4 U,.459
4,0 0.0 0.042 0.00080 03596
4,5 4.8 0.546
5.0 4.3 0,028 0.00069 0.307
6.0 S35 0.+23%



Run 25 Whiting and Acetone

Thickness 3,18 om,

Dimensions 6,7 x 6.7 cm, Formed in wood frame.
Recording balance and recording pyrometer used,
Net dry weight 240.,% grms,

Total face area 89 sqg, cm,

Time, Loss, Dry bulb Wet bulb At
Minutes oms , °© C, ° (G, °© (O,
0] 0
10 35.0 5.0 1559
57 12,2 13.1
10 17.2 12,6
53 22,8 12,4
70 27.2 12.0
92 35 2 9.9
122 26,0 6.5
152 38 .5 4.0
182 35,0 1.3
212 39,1 0,

39.2



Fun 25 Whlting and Acetone

=)

Calculations
Time, % acetone, Gms/hr.
Minutes dry basis /saq.cm. H E! Q!
0 1643

10
27 i S 0.249 0,00080
40 Bl 0.249 0.00069
53 7.05 0.249 0.00070 1.00 0
70 0.0 D« 192 0.,00061 0,706 17
L2} 2ad Oflll 0.00056 0,412 59
i [2 Le3 0.070 0.00060 0.188 69
152 Qs 0.028 0.,00084
182 0.1



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 120 sq. cm,

Time, Loss, Dry bulbd Dry bulb .
Hours gms O U, -wet bulb, °C,. ©
0 0
0.5 0.8 3%.5
1.0 2.3 33.8 10,5
1.5 .2 10,
2.0 6.5 36,0 10,8 1
2.5 8.5 1
7.0 11.3 36.8 10,9 10,4
23 i?‘? 37.5 10,9 104
4.5 18,6
5.0 21,0 31 <5 10,7 10,2
2-5 2303
.0 2555 343 10, 1051
7-0 29-8 37 l2 10. g
8.0 34,4 312 105 9
9.0 38.8 36.5 10 .4 9
10,0 3.3 36,2 10,4 9
11,0 47.3 36,0 10,4 8
12,0 51.8 29:5 10,4 7
12.0 54,8 3545 10,3 5
14,0 56.5 29.5 10, 3
15.0 57.5 355 10, 2
16.0 58 .1 35 .8 10.5 2
7.0 5% .6 36,0 10,5 1
18,0 58 .8 36,5 10,6 1
19.0 58.9
60,4

o L ] -] L ] ° e L] ® L]
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Run 26

Calculations

Time, 7 water, Gms./hr,
Tours dry basis /sq.cm. H ol

0 19.2 0.0128

0.5 0.0194 0.000302

1 18.5 00255 0.000367

1.5 1% .8 0.02580 0.000878

2 171 0.0267 0.,000392

3.0 15.6 0.0261 0.000384

Sed 14 .9 D 0261 0.000381

4 14.2 00261 0.C00381

5 1255 0.0261 0.,000378

D« O 138 Ui 0261 0.000382

6 11.1 0.0261 0000393

) 9.7 0.0261 0.000399

8 8.2 00261 0.0C0410

9 5.9 00,0255 0.000413 1.00
10 0.0 0.0244 0.000426 0.76
Jl| 4.1 0.0200 0.000420 0.50
12 Bl 0.0117 0.000401 033
13 1:8 0.006%7 0.000344 0.23
14 25 0.0044 0.000322 Qe
5 0.9 0.0033 0.000291

16 0.0222 0.000248

L C.0011



Run 27 Whiting and Bengol

Thickness 3,18 cm

Dimensions 6.7 x é,? cm, Formed in wood frame
Recording balance and recording pyrometer used,
Net dry weight 232,2 gms,

Total face area 89 sq, cm,

Time, Loss Dry bulb Wet buld At

Minutes oms , ORICE ° 0 ° 0
0
8 6.5 39,0 12,4 18.5
15 15,7 21,0
28 17.3 21,4
E 21,0 21,0
2 9.3 18,
BE 553 14,
i 37 .0 10,4
34 38'7 8.3
119 2,0 6.5
150 45.5 R‘O
1481 u7.5 L0
212 Lg 5 2.4
=2 49 0



Run 27 Whiting and Benzol

Calculations

e

Time, % benzol, Gms./hr.
Minutes dry basis sSg.cm., H E
0 2dal 1.00
8 18.3 0.483 0.867
15 16.1 0.458 0.00050 0,761
23 13.7 0.393 0= 00050 0.647
30 12.0 0.571
42 8.5 0,230 0.00082 0.402
57 6.7 0.168 0.00062 0.352
76 5.2 0.245
88 4.4 0,103 0.00041 0,21
139 3.0 0,143
150 1.5 0.055 0.00040 0.071
181, 0.6
212 0.2



Run 28 Whiting and Ethyl Acetate

Thickness 3 18 cm

Dimensions 6

x 6,7

cm,

gms ,
Total face area &9 sqg, cm,

Formed in wood frame,
Recording pyrometer and recording balance used,
Net dry weight 215.6

£ 4
s

Time Loss Dry bulb Dry bulb -t
Minutes gms , ° G -wet bulb, °C, °© G
0 0 33.5

145 Bl 15,0
15 11.1 35, 22.5 16,2
22.5 15.0 13,6
17 .2 36.3 1%.5
27 5 19,0 13,2
20,0 37«2 ll.E

60 271 38,2 8,
5 25 .0 235.9 7.0
90 26,6 39.0 6.1
105 2% .0 5.4
120 29 .4 4o.5 E,o
%35 %g.; 3.8
125 31,6 4.8 7,0



Run 28

Whiting and Ethyl Acetate

Calculations

g
i)

Time, % Et.Acet., Gms./hr.
Minutes dry basis /sq.cm. H B
0 15.0 1.00
e 12 .4 0.528 0.824
15 9.9 0.449 0.000773 Ul &B%
22.5 8.+l 0.269 0.0005%6 0537
30 Yok 0.168 0.000515 0.47
S oD 6.2 0.146 0.000584 0.413
45 Haio 0129 0.000679 0,365
60 4.2 0.,099 0.000596 0.28
75 3.4 0.079 0.000489 0.229
90 27 0.067 0.0005566 0.179
105 2.0 0,063 0.000489 0+135
120 1.4 0.056 0.000393 0,091
135 0.9 0.038 0.000325 0.0859
150 0.6 0.025 0.000339 0,04
165 0.4 0.025



Run 29 Whiting and Alcohol

Thickness 3,18 cm

Dimensions 6,7 X é_? cm, Formed in wood frame,

Recording balance and recording pyrometer used,

Net dry weight 2338 ,2 gms,

Total face area &89 sq, cm,

Small cracks appeared on surface from the first,

Time, Loss Dry bulb Dry bulb At
Hours oms bl -wet bulb, °©C ° C
0 0 38,2
0.25 15
0.50 7.6 13,7
0.75 13,6
1,00 13.% 41,0 13,6
1.5 18,6 17.9 13,6
2,0 23 .4 42,7 17.6 13,2
2+5 27 .0 1i7 10,0
3.0 29. 4 44,0 17.6 g.?
&-5 3009 .O
.0 2.3 b4 .5 R'l
%25 32,9 2D
e 33.5 45.5 4.0
9.5 Brel 3.6
6 34.9 45.5 Bae
7 3546 R
36.5



Run 29 Whiting and Alcohol

Calculations

Time, % alcohol, Gms./hr.

Hours dry basis /sqg.cm. H
0
0.5 121 01320 C.000615
1.0 9.8 0.1312 0.000584
1.5 7.5 0.1157 0.000509
2.0 5¢5 0.,0932 0.,000465
2.5 4.0 0.0618 C.000532
340 3.0 0.0427 0.000507
345 2ed 0.0337 0.000441
4,0 1.8 0.0225 0.000367
4.5 1.5 0.0157 0.000306
5.0 1.2 0.0135 0.00021%7
5.5 0.0157 0.000313
6.0 0.0112 0.000292



Run 30 Whiting and Water

Thickness 3,18 cm, -

Dimensions 6,7 x 6,7 ecm, 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 oms , ° C -wet bulb, ©C G
0 0 36.3 13.4 9.1
0.5 2.4 38,1 14,2 11,8
1.0 5.0 9,0 14,5 12,1
1.5 7.1 1.0 14,8 12,3
2.0 9.5 hi,b4 15,0 12.5
3.0 13.9 42,5 15.1 12,7
.0 18,6 o .7 15,2 12.7
2.0 23.0 b3 5 15.2 12,4
.0 27.0 F3.5 15.2 11,6
6.5 29,0 43,5 15,2 10,5
7.0 30.7 4357 15.2 8.5
14D 31.8 15,0 6.9
8.0 32,6 4355 14 .8 3.7
8.5 33.4 14,7 9
9.0 24,1 k3.0 14.3 H,g

10.0 35.0 L2 13,8 3,
11.0 35.9 Lo 1%,k 3,0
12,0 76,6 Lo 13,3 2.8
13.0 37.2 41.5 13,1 2.4
14,0 37.6 b 13,0 ana
15.0 38,1 4o 12,8 2.0
16,0 %8 U4 40,5 12,5 1.8
17,0 2% .9 12,2 1.1
1.0 39,0 4o 12.1 0.9

29.1



ey
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Run 30 Whiting and Water

Calculstions

Time, % water, Gms./hr.,

Hours dry basis /sq.cm, H 0! B!
0 17 ;
0.5 16.6 0.0561 0000706
1,0 15.4 0.0516 0.000675
1.5 14.5 0.0516 0.,000661
2 13.4 0.0516 0.,000631
3 11.4 0.05186 0.000619
4 9.3 0.0516 0.000616
5} 7.3 0.0508 0.000625
6 5.5 0.0438 0.000895 0.5 0.86
66D 4.6 ©.0393 0.000630 1.0 o712
T o0 3.8 0.0314 0.000650 1.5 .60
T.5 3ed 0.0247 0.,000635 2.0 «52
8 2.9 0.0180 0.000851 2.5 +46
8.0 246 0.0168 0.000565 3.0 +40
2, Red 0.0135 0.000476 3.5 N515)
10 1.86 0.,0101 0.000435 4.5 23
11 1.43 0.0090 0.000471 5.5 «18
12 1.13 0.0073 0.000407
13 0.87 0.0056 0.000309
14 0.0051
15 0.0045
16 0.0045

17 0.0054



Run 31 Whiting and Water

Thickness 1,59 cm,

Dimensions 9,5 x 9,5 om, Formed in wood frame,
Recording balance and recording pyrometer used,
Net dry weight 241,0 gms,

Total face area 179 sg, om,

Time, Loss Dry bulb Dry bulb At
Hours omis , °C -wet bulb, °C o O
0 0 29.0 8,6 7.6
0.5 2.1 93 5.3

1.0 L 2 32 9.7 8.5
1.5 606 909 8-8
2,0 8,8 34 .5 10.2 9.1

E’O 13.3 36,0 10,6 9.6
.0 18, 36,5 10,8 9,8
5.0 23,% 36,0 10,6 9,6
6.0 28, 35,8 10,2 9,0

6.5 31.1 10,0 8.8
7.0 33,2 35,0 10,0 R

15 35.5 10.0 8.3
8.0 301 3555 10.1 [+8
g.5 Eg.e 10,1 6,0
9.0 ) 35.5 10,0 k.5
9.5 41 .2 10,0 3,6
10.0 4.8 36,0 10,1 2,2
11,0 43,0 36.3 10,3 2.5
12,0 4%.3 36 .5 10,2 1.9
1&.0 44 36.5 10,3 0,8
14,0 10,2 0L

¥



Run 31 Whiting and Water

Calculations
Time, % water, Gms. /Hr.
Hours dry basis /8g.cm. H
0 18.5
0.5 17-6 0.0263 0.000456
1.0 16.7 0.0261 0.000480
1.5 15.8 0.0261 0.000464
2 14.8 0.02673 0.000459
2 13.0 0.0285 0.000456

10.9 0.0285 0.00041]
5 8.7 0.0285 0.000446
6 ) 0.0285 0.000456
6.5 3.6 0.0246 0.000426 1.00
7 o7 0,0246 0.000441 0.844
15 3.8 0,0246 0.000462 0.674
8 2.9 0,0201 0.0004 O'El
8.5 2.2 0.0154 0,000U446 0.40
) 1.68 0.0120 0,000486 0,30
9.5 1.39 0,0074 0.000384 0.25
10 1.13 0.0072 0,0003%89 0,21
11 0.6 0.0061 0,000415 0,12
12 0.0039 0,000376 0.05



Run 32 Whiting and Water

Thickness 2,54 om

Dimensions 5.9 X 3.8 cm, Formed in wood frame
Recording balance and pyrometer used

Net dry weight 193,8 gms,

Totel wetted face area 94 sq. com,

Time, Loss Dry bulbd Dry bulb At
Hours gms , ° ¢ -wet bulb, °C, e C
0 0 312 11.5 10,2
0.5 1.7 33,1 11.8 10,4
1,0 3.8 39,0 12,4 10,8
2 &.0 1,0 12,6 11,1
E 11.6 4.0 13,4 11.5
15.7 41,5 13.5 11,8
5 19.5 4.2 13.2 11.7
6 23,8 41.8 13, 11,5
6.5 25,8 $1.5 13,1 11.2
7.0 28 .0 1.5 13,0 10.9
7.5 29.2 41,0 12.9 10,3
8,0 31, 41,0 12,8 9.8
g.5 32.1 40,0 12,8 8.2
9.0 I%e 3 40,0 12.9 6,
94D 3043 39.8 13,1 3,1
10,0 36,0 39,0 13,4 "
11,0 36.9 3854 13.2 3.2
12,0 37.7 38,0 13,0 2.5
13,0 28,5 73,0 12.9 2,1
- 40,1



Run 32

Whiting and Water

Calculations
Time, % water, Gms. /Hr. ‘ -
Hours dry basis /sg.cm. H E

0 20,7 0
0.5 19.8 0.0383 0.000578
1 18.7 0.0426 0,000614
2 1646 0.0415 0.000572
E 14,7 0,0415 0.000542

12.6 0.0415 0.000524
5 10.5 0.0446 0,000571
6 8.5 0.0446 0.000581
6.5 2.5 0, 0404 0.000542
7 .2 0.040u 0.000560
7.5 E.a 0.0404 0,000591
g 5 0.0356 0,000566 0.4 0.879
8.5 - 2.5 0,0277 0,000542 O.Z 0,707
9 2.9 0.0274 0.000627 1. 0.586
3.5 2.5 0.0181  0.000583 1.& 0.4g5
10 2.1 0,0138 0.000529 2, 0.41
11 1.66 0.0096 0.000 E.u 0,32
12 1.25 0.0085 0.000510 A 0,292
13 0.8 5.4 0.141



Run 33 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 bulb Dry bulb At

Hours Gms, 0 -wet bulb, °(C, g
0 0 35,0 12.6

0.5 6,1 75,2 12,7 11.6
1.0 12.7 35,8 13,0 12,0
1.5 18.9 36,3 13,2 12,3
2.0 26.8 37.2 13.8 12,3
2.25 30,2 13, 12.5
2.5 34,7 38.0 13.8 12,3
gy (o 27.7 1850 11.7
3.0 0.5 38,6 141 949
3,25 ua,g 141 7.8
3.50 4, 39,0 14,2 5.8

D .
E, 5.1 39,0 14,2 g,g
4.5 , 39,0 14,2 0,7

=
(o2
[’



Run 33 Whiting and Water

Calculations

Time, % water, Gme./Hr.

Hours dry basis /sg.cm. H
0 16.4
0.5 14,2 0.0311 0.0003%98
1.0 11.9 0.0302 0.000374
1.5 9.7 0.0315 0.000386
2.0 6.9 0.0327 0.000401
2.25 3.7 0.0743 0.000415
2.5 L0 0.0327 0.000396
2.75 3,0 0,0274 0.000376
3,0 2.0 0.0225 0.000387
3.25 1.21 0,0183 0.000416
3.5 0.5 0.0126 0.000426
3-75

o0 0.34



Run 34 Whiting and Water

Thickness 3,82 cm

Dimensions 6.9 X 6,8 cm, Formed in wood frame
Recording balance and recording pyrometer used
Net dry weight 287 .4 gms,

Total wetted face area 94 sq. om,

Time, Loss Dry bulb Dry bulb At
Hours oms o G -wet bulb, °C, °© 0,
0 0 40.0 14,3
1 3.8 40,0 14.0
2 10,0 39.1 13,2
3 15.0 359.1 126
19,2 39,1 12,4
2 22,8 39.1 12,4 10,2
26.3 39,1 12,4 9.9
Vi 29 ¢ 59.1 12,1 9.1
15 315 391 12,1 9.
g.,0 32.2 39.0 12,1 9.1
8.5 3.2 39.0 12.1 9l
9.0 36.3 39, 12,0 g.8
9.5 8. 12,1 S.g
10,0 0,0 38 .0 12.1 8,
10.5 4.6 12,1 8,2
11.0 bz 2 38,0 12,1 7.9
11.5 L 4 12.1 2.3
12,0 45,6 38,0 12.1 .8
12.5 46,7 12L) 6.0
13.0 47.8 38,0 1oy E.e
13,5 hg .6 12,1 .3
11.0 49.3 38.0 12,0 2l
14,5 49.9 12,0 3.2
15.0 50,3 38,0 12,0 3,1
4 51,1 38.5 12,4 7,0
17 51 <5 0,0 13.1 2.8
18 51,9 .0 13,8 2.8
20 52,9 42,0 14,2 2.4
22 54, ha.5 13, 1,9
2l 54.; 42,0 13, 1,8
30 $9.5 12.5 0,8
36 38 .0 13,3 o4



Run 34

Whiting and Water

Calculations
Time, % water, Gms . /Hr, )
Hours _ dry basig /sg.cm. H E

0 19.8
1 18.5
2 16.3 0.0353
E 14.8 0.0490 0.00069

13.1 0.0450 0.00069
5 11.8
6 10.6 0,0340 0.00052
7 9.4 0.03%62 0.,00057
T+5 8.8 0.0351 0.00057
g 8.2 0.0362 0,00059
8.5 T+6 0.0362 0.00060
9 11 0.0362 0.00061
9.5 6.4 0.0340 0,00057
10 5.9 0.0340 0.00059 1.00
10.5 E.} 0.0330 0.00062 .90L
11 o7 0.0308 0,00060 .808
11.5 4,2 0,0271 0.00060 .712
12 3.9 0.0234 0.00056 .666
12,5 345 0.0229 0.,00062 «599
13,0 342 0,0202 0.00064 533
13.5 2,8 0,0160 0.00062 L85
i 2.6 0,0138 0.,00065 U3
14.5 2.4 0,0106 0,00059 0,406
15 2.2 0,0096 0.00052 0. 38U
16 1.96 0,0064 0.00038 0.335
17 1.8 0.0043 0.000%4 0,311
18 1,68 0.0053 o.oooau 0.288
20 1:37 0.006 0.00046 0.229
22 0.0032 0,00028 0.143



.......

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.
Net dry weight 284.0 grams

Total wetted face area 437 sqg.cm.

Time, Loss, Dry bulb, Dry bulb at

Hours gms. ° 0 ~wet bulb ° C. S e,
0 o) 5245 10.4 9.1
0.5 9.3 35,6 10.6 O+t
1.0 10 % 3645 11.3 10,3
1.5 17.2 377 11.6 10.7
2.0 22.5 38.2 11.6 107
3 33 .4 38.8 11.4 10.3
3.25 36.0 11.4 9.8
5.5 38/5 39.2 11.4 9.0
3.75 40.5 11.4 7.8
4.0 41.8 39.2 11.4 6.1
4,25 42.9 11.4 4.6
4,50 43.5 39.2 11.4 3.6
4,75 44,2 11.4 2ed

Nz

44 .4



Run %5

Whiting and Water

Calculations

Time, % water, Gme./Hr. )
Hours dry bagis  /sg.cm. H E

0 15.6

0.5 13.7 0.0256 0,000406

1.0 11.8 0.0272 0.000400

1.5 9.5 0.0272 0,000397

2.0 Ts7 0,0254 0.000355

7,0 349 0.0246 0.000373 1.00
3.25 2.95 0.0215 0.000342 « 76
3.5 2.2 0.0197 0.000348 .56
3.75 1.39 0,0163 0.000348 «35
4,0 .92 0.0135 0.000323 -1
4,25 53 0.0073 0.000293 A4
4,5 .31 0.0059 0.000302 .08
4.75 0.0046 0.0003267 .02



Run 36 Pressed Pulp and Water

Dry thickness 1.12 cm.

Dimensions 15.0 x 15.0 cm. Edges covered with
paraffin.

Recording balance and recording pyrometer used.

Net dry weight 132.0 gms. Soaked under water 30 min.

Total wetted face area 449 sq.cm,

Thermocouples 0.5 cm. from surface.

Time, Loss, Dry bulb Dry bulb At
Hours gms o ° 0. -wet bulb ° C. e,
0 34.5 11.0
0.5 3647 12.0 10.2
1.0 58.2 12.4 10 %
2.0 25.2 39.5 13.1 11.8
2445 31.0
3.0 41,4 40.0 13.4 18,1
4.0 40.0 13.6 1245
540 40.0 14.0 12,6
5e35 73.2
6.0 83.2 40,0 13.8 12.3
7.0 98.4 39.5 13.7 12.2
8.0 111,53 39.0 13.5 10,0
9.0 122.0 38.6 13.2 7.8
10.0 128.8 38.2 13.0 6.2
i 134.8 3743 12.4 5,1
12 139.7 36 .7 12.2 4,6
13 144.6 363 12.0 4,2
14 147 .2 35.8 11.8 3.8
15 150.6 35.4 11 .56 545
16 153.4 54 .4 11.4 3.3
i 156.4 34.0 112 3.1
18 169.0 3340 11.0 2.8
19 161.3 3340 10,9 2.6
20 163.7 33.8 10.9 2.5
24 165.8 33.5 10.9 2.4
22 168.5 3345 10,9 2.4
24 e 30.8 11.8 2.5
26 175.5 37 .2 12.3 2 e
28 178.0 37.5 12.5 1.8
30 180.1 3745 12D 1.4
36 182.0 3643 12.3 0.5
48 183.5 54,4 1243 0
<5 184.0



Run 36

Pregsed Pulp and Water

Calculations
Time, % water, Gme./Hr. '
Hours dry basis /sq.cm. H E
0 13.92
0.5
1.0
2.0 120.1 0.0269 0.000340
2.45 115.8
E 107.9 0.0392 0.000480
97.5 0.0411 0.000495
5
525 84,0
6 76.4 0.0372 0,000450
7 63.9 0,0%18 0,0003&7 1,00
& 35.0 0,0262 0.000403 .85
9 Tl 0.,0172 0,000336 .13
10 41.8 0,0138 0,000338 .65
11 21D 0,0109 0.,0003%1 «H8
12 33,6 0.0091 0,00029 .52
ik 30,0 0,0080 0,000284 46
1 27.9 0.0078 0,000305 W43
15 25,2 0.0078 0.000297 « 39
16 23,2 0.0064 0,000286 s 36
17 20,9 0,0060 0,000289 . 32
18 15,0 0.0057 0,000301 +29
19 17,1 0,0051 0.000292 .26
21 13.9 0,0047 0,000290 .22
22 11,7 0.0042 0,000262 .18
L S.E 0,0039 0.00023 .14
26 6. 0,0032 0,00021 .10
28 g 6 0,0026 0,000212 .07
9
1.5



Run 37 Pressed Pulp and Paper

Dry thickness 0.75 cm.

Dimensions 9.7 x 19.8 em. Edges covered with paraffin.
Recording balance and recording pyrometer used,

Net dry weight 74.5 gms.

Total wetted face area 382 sg.cm,.

Time, Loss, Dry bulb Dry bulb AN
Hours gms . i - wet bulb ° C. @ .
0 0 30.6
X 11.9 52.6 B9 9.7
2 22.4 32.5 948 92
3 32.6 3240 9.1 8.8
4 42.5 31l.1 8.8 8.3
5] b2.3 81,0 8.6 B3
6 6l.6 31.5 B.6 B«3
7 T71.5 30.5 8.2 7.8
8, 81.7 21,1 8.5 8.2
9 91.6 3240 8.9 8.4
10 31.8 9.0 % el
il 102.0 322 9.1 SIN
12 114.2 3245 9.3 5.4
13 118.5 31l.1 9D 4.7
14 12240 30.6 Bed 4,2
15 125.1 305 8.9 Bt
15 1275 30.5 8.8 3.2
ik 130 .2 30.0 8.5 2.6
18 132,.0 297 S 2.1
19 133.4 29.5 8.3 1.6
20 134 .8 2945 e 2 1.8
21 135.6 29.0 8.0 0.6
22 136.3 29.0 7.8 Ol 2
25 136.6 29.0 8.0 0.2
24 156 289 40 8.0 0

S 138.0



Run 37

Presgsed Pulp and Water

Calculations
Time, % water, Gms./Hr. ;
Hours dry basis /eq.om, H E

0 185.2
1 169.2 0,0293 0,000460
2 135.2 0.0222 0,000450
E 141.6 0.0264 0.00045

128.2 0.0259 0.00047
5 115,2 0,0251 0,000461
6 102,.3 0.0251 0,000461
7 96,1 0.0262 0.000511
8 75.6 0,0262 0.000486
9 62.1 0.0272 0.000491 1.og
10 .7
11 38.9 0.,0157 0.0003g94 .63
12 32,0 0,0131 0,000%88 .52
1 26,2 0.0099 0,0003%23 A2
1 21.5 0,0092 0,0003%32 « 35
15 17.2 0,0076 0.000312 .28
16 14,1 0,0068 0,000323 .23
17 10,4 0.0051 0,000297 o7
18 8,2 0,00L42 0,0003204 o13
19 6.2 0,0037 0,00348 «10
20 by, 0,0029 0.000243 .07
21 0,0020 0.000499
22 0.0013
2 0,0005 0.0004
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Run 38 Whiting and Water

Thickness 3.18 cm.

Dimensions 6.6 x 6.6 em, Formed in wood frame,
Laboratory balance and indicating potentiometer used.
Net dry weight 238.5 gms.

Total wetted face area 87 sq.cm,

Time, Free water Dry bulb Wet bulb At
Hours left,gms. ° C. 8. = 0.
0 42.2
0.42 40.5 29.3 S 7.8
0.92 38.0 A2 T 21.3 7.8
1.5k 34 .9 29.9 2l.4 T8
et 3243 30.1 21.6 i
2.0 31l.4 30.1 21.6 T
3.0 £9.86 30.2 21.7 7.7
7.83 12.4 30.4 21.8 6.5
7.83
g§.08 8.9 30.5 21.8 5.2
8.83 8.4 2.0
.33 Yo 30 .4 21.7 37
10.33 6.2 3505 21.8 £.8
dde 1% 5.8 30.6 ) 2ed
13817 4.2 30.4 21.6 1.6
14 .33 32
15.5 2.6 3049 22«0 1.5
16.33 2.1 31.0 22.0 1.2
26 31l.4 22.8 0.4



Run 38 Whiting and Water
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Qalculations
% water, Gms./Hr.
dry basis /8q.cm. 5!
i B
17.0 0.051 0.0009
1&.9 0.053 0.0010
14,6 0.0 0.,0010%
13,6 0.0 0.00085
15,2 0,041 0,00080
12.4 0,046 0.00089
5.2 0. Ol 0,00100
3,76 0.033 0.00096
3,54 0,028 0.00082
3,0l 0,020 0,00079
2.60 0.010 0.00055
2.46
1.77
1.35
1.08
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Runs 38a, 38b, 38c, and 38d

Moisture Gradients in Whiting

Samples made up similar to, and dried at the same time as
Run 38, but without thermocouples. Sguare chunks
3«8 X 3.3 cm. cut from the center of each and sliced
parallel to the drying face. Weighed quickly on a
watch glass, dried in an oven, and weighed. GSlices
number from face (No. 1) in towards center.

38a 38b 38¢ 58d
Net wt., gms. 291.5 274.8 291.5 290 .1
Net wt. when sampled,gms. 258.2 243.3 2562.0 25141
Time of drying,hours 8.0 310 .5 13.5 15.75
Slice No. £ e 3 4 5
Sample No. 38a
Water,gms. 0.121 0.129 0.133 0.114 0.177
Thickness,m.m. 2.28 1.80 1.90 1.90 1...90
% water,dry basis 2.58 3.10 3.24 3.256 3.65
Slice No. 6 7 8 g
Sample No. 38a(Cont.)
Water,gms., 0.125 0.140 0.123 0.120
Dry wt.,gns. 3.495 4,137 3.499 3.504
Thickness,m.m., 1.90 1.90 1.90 1.90

% water, dry basis 3.58 5.38  5.51 «3.42

Slice No.

Sample No. 38b

Water,gms. 0,109 0.161 0.161 0.158 0©0.190
Dry wt.,gms. 3.726  4.607 4.223 4.049 4.808
Thicknesas,m.m. 1.14 1.90 1.90 1.90 1.90

% water,dry basis 2.92 3.49 3,81 3.95 3.95

Slice No.

Sample No. 38b(Cont.)

Water,gms. 0.180 0.164 0,170 0.198

Dry wt.,gms. 4,453 5.963 3.598 4,594
Thickness,m.m. 1.90 1.90 1.80 1,90

% water,dry basis 4.04 4,14 4,72 4.31

Slice No.

Sample No. 39c D

Water,gms. 0.003 0.017 0.033 0©.047 0.047
Cwy weight,gms. 4.115 2.934 3.187 3,732 3.394
Thickness,m.m. 2.58 1.90 1.90 1.90 1.+ 90

% water,dry basis 0.07 0.88 1.03 1.26 158



i
;:}..'«'z

Slice No.

Sample No. 3Yc(Cont)

Water,gms. 0.051 0.64 0.068 0.0583
Dry weight,gms. 3.257 2.669 b5.546 3.407
Thickness,m.m. 1.80 1.980 1.90 1.90
% water,dry basis 1.66 2.8¢ 1.22 1.55



Runs 38a, 38b,

38¢c, and 38d (Continued)

Sample No, 39d
Water,gms.

Dry weight,gms.
Thickness, m.m.

% water, dry basis

0.003
2.602
1.01
0.11

0,071
4,209
1.920
1,69

0.004 0.027
3.011 3,752
IS0 1.90
O.11 0.74

0.075 0.072
4.388 4.246
1,90 1.90
171 1.70

0.047 0,051
4,047 3,765
.90 1.90
1,16 1.35



Run 39 Whiting 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 sg.cm.

Time, Free water Dry bulb Dry bulb Ag

Hours left,gms. P s Gl - wet bulb ° C, S C.e
0 34 .1 38.2
0D 38.5
1 32.4 38.6 15.4 12.0
2 29.6 39.6 16.3 128
3 24 .7 59.8 16.5 13,2
4 20.1 16.4 I13.1
o 15,9 16.3 12.4
5-1/2 40.2 T3 12:1
6 11.9 16.2 11l.3
6-1/2 16,0 9.9
7 ‘ Bed 15.8 8,4
s 39,9 16.2 Vel
8 6e2 40.0 16.3 5.9
8-1/2 16.2 5¢d
9 4,9 16wl 4,5
10 4,2 15.6 3.5
11 15.5 3.1
4% 15.4 2.6
13 18.3 2ed

32 39.8



Run %9 Whiting and Water

Calculations

Time, % water, Gms./Hr. '
Hours _dry basis /sg.om, H E

0
1 14,1
2 13.1 0.0529 0,000612
2 10.9 0.0529 0.000595

8.8 0,0529 0,000612
5 i 0,04&2 0.000599
5.5 6.2 0.0460 0.000589
6,0 2.3 0,0425 0.000605 1.00
6,5 .5 0,0u402 0.000679 0,85
Tal 3.7 0.034 0,000766 0.706
7.5 3,22 0,026 0.000636 0,61
&,0 2.73 0,22
8.5 2,43 0,0161 0.000517 0.46
9 2,16 0.0126 0,000 0.41
10 1.86 0.000481 0.35
11
12

-]
S



Runs 3%9a, 3%9b, 39¢c, and 394

Moisture Gradients in Whiting

Samples made up similar to, and dried at the
same time as Run 39, but without thermoccuples.
Square chunk 3.3 x 3.3 cm. cut from the center
of each and sliced parsllel to drying face.
Weighed quickly on watch glasses, dried in an
oven, and re-weighed. ©Slices number from

face (No. 1) in towards center,

)

e
4

TABLE I
39a 39b 39¢ 39d
Net wet wt., gms. 2692 20343 27043 278.8
Net when sampled,gms. 260.9 239.4 244.1
Time of drying,hours. 1.5 4.0 5433 7.08



Runs 39a, 39b, 39c¢c and 394 (Cont.)

Table II
Slice No. 1 2 3 4 5 6 7 8 9
Sample No. 39a
Nater,gms. 0.365 0.467 0.494 0.480 0.486 Y,405 0,440 0,439 0.425
Dry wt., gnms. 3.000 3.845 4.094 3.896 3,978 3.281 3.615 3.573 3.452
Thickness,m.m. 127 1.90 1.90 1.90 1.90 1.59¢ 1.90 1.90 1.90
% water,dry basisl2.0 1241 L 125 2ol 12.3 12.2 12.3 12+3
Semple No. 3%9b
Water,gms. 0,116 ©0.198 0.202 0.212 0.257 0,212 0.210 0,235 0.233
Dry wt., gms. 2.303 3.754 3,704 3.8256 4,132 3.684 3.741 4.035 3,991
Thickness,m.m. L0 1.90 1.90 1.90 1,80 1.90 1,90 1,90 390
% water,dry basis 4.94 5.44 D.44 5.54 .74 5.756 5.61 5.82 5.84
Sample No. 39c
Water,gms. 0.079 0.,100 0,131 0.119 0.142 0.137 0,144 0.146 0.147
Dry wt., gms. 4,335 4.330 4,862 4,036 4.540 4.286 4.312 4.229 4.234
Thickness,m.m. 1590 1.90 1.80 1.90 1.90 1.90 1.90 1.90 1.90
%4 water,dry basis 1.82 2.31 2.69 2+595 312 3420 3433 3445 3.47
Sample No. 394
Water,gms. 0.002 0.002 0.030 0,051 0.070 0.070 0.069 0.084 0.083
Dry wt., gms. 2.686 3.911 4,078 4,091 4,428 4,013 4,126 4,282 4,130
Thickness.m.m. 1.01 1.90 1.90 1.90 1.90 1,90 ,1.90 1,90 1 .90
% water, dry basisO.l 0.1 0.74 1 .25 1.58 1.74 1.687 1.96 240

e

r s
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Run 40 Pressed Pulp and Water

Dry thickness 1.8 cm.

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.cm.

Loss, Dry Bulb Dry Bulb

Hours Gms . ° Co - Wet Bulb ° C. ° Ce
0 0 34,3 14,1 10.9
0.5 5.8 14,1 122
1.0 LS 14,2 12% 1
S 18.0 14 .2 paed
2.0 24.1 14.1 12.1



Run 40 Pressed Pulp and Water

Calculations
Homed ﬁggiégf' H
0
0.5 0.0459 0.000561
1.0 0.0U459 0.000566
1.5 0.0459 0.000566
2.0 0,0459 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 paraffir
Recording balance and recording pyrometer used.

Net dry weight 115.0 gms.

Total wetted face area 266 sqg.cm.

Soaked under wakter 20 minutes,

Time, Free water Dry Bulb Dry Bulb At

Hours left,gms. Sy -wet bulb ° C. @ Ol
1 160.5 31 ?[i:g 12.3
2 148.6 8349 1% .6 12.3
& 13%7.1 15:9 il
5 115.9 1% .4 10.6
rﬁ? lgg.g 13.0 io-'?
o 0.2

8 88.6 ig:g 10.0
9 S D 12,7 D7
10 64,8 12,6 8.9
il , 7.0
12 348 rai1 5.5
13 47 . 6 14.5 548
14 43,2 e 5.4
16 35,6 14.7 4,8
17 32.8 14.m 4.7
18 30.1 14.6 4,5
19 276 14.6 4,3
20 25.7 14.6 4.3
22 21,7 15,8 265
23 TEE) A 16,4 4,9
24 179 5.6
25 15.9 40.0 %g:g 5.2
26 14.2 15.5 448
2" 13.1 15.3 43
oY) 10,3 15,0 3¢5
30 9.1 V4 L& 3ed
31 76 14.3 20
52 6.7 ld__.l 207
4515) D6 14,0 2,4
36 T2 E ig:? 1.8
37 2.6 i 1.6



Run 41 Pressed Pulp and Water

Calculations

Time, % water, Gus. /Hr.
Hours dry basis /sg.cm. H

0

1 140 0.0410 0.000496
2 129 0.0410 0,000510
E 119 0,0410 0.000555

110 0.0406 0.000557

2 101 0.0406 0.000570
7 82 0.0410 0.000598
g 7& 0.0410 0.000610
9 6 0.0380 0.000591
10 5643 0.0297 0.000506
1% 0.03 0.0005 34
1
3 41.5 0.01Z5 0.0004k49
1 37.6 0.0162 0.0004l46
15 34,0 0,0143 Q.000431
16 31,0 0.0117 0.000369
17 28.5 0,0101 0.0003%28
18 26.2 0.0101 0.000341
19 24,0 0.0083 0.000286
20 22,4 0.0075 0.000259
21 20,5 0,0075 0.000266
22 18.9 0,0071 0.000242
22 $ By P 0.0071 0,000209
24 15.6 o.oogl 0.000190
25 17,8 0.0068 0,000198
26 12.& 0.0033 0.000175
27 11, 0.00 0.000148
28 10.3 0,0053% 0.000212
29 0, 00&3 0.000229
30 2.9 0.00 0.000228
31 .6 0, 0045 0.000225
32 E.s 0.0037 0.000212
E .9 0.0041 0.000260
3 3.3 0.0034 0,000232
25 3, 0.00041 0.00031
36 2.8 0.0026 0.00022
37 2e% 0.0023 0.00021



Run 42 Sheet Pulp snd Water

Sulphite pulp lap as received from the Eastern lNfg. Co.
Dried in balance case wkthout removal from hook

of chemical balance. Wetted with water at ailr
temperature.

Dimensions 5.09 cm. x 1.27 em. x 0,094 cn,

Total face area 129 sg.cm.

Equilibrium weight plus tare befobe wetting 4.023

Tare welght 0776
Time, Total Dry Bulb Wet Bulb
Minutes,Seconds wt .gms. ° C., "
0 8.580
1:85 8:560
) 8.540 2% .6 ©5,8
4:50 8.520 28,0 26,0
6:40 8.500
12:156 8.430
14 :45 8.400
187250 Bs550
27 :25 8.250 55,1 05.9
9920 8.100
43:30 8.050
4 =2D 8.000
50:456 7950
o 74900 28.0 25.0
5820 7.«850
61:40 7800 27.8 24,7
64:45 e 5]6)
67 250 LRl G ) 27 .5 24,5
7o @ 7.« 650
74 230 7.600
77 :40 e B350
84:10 T 480
87:20 400 27«3 24,2
93:55 7 +300 o .
129130 6.770 —2 268 —=>  23.8
130: 80 6.750
135 6.650
141:10 6.600
147 :45 &.,500
161825 61w DGO
168: 15 6200
182:00 6.000
188:50 5.900 87 .0 23.6
195:30 5,800 on 0 23.6
208955

5.600
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Run 42 Sheet Pulp and Water (Continued)

Time, Total Dry Bulb Wet Bulb

Minutes,Seconds wt.,gms. S0, ° C,
215:350 5.0500 27 «5 2346
222 slb 5,400
229:30 5.300 27 « 3 £3a7
253:15 5.250
236:45 0.200
240:20 5.150
244:05 0.100
251:45 5.000 27 .4 2349
255:35 4.950
259:45 4.900
263:45 4.850
267:50 4.800
212515 4,750
276:40 © 4,700 27 R 24,0
281:20 4,650
286:15 4,600
291320 4,550
296:30 4,500 27 «6 24,1
302:00 4,450
308:05 4,400
314 :30 4,350
318:45 4,320
323:10 4,290
328:00 4,260
333:25 4.230
339:20 4,200 27 .8 24.3
543:45 ' 4,180
348:50 4,160 28.0 24,3
554:35 4,140
362:00 4,120
S0 120 4,100 28,1 24 .3
ST 50 4, 090
385: 30 4,080 28.0 24,4
397:25 4,070
414:05 4,060 28.0 24,4
442:45 4,050

2000 3.064 25.3 19.4



Run 42

Sulphite Pulp and Water

Oalculations

Time i

Minutes, % water, Gms./HT. R = gms,/hr./sqg.cm.

Seconds dry basis /sg.com. /°C.wet bulb depression

0 140.2

1:35 0.0061 0.00340

E:05 0,0058 0.00306

:EO 138,.2 0,00r2 0,00260
4o 137.9 0.0054 0.00270

12:15 135,9 0,0057 0.00286
14:45 134,9 0,0057 0,00271
18:50 133,2 0.0056 0.00262
27:25 130.1 0,0057 0,00259
31:15 128.g 0,0059 0,00226

9:20 125, 0.0057 0.00219

3330 124.0 0.0057 0,00211
47:25 122.2 0.006k 0,00228
50:45 120.9 0,0066 0,00228
54:30 119.2 0,0061 0.00203
58:20 117.9 0,0065 0,00213%
61:40 116.2 0.0072 0.002&2
ol l5 114,.8 0.0075 0.00246
67:50 113.1 0,0072 0.00239
710 111.7 0.0070 0.00231
74;30 110,31 0.0072 0,00236
77:40 108.5 0.0072 0,00234
g8L4:10 105,7

87:20 188.2

93:55 100,
125:30 gl4,6
130:50 g4.0 0.0069 0,00225
137:35 80.9 0.0067 0,00217
141:10 79.1 0,0068 0,00216
147:45 76.1 0,0069 0,00216
161:25 0,0 0,0068& 0,00213
168:15 649 0,0068 0.00206
182:00 60,8 0.0069 0.00209
188:50 571 0,0069 0.00203%
195: 30 54,6 0.0069 0,00203
202:25 1.6 0,0071 0.00203
208 :35 8.5 0.0071 0.,00197



260

Run 42 GCalculations (Cont'd.)

Time (]
Minutes, % water, Gms./Hr. R = gms./hr,/sq.cm,
Seconds dry basis /8q.cm, /°C.wet bulb depression
215: 30 45,5 0.0068 0,00184
222:15 42,3 0.0067 0.00184
229:30 39.3 0.006 0.00175
233:15 el 0,006 0,00178
2&6:45 36.2 0.,0066 0.001873
240:20 34,6 0.0064 0.0018
24l 05 53s1 0.0061 0,0017
251:45 30,1 0,0061 0.001;4
255: 35 . 28,5 0.0058 0.00166
259:45 27,0 0.0057 0.00163
263:45 23.5 0.0057 0.00163%
267:50 24.0 0.0055 0,00157
272:15 22.4 0,0053 0.00151
276:40 20,9 0.0051 0,001546
281:20 19,3 0,0049 0,00140
286:15 17.8 0.0047 0,001 34
291:20 16.2 O.ootz 0,00129
296: 30 14,7 0,00 0.00126
302:00 13.2 0.0040 0.00114
308:05 11.6 0.0037 0.00106
314: 20 10,1 0.0035 0.00100
318:45 9.1 0.0032 0.,0008
323:10 g.2 0.0030 0.0008
228 :00 Z'E 0,0027 0.00075
333:25 . 0.0024 0.00067
379:20 3.45 0.0022 0.00060
3h3:45 T3 0.0020 0.00054
34%:50 4,21 0.0017 0.00046
354535 3.6 0,0014 0.00038
362:00 2.98 0.0011 0,00029
371:20 2.32 0.0009 0.00023
377:30 2.0 0.0007 0.00019
385130 1.75

97:25 1.42 0.0003

14:05 1.3 0.0002

44245 0.83



Run 43 Sheet Pulp and Water

‘Two thickness sulphite pulp lap basted
together with cotton thread. ZEach plece
5.09 x 12,7 x 0.094 cm. and simlilar to
No. 42,

Total face area 129 sq. cme.

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
0. 16,050 26,2 21,1
7.50 15,900
13.20 15,800
19.25 15.700
24,20 15.600 25.5 20.6
30,00 15.500 25.4 20.4
35.20 15,400 2563 20.2
40.50 15.300
46,15 15.200
51.55 15,100
57.15 156,000
62,35 14,900
67 .50 14.800 25,3 20.1
73.20 14.700
78.45 14,600
84,10 14,500
122,35 13,800 25.7 19.9
128,15 13,700
1533.50 13,600
159.35 15.500
156.40 13,200
162.20 15,100
16%7 .55 13.000 25.5 19.5
17%.20 12,900
178.55 12,800
184,45 12,700 |
190.25 12.600
196,20 12,500
202,05 12.400

227,086 12,000



Run 43 Continued

Time Total Weight Dry Bulb Wet Bulb
Minutes, seconds gms, °C °C

232,05 11.900

238.20 11,800

244,40 11.700

257 .20 11.500

263,40 11.400 24,7 19.5

290,15 11.000

296,45 10.900

303,20 10.800

317.00 10.600 24,7 19.6

334 .20 10.350

344,35 10.200

351.20 10,100

358.25 10.000

368,55 9.850

372.30 9.800

382,55 9.650

386,20 9.600

393.30 9.500 24 .4 19,90

400.25 9.400

407,40 9,300

415,35 9,200

423,40 9.100

432,15 9.000 25.0 19.4

440,50 8.890

447,50 8.880

452,00 8.750

456,10 8.700

1700 64957 24.8 15.9

=62
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Run 4% Sulphite Pulp and Water

Calculations
Time '
Minutes, % water, Gms./Hr. R = gms./hr./sq.cm.
Seconds dry basgis /sqg.cm. /°C.wet bulb depression
0 144
7:50 141.7 0,0088 0.00176
13:20 140 0.0081 0.00162
12:25 139 0,0085 0.00170
24:2 137 0.,0088 0.00176
30:00 13 0.0085 0,00170
25:20 13 0.0086 0.00169
0:50 132 0,008 0,00167
46:15 130.6 0.008 0.0016€5
51:55 129 0,0085 0,00167
57:15 127.3 0.0087 0.00167
62:35 125,8 0,0088 0,00169
67:50 12 0,0087 0,00168
73:20 1227 0.0085 0.00161
78:45 - 123 0.0085 0,00158
84:10 119, 4 0,0085 0.00152
122:35 108,2 0.0083% 0,001L46
128:15 106,.8 0,0083 0,00143
123350 105,0 0,0082 0.00141
139:35 103,3 0,0081 0,00140
156:40 0.0082 0.001 39
162:20 0.0082 0,0013%6
167:55 0. 008k 0,00150
173:20 0.0084 0,00140
178:25 0,0081 0,00137
184:45 0,0081 0.,00140
190:25 0,0081 0.,00140
156:20 0.0080 0,00140
202:05 0,0076 0.001 326
227:05 0,0084 0.00154
2322:05 0.0084 0.00135
2328:20 0.0074 0,00140
204 : 40 0.007 0.00137
257:20 0.007 0.00139
263:40 0.0072 0.00139



Run 43 Qalculations (Cont'é.)

Time
Minutes, % water, Gms./Hr. R' = gms./br./sq.cm.
Seconds dry basis _/sg.com, /°C.wet bulb depression
290:15 63.5 0,0071 0,00137
296:45 6l. 0,0071 0.00137
303:20 60, 0.,0069 0,00135
317:00 57l 0.0067 0,00131
3&4:20 B3l 0.0067 0,00131
344235 0.8 0.0068 0.00133
351:20 8.l 0,006 0.00129
354:25 47.5 0.006 0,00127
368155 ﬁz.a 0,0066 0.00125
372:30 M 0,0066 0,00125
382:55 k2,0 0.0067 0,00126
386:20 4i.1 0.0067 0,00124
93:320 39.6 0,0067 0.00124
00:25 38,0 0,0065 0,00120
4Oo7:40 36,4 0,0061 0.00111
415:35 34,8 0,0057 0,00104
L23:40 55,0 0.0056 0,00100
432:15 31,6 0,0057 0.00102
440:50 29.8 0,0059 0,00105
4u7:50 28,4 0,0057 0,00103
452:00 0.0056 0,00100

456:10



Run 44 Sheet Pulp and Water

Single thickness sulphite 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 Weight Dry Bulb Wet Bulb
Minutes, seconds gms. °C °C
0 8.050 26,2 1 2 §
" 5410 7.959
7.50 7 900
17,10 7 « 800 26+5 20,6
23.45 7.600 25,4 20.4
29,05 7.500
34,20 7400
359435 7.300
45.00 7.200
50.20 7.100
55,40 7.000
60.50 6900
66,15 6.800
71.40 6,700 25¢3 20.1
T .05 6.600
82,30 6,500
126,15 5.700 25,7 19.9
132,00 5,600
13%7.356 5.500
143.10 5.400
160,10 5.100
166, 05 5.000
172,05 4,900 25.5 19,5
191.30 4.600
198,50 4,500
206,50 4,400
232,10 4,150
239,35 4,100

248,40 4,050



Run 44 Continued

Time Total Welght Dry Bulb Wet Bulb
Minutes, seconds gms . °C °C

255,45 4,020

262,056 4,000

272.10 34980 24,7 19.5
290,30 3,960

313.30 3960 24,7 19.6
341.30 3.945

361,30 3.940 24,4 19,0
436. 25.0 19.4
460. 3,933 25.1 19.5
1700 3.895 24,8 15.9

St o



Run 44.

Sulphite Pulp and Water.

Calculations

L_\
)

i

Time, Min-

1

utes, Sec- % Water Gms. /hr. ? = gms./hr./sq. cm.
onds Dry Basis _ /sq. cm. °C, wet bulb depression.
0 122.0 .
5:10 129 0.0088 0.00176
7:50 127 0.0087 0.00174
17:10 124 0.0087 0.00174
27145 17,8 0.0087 0.00174
29:05 114.6 0.0087 0.00174
34:20 111.% 0.0088 0.00176
29135 108. 3 0.008 0.001£1
[5:00 105 0.008 0.00169
50:20 102 0.0087 0.00171
55140 99 0.0088 0.00177%
60150 95. 6 0.0088 0.00170
66115 92.4 0.0085 0.00164
71:40 89.2 0.0085 0.00164
77:05 &€5,9 0.0085 0.00161
82130 82.6 0.0085 0.00128
126:15 57.3 0.008% 0.0014g
132:00 54.1 0.0082 0.00141
137:3%5 30.9 0.0084 0.00145
142:10 7.6 0.0083 0.0014%
160:10 38.1 0.0082 0.001329
166:05 24,9 0.0078 0.0017%0
172:05 2.7 0.0076 0.00127
178:20 28.5 0.0074 0.00123
184 :10 25.3 0.0071 0.00121
191:3%0 £25.d 0.0066 0.00114
198 :50 14.9 0.0061 0.00107
206:50 15.7 0.0052 0.00091
232 :10 2.76 0.0039 0.00070
2329:125 .16 0.0028 o.oooEl
2Lg + 40 4, 56 0.0027 0.000kz2
255145 2, 61 0.0017 0.00073%2
262105 2.97 0.0012 0.0002%
272:10 2. %373 0.0007 0.000172
290 :30 1.69 0.0004 0.00008
213230 1. 37




Run 45

Sheet Pulp and Water

Dried in stlill air in ventilated chemical
balaﬁce. Two thicknesses sulphite pulp
pasted together with cotton thread,

lap

Each piace 5,09 x 12,7 x 0,094 cm,
Same sample as #43,

Collodion,

Tare

Total face area 129 sq. cm.

Edges dipped in

Equilibrium weight plus tare
before wetting 7,007 gms.

0,764 gns.

Time Total Weight Dry bulb Wet bulb
Minutes, seconds gms. °C °C
0 15,620
6.55 15,470
14,55 15,300
24 .25 15,100 23.8 16.8
34.50 14,900
43,20 14,700
52.50 14,500
62,10 14,300
71430 14,100 23.5 16,4
85.30 13.800
94,55 13.600
141.50 12,600 24,1 16.7
155.50 12,300
170.00 12,000
183,50 11.700
193.25 11,500 2347 16.5
240,10 10,560
285.55 0,650
292435 9,530
299,50 9.400
307,10 9,270
313.15 9.170
320,10 9.050 22 .8 16,3
328.00 8,920
334,15 8,820
340,20 8.720 2245 15,8
351,30 8.550
359,45 8.430
369,10 8.300
377 .05 8,200 22,4 16,1



Run 45 Continued

Time Total Weight Dry bulb Wet bulb
Minutes, seconds gms, °C °C

588,45 8.060

594,00 8.000

403,50 7.900

414,50 7.800 22,1 16,0
427,40 7.700

440,00 7.600

455,30 7.500

374,40 7.400 22,0 16,0
500,00 7.300

5164565 7.26C 22,9 16,6
540,10 7.200

5562.10 7.18C 22,9 1645
568,10 7.160

Nyt v
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Run 45. Sulphite Pulp and Water.
Calculations

Time, Min- % Water  Gms./hr. R"™ = gms./hr./sq. cm.
utes, dry /=q. cm. J°C. wet bulb depression
onds bagis

0 128.0

6:55 1%5.8 0.0100 0.001473
14:55 132.8 0.0099 0.00141
2425 129.4 0.0098 0.00140
3250 126.3 0.0098 0.00140
2220 122.1 0.0099 0.00141
52150 120.0 0.0099 0.00141
62:10 116.7 0.0099 0.00142
71:20 113.5 0.0099 0.001k4k2
&5 130 108.8 0.0099 0.00140
E 155 105. 4 0.0099 0.00137
14150 93.0 0.0099 0.00133
155:50 gL.8 0.0099 0.001%
170:00 0.0 0.0100 0.00127
183:50 7541 0.0099 0.00178
193:25 72.0 0.0096 0.0013%3
240:10 37.0 0.009% 0.00130
285155 2.5 0.0089 0.00126
292135 4o.5 0.008 0.0012%
299:50 28,32 0. 008 0.0012k
707:10 76,3 0.0079 0.00119
713115 24,6 0.0078 0.00118
220:10 32.Z 0.0078 0.00120
7228 :00 70. 0.0076 0.00116
234115 29 0.0075 0.00112
300120 27.4 0.0073 0.00116
751 120 2. 7 0.0069 0.00112
759 :45 22.8 0.0066 0.00101
369:10 20.7 0.0061 0.00097
377105 19.1 0.0057 0.00091
288 115 16.9 o.oogu 0.00087
294100 15.9 0.0049 0. 00080
00z:50 14,3 0.0045 o.ooozg
41450 12.7 0.0041 0.0006
L27:50 1k, 1 0.0037 0.00061
LU0 :00 9.5 0.007%% o.oooa&
L5520 g.g 0.0027 0.000L5
474 .00 .3 0.0021 0.00075
500 :00 4.7 0.0016 0.00026
516:55 3.9 0.0012 0.0001
540:10 z,1 0.0009 0.0001
552110 2.8 0.0007 0.00010
568 :10 2.5




Run 46 BSheet Pulp and Water

Single thickness sulphite pulp lap as in Run 42
Edges coated with collodion.

Dimensions 5.090 x 12.7 x 0.084 cm.

Total face area 129 sg.cn. '
Equilibrium weight plus tare before wetting 3.912

Tare : 0.777
Time, Total wt. Dry bulb Wet bulb
Minutes, seconds gms . e e
0 7.950
1220 74800
17:10 7.600 23.8 16.8
27215 7.400
36:565 7.200
45:40 7.000
55:20 6,800
65:15 6.600 2340 16.4
75:05 6,400
84:45 6.200
04:25 6.000
146:00 5.000
150:40 4,900
156:05 4.800
161:40 4,700
170:35 4.500
X73:45 4,500
18@:30 4,400
188:00 4.300 2Da'F 16.5
196:55 4,200
238:00 3.970 2540 16.6
282:30 3 .938
510 :30 3933 22.8 16.3
370:30 3.933 2245 18.8
438 5.939 22.0 16.0
523 3.942 289 16.6



Run 46.

Sulphite Pulp and Water.

£ PR
~a e

Calculations

Time, Min- % Water, gms/hr. 1

utes, Sec- dry 7sq cm, gms. /hr. /sq.

onds basis 2? C_wet bulb depression
0 12
7:20 12 0.009 0.0017%
17 1o 117.7 0.009 0.001%
g 111.3 0.0095 0.0017%5
3 Eg 105 0.0101 0.00145

9&. 5 0.0101 0.00145
55 20 g2 0.0095 0.001%
65 15 85.8 0.0095 0.00132
72 05 79.4 0.0095 0.001%
g 0.0096 0.00128

9l s 25 6.6 0.0093 0.001%3
146:C0 36. 7 0.0095 0.00175
150 :40 31.5 0.0093 0.00131
36 105 2g. 3 0.0085 0.00117
161 :40 25.1 0.0081 0.00112
170:35 20.% 0.0076 0.00105
173:45 1%. 8 0.0071 0.000%8&
180130 15.6 0.0065 0.00090
188 :60 12. 4 o.ooEg 0.00079
196-h: 6.00 0.00 0.00055
238 :00 1.85 0.0020 0.00021




Run 47

Nitrocellulose

& Ri=mIE)
e

Containing alcohol and ether as received from

Picatinny Arsenal.

rings 3.5 cm. dia.
Dried in tunnel drier,
on chemical balance,

Material pressed into brass

Removed from weighings

Time, 47(a) 47(b) Dry
Hours Total wt. Dia. Thickness Total wt. Dia. Thick. Bulb
ZHms . MM MM gms . Mo, m.m, ° Oas
0 17 . 300 LIRS Q.0 43.080 ) 2ad
1517 16« 280 41,380 36
2+67 S Bl 40.16 L) S
26 14.38 S+l Tel 36.48 Boa L2 e G
50 14,08 2.9 7.1 34,87 22382 e
76 1595 34,04
127 15.81 BB e il 216
146 15.78 2.84 Wil 33 .43 2.84
169 5L 76 33636 34
21% 13.72 33426
al3 1.3, 665 33.09 G
364 13.6565 o I i S-S
412 13,645 33404 B2
504 15 .61 3295 &2
647 15.5%7 3287
745 13,56 SR =80 85
817 15496 3281 34
1055 15.5 2.3 2275 2eS8
1920 15 . 503 32,662
Tave 7.104 15.986
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Runs 48, 49, 50, 51. White (Poplar) Wood

Dried in tunnel drier using laboratory balance
tdges of samples covered with M.J.B. Cement
Samples soaked under water over night.

Sample Dimensions Net bone dry weight

48 15.2x16.2x0.41 cm. 31.9 gms,

49 15.6x20.3x1.27 cm. 182.6

50 15.9x30.5%0.69 cm. 109.8

51 15.2x15.2x1.91 cm. 211.0
Time, Loss in weight, gms, Dry Bulb Wet Bulb
Minutes 48 49 50 51 = 8, e

0

12 4.4
16 6.1 9.8
19 7.0
23 6.4
24 B.4
25 10.0 6.4
27 16,2 30 .3 18.7
32 109 '
33 120
34 7D
35 20,2 29 .4 18,3
40 12.5
41 13.1
42 77
45 24.2 2 s SR
55 16.6 14.5
56 849
58 29.8 28.8 17.9
69 15.7
70 18.8
{85 10.1
i 34.6
96 16.9
o8 11.9
100 22 27

102 42,0
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Runs 48, 49, 50, 51 (Confiinued)

Time, Loss in weight, gms. Dry Bulb Wet Bulb
Minutes 48 49 50 51 2 L. ¥ Ce

132 19,0

134 13.4
136 25.6

138 47
240 2248

242 16.4

244 24.9

246 5549

500 23.8

802 17.6 28.9 17.9
504 2De3

306 o7 .8

480 2643

482 19.5 19.9
484 25.95

486 61l.3

1430 34.2

1432 24.3
1434 25.8

1436 S 6563

0o
@®
.

0

17.8

(o}

2.0 20.4

o

o0 2645 41.4 67 .6

V]
|
-

>

Bone dry 2740 46,8 71.0

(&)
O
(&)
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Run 2. White Wood and Water.

Dry thickness 1.27 cm.

Dimensions 15.5 x 20.2 cm. Edges
lacquered. Recording balance used.
Net Dry weight 182.6 gus.
Equilibrium weight 192.9 gms.
Total wetted face area 629 eqg. cm.
Sample soaked 3 days.

Time, Free Water Dry Bulb Wet Bulb
Hours Left, Gms. o0, a0,

0 62.2 4.5 18. 32
0.5 50. 4

1.0 4e.1 36.8 19.3
1.5

2.0 32.9

3,0 27.0

4.0 27.6

5.0 20.7

6.0 18.4

1< 16.6

8.0 14.8

9.0 1z2.2
10.0 11.7

21.0 22,7 16.3

0 24,2 15.6




Run 52. White Wood and Water.
Calculations
Time, % Water, gms. /hr.
Hours dry bagis 8Q. CH. E
0 39. 7 S
0.5 3%l 0.0392 0.81
1.0 28.7 0.0221 0.676
2.0 23. 7 0.0116 0.222
Z 20.4 0.0067 0.L3
I 18.6 0. 0050 0.38
5 170 0.00 0.3%3
6 13.7 0.007z2 0.296
Vi 1.7 0.0029 0.267
8 17,7 0.0027 0.238
9 12.9 0.002 g.212
10 1240 0.002 0.188
21
5.6




Run 53. White Wood and Water.

Dry thickness O0.41 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 - 36°C.

Total wetted face area 493 sg. cm.
Sample soaked under water &5 days.

Time, Free Water Lef?d, Dry Bulb-
Hours - oS . Wet Bulb, °C.
0 u5.9 16.9
0s1e
0.25 40.6
0.5 26.0
1.0 26.1 16.9
1s5 17.6
2.0 9.9 16.4
2.5 5.0
3,0 7,1 15. 3
Ze b gl
4.0 14.5




Run 53 Wnite Wood

and Water

ﬁ?“’i
LR
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Calculstions
Time, % water gms./hr,
Hours dry basis /sq.cm, B
0 147 1.00
(D B 0.043
0.25 1307 0.885
0.5 116.0 0.0385 0.784
1.0 85.0 0.0385 0.569
140 58.2 0.0320 0.383
2.0 54.2 000250 01216
2+5 18.8 0.0111 0.109
3.0 12.9 C.005656 0.06%
3.5 9.7 0.0026 0.046
4,0
o0 3.l



Run 54. White Wood and Water.

Dry thickness 0.69 cm.

Dimensions 7%0.5 x 15.9 cm. Edges
lacguered. Recording balance and
recording pyrometer used.

Net dry weight 109.8 gms.
Equilibrium weight 114.1 gms.

Air temperature 31-3%0°C.

Total wetted face area 970 sq. cm.
Sample soaked under water 6 days.

Time, Free Water Left, Dry Bulb

Hours oms. -Wet Bulb, °C.
0 127 18.1
0.37 119. 4 17.3
0.62 107.7 15.8
e 9%.5 16.2
2.0 68.5 ?
3.0 46.0 .9
L.o %0, 2 14 6
5.0 18.9 7.3
6.0 12,3 7 9
7.0 8.5




Run

o4

White Wood and Water

Caleculations

=81

Time, % water Gms./hr.

Hours dry basis /sq.cm. B

0 119.8 1.00
0.57 112.8 0.0378 0.94
0«62 102.0 C.034¢2 0.848
el 88.1 0.0303 0,736
2 66,4 0.0254 C.540
63 45,9 0.0220 0.562
4 3l.4 0.0136 0.238
5 2152 0.0089 0.149
& 15l 0.0053 0,097
7 L1 o7 0.0031 0.0867
oD

5.9



Run K5. White Wood and Water.

Dry thickness 1.8 cm.

Dimensions 15.2 x 15.2 cm. Edges
lacqueredé. Recording balance and
recording pyrometer used.

Net dry weight 211.0 gms.
Equilibrium weight 215.3 gms.

Air temperature 31-35°C.

Total wetted face area U463 sq. cm.
Sample soaked under water 10 days—-
would float in water.

Time, Free Water Left, Dry Bulb
Hours Gms. -Wet Bulb, °C.
0 100.0 17.3
0.5 90.1
1.0 81.0 17.0
1.5 g4.7
2.0 9.5 17.1
2.5
2.0 62.6 17.2
3.5 54,9
4.0 55.9 16.7
2.0 Eo.s 16.2
.0 6.3 16.
7.0 J-L2.E 16.9
8.0 39. 16,
9.0 26.9 16.
10,0 zl. 5 16. %
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Run 55 White Wood and Water
Calculations

Time, % water, gms./hr,

Hours dry basis ?sq.cm. E
0 49 .4 1.00
0.5 44,7 0.0406 0.901
1.0 40 .4 0.0325 0.910
1.5 37 .4 0.0244 C.747
2.0 35.0 0.695
3.0 31.5 0.0166 0.626
3.5 29+9 0.0140 0.589
4.0 28.5 0.559
5 26,1 0.0110 0.508
6 24,0 ¢.0086 0.463
7 22,0 0.0073 0,423
8 20.6 0.0060 0.394
9 i k2 0.0052 0.369

10 18.3 0.0045 0.345
od

240
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Run 56.

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
weighed quickly on watch glasses, dried in an oven,
and weighed again. Slices number from face in to-
wards center, i.e. the outer side of slice 1 of each
block was in contact with the drying air.

Dimensions:
56 a 3.5 x %3 x 0.8 cim.
56 b 3.8 x 3.8 x 1.75 cm.
56 ¢ Z.4 x %4 x 1.37 cm.
Table I.
Time Weight, gms. Dry Bulb Wet Bulb
Hours a b c °C 1
Dry 7.56 13.07
o) 15.0 27.51 21.06
1.0 17, 26.05 19.88 e 15.3
2.1 12.80 2h. 43 18.50 22,6
2.6 12.19 '
4. U 21. 44 16.00 71.0 14.0
6.0 19. 60 12.07
6.5 1L. 79

S8lices cut and weighed quickly after last weighing recorded
above.
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Run 56. (cont.)
Table II:
Slice No. 1 2 3 b 5 6 I
Sample 56 a.
Water, gme. O.U4U42 0.565 0.820 0.822 0.737
Dry weight,
gms. 0.669 0.881 1.322 1.246 1.233
Thickness,
m.m. 0.81 1.07 1.60 1.63 1.50
% Water, dry
bagis H4.6 64.0 62.8 61.8 60.2
Sample 56 b. )
Water, cms. 0.335 0.802 0.698 0.634 0.694 0.6374 0.514
Dry weight,
gms, 0.922 1.56% 1.737 1.231 1.321 1.200 0.968
Thickness,
m.m, o 1.27 2.1%7  1.8%7 1.67 1.80 1.65 1.32
% Water, dry
basis 26.3%  H5l.,2 52,1 51.4 52,5 52.8 53.0
Sample 56 c.
Water, gms. 0.222 0.620 0.612 0.702 0.612 0.519 0.541
Dry weight,
gms. 1.09% 1.426 1.323 1.u82 1.294 1.114 1.172
Thickness,
m.m. 1.50 1.96 1.1 2.04 1.78 1.5% 1.58
% Water, dry
basis 20.% 42,1 46,2 47,4 47,3  L6.5 U621




Slice Yo,

522

)
=)

Run 57 Moisture Gradients in Pulp

Procedure similar to that of Run 86, but

soaked under water 2.5 hours. Drying of

574 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 -
weight 14.06 gms.

Sample 57es 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.

Sample 9574
Water,gms.

Dry wt.,gms.

Thick., m.m.
A

Sample 57e
Water,gms.
Dry wt.,gms.
Thick.,,m.m,

i 2 3 4 5 6 i

0.042 0.105 0.205 0.324 0.488 0.392

1,139 1.341 1.386 1.424 1,499 1.277

1.32 1.58 1.60 1,65 1,75 1.50
% water,dry basis 3.7 7.8 14.8 LT 3246 30.7

0.002 0.040 0.150 0.306 0.374 0,382 0.288
0.860 1,359 1.635 1,630 1,338 1,317 1.248
1.07 1.%70 2.03 2,03 1.68 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 58 Brick, Clay and Water

Wet thickness 3.18 cm.

Dimensions 6.9 x 6.2 cm. Formed in wood frame.
Recording balance and indicating potentiometer used.
Net dry welght 224.,3 gms,

Total wetted face area 89.0 sg.cm.

Time, Free water et Bulb Dry Bulb At

Hours left,gms, % iCs © O * O
0] €l.5 39.0 15.8
0.25 3740 14.7
1.00 56.9 17 .4 35.8 135 .1
1.25 35.4 12.8
1.50 3540 13.1
1.83 17.1 34.8 13.0
2.00 5k .6
Lol 16,0 33.8 12.4
290 13.0
2467 13.4
3.0 46,8 |
3420 35.2 13.4
3492 16.2 33.8 15.1
4.5 35.0 13.7
4,92 17.5 36.0 14 .4
5.0 39.0
5.75 17,1 35,0 13.3
6.0 347
6.42 175 3643 14,4
6.84 14 .4
7.0
8.0 262
G0 g1
10,0 18.3
11,0 1546
12.0 13.6

12.5 17.1 55.8 6.2

=
(91}
©
»

(e}



Run 58 Brick Clay and Water

Calculations
Time, % water, ams./hr.,
Hours dry basis Sg.Cnm. H
0 27 .4
1 2543 0.0861 0.000636
2 23,0 0.0861 0.000660C
3 20.8 0.0501 0.000655
4 19.1 0.0445 0,000501
5} 17.4 0.0456 0.000478
6 15,5 0.0408 0.000444
I'['V
8 11.7 0.04956
9 9.75 0.0304
10 8.15 0.0332
11 6.95 0.0279
12 6.05 0.0253
12.5 0.0236 0.000566
15 4,13 0.013



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 sg. cm.

Time Free water Dry Bulb Wet Bulb At
Hours left, gms. °C °C °C
0 61,6 3243

0.08 323 16,7 93
0.67 12,0
1.0 54.9

1.17 323 16.7 12.2
2.0 48,3

2¢5 32.4 16.6 12.8
2.93 32.6 13.2
3.0 41.6

S35 13.1
353 13,5
4,0 33.9 33,0 13.5
5.0 27.8

6.0 22,1

7.0 17.1

7.1%7 38,0 12,53
7633 12.1
'7.5 38.2 19.8 11.4
8.0 12.7

9.0 9,5

10.0 7.2

11.0 6.0
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Run 69 Brick Clay and Water
Calculations
Time, % water, gms./hr,
Hours dry basis /sq.cm. B! H
0 26 49
1 2349 0.0349 0.000430
2 el 0.,0347 C.000414
3 18.1 0.03504 0.,000396
4 14,8 0.0354 0.000388
4.5 1.00 0.000381
5] 12.1 0.0336 0.808 0,0003581
6 9.6 0.0301 0.715 0.000320
7 745 0.02685 0.552
8 5.52 0.0192 0.41
9 4,14 0.0124 0.308
10 5.14 0.233
1 2.61 0.194



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 weight 287.6 gms.

Total wetted face area 436 sq. cm,

Time Free water Dry Bulb Wet Bulb At
Hours left, gms. o(
0 74,0 3.0

0.25 35.4 18,3 14,4
0.5 35,0 15.4
0.75 36,4 17T 15.8
1.0 36,7 17.7 16,0
1.25 36.8 17.7 16.3
1.50 3.1 17.9 16,5
1.75 3.2 18,0 16,7
2,0 42,4 3.2 18.0 16,5
2,17 37.0 17,7 16,3
2.5 33,0 37.2 18.0 16,3
2,75 37.1 18,0 15.8
3.00 25,3 37,0 17.9 15.3
3425 36,6 17.8 14,1
5450 18.5

5.67 34.1 16,7 11.5
5.92 33.5 16,8 10,1
4,00 13.2

4,17 33.0 8.7
4,42 32,9 16.2 Ted
4.5 9.9

5.0 7.0

5.5 5.1



Run 60 Brick Clay and Water

Calculations
Time, % water, Gms./Hr. p
Hour s dry basis /sg.cm. H E
0 25.8
1
2 14.8 0.0412 0.000376
2.5 11.5 0.0405 0.000376 1.00
3 8.8 0.037 0.000372 0.766
3.5 6. 44 0.027 0.000350 0.56
4 4,59 0,020 0.0003247 0.40
4.5 3,46 0.0137 0,000344 0. 20
5 2. 44 0.0094 0.000334 0,212
5.5 1.78 0.0066 0.000367 0.155



Run 61 Hand Pressed Pulp and Water

Dry thickness 0,69 cm,

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,

Time Free water Dry Bulb Wet Bulb At

Hours left, gms. °C °C °C
0 160.9

0,35 35.0 16.7 14,3
0.85 33.0 15.6 14,2
1.0 144.3

1717 31.8 14.2
8.0 127 .6

2.6 527 15.% 13,9
3.0 110.5 3647 18.0 15.4
345 37 .6 15.7
4,0 91.8 38,0 18,7 15.7
4,5 38.1 18.7 15.7
5.0 73.9 38.1 18,7 185.%7
5.5 38,0 18.4 15.6
6,0 55,9 37.6 18,3 15.3
6.5 37.5 18.3 14,7
7.0 38.2 373 18.3 13.6
7.25 37.0 17,9 12.2
7e5 31,5 a0 17.9 11,4
7.75 36.8 17.8 10,6
8.0 25.% 36,7 10.2
8.25 36,6 17.%7 9.6
8:5 21,4 36 .5 17.6 9.0
8s75 3645 17 .6 8.7
9.0 370 17.9 8.7
9.5 13.7

10.0 12'1

13 Wl

12 4,9



Run 62 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.

Dimensions 14,7 x 14.7 cm. Edges covered with Collodion,
Recording balance used.,

Net dry weight 69.2 gms,

Total wetted face areas4d2 sq. cnm,.

Time, Free Water
Hours Left, Gms.
0 136.2
1 119.3
2 101,90
3 81,8
4 635.5
S 44,5
6 30,0
7 20,3
8 13.3
9 Ted
10 S.4
11 1.3
12 0.7
13 063



Run 61.

Hand Pressed Pulp and Water

L

3

Calculations
Time, % water, Gms./HT. 3
Hours dry basis /sq.cm. H E
0 232.4
1 208.5 0.0380 0.000298
2 18L4,2 0.0%93 0.000416
a 159.7 0.0i98 0.000377
132,71 0,0402 0,000382
5 106.8 0,0402 0,000382
6 80,8 0.0410 0,000400
7 5.1 0,0375 0.000417 0.83 0.5
T+5 Hel 0.0268 0,000358 0,68 1.0
8 27,1 0.0220 0.0003224 0.36 1
&5 30,9 0.0178 0.000298 0.465 2.0
9
9.5 1908 0,012 0.30 3.0
10 17.5 0,0102 0.26 E.S
11 11,1 0.0074 0.167 5



Run 62. Hand Pressed Pulp and Water

Calculationg
Time, % water, Gme . /Hr .
Hours dry basis /8q.om,
0 197
1 172,2 0.04ld
2 146 0.0404
E 118,1 0,0455
91.5 0.0420
5 64,3 0.0388
6 43,3 0.0251
7 29,3 0.0180
g 19.2 0.0153
9 10,5 0.0121
10 4,9 0.0067
Lk 1.9



Run 63 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.

Dimensions 14,7 x 14.7 cm. Edges covered with Collodion,
Recording balance used,

Net dry welght 69.2 gms.

Total wetted face area 432 sq. cm,

Dry bulb - wet bulb about 17°C.

Time, Free Water,
Hours Left, gms,

142,8
127.5
111.0
93.4
73.2
52.0
3340
20,7
12.5
6.8
3ed
1.4
0.6
063

HERHOO~TOOPWNOHO
= O

=
]



Run 63. Hand Pressued Pulp and Water

Calculations
Time, % water, Gus./Hr. '
Hours dry basis /sq.cm, E
0 206
1 144 0.0389
2 160.2 0.0%92
E 134,9 0.043
105.8 O.OEELI-
5 75.0 0.0L55 1,00
6 47.6 0.03&2 0.635
7 29.9 0.0213 0. 398
& 18.0 0,016% 0.240
9 E.S 00,0112 0.131
10 .8 0.0065 0.063
11 2.0 0.027



Run 64 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.

Dimensions 14.7 x 14.7 cm. ZEdges covered with collodion.
Recording balance and indicating potentiometer used.

Net dry weight 69.2 gms,

Total wetted face area 432 sq.cm.

N.B. Sample soaked and left to dry in
unheated drier overnight before start of readings.

Time, Free water Dry Bulb Wet Bulb At
Minutes left,gms., R0 0 B © O
O 28.6

17 2645 £6.8 645
26 2546 26.8 18.4 643
44 25.0 26 .4 6.0
60 215 25.9 18.3 Hub
79 19.8 2543 B2
114 16.8 2555 17.6 4,7
150 14.5 26,1 100 4.2
189 12.2 25.0 16.2 B
250 Be3 24,5 16.9 2.8
294 i 25.3 151 Bled
395 4.5 25.4 15.6 1.2
390 3.8 25.5 1.1
422 3.0 £6.5 15,8 0.8
444 2.5 0.6
459 25.2 155 8 0.4



Run 64. Hand Pressed Pulp and Water

Ut

Calculatione
Time, % water, Gms./Hr.
Minutes dry basis /8g.cm. H
0 4i.2
17 38,2 0.0157 0,00036
26 36.9 0,0159 0.00038&
Ll 33%.2 0.0138 0,00024
60 30,7 0,0123 0,00033
7 28.6 0.011% 0.00032
11 24,2 0,010% 0,00033
150 20,9 0,0090 0,00032
189 17.6 0,0071 0,0002
250 12,0 0,0063 0,000
20l 10,4 0.0058 0.00038
375 6.5 0,00L42 0.00052
90 E-B
22 .3
Lyl 3.6

459
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Run 65 Calcium Chloride Solutibn

10 c.c. strong CaClLg solution in Petri dish
dried in Collins'!' drying chamber over
strong sulphuric acid.

Air temperature 32.0° C,.

Tare 36.267 gms.

Time,Minutes Total weight

0 47,670
18 47,485
67.5 48.5Y0
74 .0 46.460
80 46410
85.5 464370
90.5 46,260
10043 46.110
111 45.940
118 45.8580
i 674 45.790
132.5 45,690
13545 45.650
141.5 45.590
147 .5 45.510
154.5 45.410
1653.5 45,285
180 45.060
191 44,920
202.5 44,780
216 44,620

230 44,450
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Run 66 Hand Pressed Pulp and Water

Dry thickness 0.69 cm.

Dimensions 14.7 x 14.7 cm. Edges covered with collodion.
Recording pyrometer and recording balance used.

Dry weight (net) 69.2 gums.

Total wetted face area 432 sg.cm.

5
)

Time, Free water Dry Bulb At Dry Bulb
Hours left,gms. Bt Vol 2l - Wet Bulb ° C,.
0 1571
0.5
1.0 120.0 38.2 15.4 182
1.5 38.1
2D 101.7 157 19,5
2.20 58.2
3.0 84,2 LB 19.5
4.0 655 15:9 19.8
4,75 3845
0.0 47 .4 15.4 19.6
6.0 31,1 11.9 19.2
Be5 25.4 10.5 19.0
7.0 21.1 G0 18.9
725 7«2
7.75 37«2
8.0 14 .4 849 21.4
S 8.5 6.3 el
10 4.4 3.6 225
34 149 2ol 22«6
1e 0.6
0

(\



Run 66 Hand Pressed Pulp and Water

Calculations

Time, % water, gms./hr.
Hours dry basils SQ.Ch. H B!
0 168
0.5
1.0 173.1 0.0431 0.000416
1.5
2.0 146.9 0.0449 0.000426
225
3.0 121’ 0.0439 C.000416
4,0 94.6 0.0439 0.00041
4,75
5.0 68.5 0.0425 0.000416 1.00
6.0 44 .9 C.0280 0.00036 0.655
65 36.7 0.0227 0.000328 0.535
7.0 30.4 C.0183 0.000309 0.445
7.258
7475
8.0 20.8 0.0141 0.000236 0,304
9.0 12.3 0.0109 0.000263 0,179
10.0 6.35 0.0079 0.000333 0.093
11.0 2e74 0.0035 0.000246 0.040
12.0 0.87
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Run 67 Calcium Chloride Sclution

Strong CaClz solution in 8.6 cm, dia. x 1.0 cm.,
deep glass Petri dish suspended on recording
balance.

Face area 58.1 sq.cn.

Time, Free water Dry Bulb Wet Bulb
Hours left,gms. S ey
0 23.4
1 20.4 37.0 26,6
2 17.4
3 15.1 38.0 22.6
4 123
5 9.6 38.0 2340
6 8.1
7 7.0 37.6 218
8 .6
2] 4.2
lo 3'1
2 i 2wl
32 1.5
13 1.0
14 Ced
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Run 68 Calcium Chloride Solution

Strong CaCLs solution placed in 9.6 em. dia. x 1.0 cm.
deep glass dish on drier floor. Eight cold

junctions immersed In solution, with hot junctions

in air over dish,., Weights not taken.

Time ,Hours Dry Bulb At

- wet bulb © C, N la
0 17 .4 13.4
1 17.6 125
2 17.8 12.4
3 1% .3 12
4 5 i e 11.2
3 17 .4 10.2
6.0 17 o2 9.0
65 20 .4 110
740 21.0 1045
740 21.3 10.0
8.0 21l.4 9.2
8.9 eled 8,5
9.0 21.7 8.0
S AR A Ted
10.0 21.9 8.8
10.5 219 643
11.0 21.8 DB
11D 20 Sel
12se o 4.6
12.5 21.8 4,0
13.0 21.8 247
13.5 217 1.9
14.0 21.6 1.8
15.0 21.4 1.6
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Run 69 Pressed Pulp and Water

Dry thickness 1.7 cm. OSoaked 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.

Total wetted face area 179 sq.cm.

Air temperature 37-43°

Time, Free water Dry bulb A4t
Hours left,gms, - wet bulb ° C, ° Ce
0 118.5
3 108.3 19,0 15.8
2 1C0.5 18.9 15.7
3 B80.3 18.6 15.5
2 80.0 2Rl 18.4
5 70.0 E2e e 182
6 59.0 229 1851
7 49,0 23.0 17.0
8 40.6 2340 14,0
9 3344 2340
10 28.7 22.8 Pyrometer
11 24,5 22«7 out of
12 20.4 2245 conmission.
13 17.4 22.4
14 14,4 L BBat
15 12.2 22l
156 10.4 B2 0
17 8.9 21.8
18 74 21.8
19 D9 18.7
20 4,9 181,10
21 4.0 3y ol
28 3.1 16.8
23 2.4 16.2



Run 69 Pressed Pulp and Water

Calculations

£33~y
e} ¢

Time, % water, gms,/hr.
Hours dry basis 8q.CH, H E!

0 144 ,6

8 5 1221 0.0574 0.,00054

2 I35 0.085 0.00058

3 C.0524 C.00080

4 8 0.055 0.00045

5 85.4 0.058 0.00048

6 T2.0 0.086 0.000486

7 59.8 0.0835 0.00047 » 00
8 49,5 0.044 0.00047 «829
9 40,7 0.028 . 681
10 35.0 C.024 » 086
= 29.9 0.024 « 200
12 24.9 0.020 416
13 21:2 0.016 + 555
14 176 0,012 « 296
15 14,9 0.011 «249
16 1247 0.0092 v 218
17 182
18 9.0 0.0084 + 151
i9 7.2 0.007 . 120
20 6.0 «1C0
2L 4,9 C.005 082
22 3.8 +063
23 2a o « 049
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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, Edges covered with
collodion,

Recording pyrometer and recording balance used.
Net dry welght 82.0 gms.,

Air temperature 36-42° C,

Total wetted face area 179 sg.cm,

Time, Free water At Dry Bulb
Hours left,gms. b - Wet Bulb ° C.
0] 124 .7
1.0 115.2 13.6 17,9
2.0 104.9 17.9
3.0 POl 18.4
4,0 85.1 14,5 18.8
5.0 74,2 16,7 o
6.0 62.9 16.6 21l.4
7.0 16.7 21.8
T +5 (46) 16.9 2,9
8.0 41.7 15.8 22wl
9.0 34 43 12.53 22+
10.0 28.7 10.3 22,0
11.0 2042 B.9 21.8
12.0 21.8 79 2l.4
13.0 18.0 76 2l.d
14 .0 16.8 T3 21.3
15.0 14.6 6.9 2l3
16,0 129 S 2l.2
17.0 11.4 6.0 2.0
18,0 99 6.2 2049
19,0 8.6 6.0 20T
20.0 T2
21.0 6.4
2240 5.3
23 .0 4.8
24.0 4.1
2540 3.5
26.0 3.0
27«0 2.5
28.0 Dok
2840 1.5
30.0 l.4
ob 0



Run 70 Pressed Pulp and Water

Caleculations

SU9

Time, % water, ems . /hr. overall coef.

Hours dry basis 9sq.cm. of ht. flow,H Et
0 157.,8
i 140,35 0.0564 0.000616
2 127 .8 0.0536 0.0005680
3 B 0.0848 @L.0008%5
A 104.0 0.0564 0.000879
5 90.5 0.0615 0.000549
6 V&6 0 .0615 Q.000851
o
765 1.00
8 50,9 0.0447 0.00042% 0.907
2 41.8 0.0341 0.000429 0.745
10 890 00251 0.000376 0.0624
1ok 35057 0.0196 0.00034C 0.548
12 26.6 (o) e e 0L.000332 0.474
13 232 0.0140 Dl O00277 0.412
14 2045 00123 0.000254 Q565
15 a8 0 .,0109 0.000237 QS 1
16 0B 00100 0.000224 0.280
15 13.9 0.0084 0.000192 0.248
18 qEaienl 0.0078 0.000180 0.218
19 10.5  0.0078 0.000192 8,187
20 8.8 0.0061 0.000187 Qe 187
2l s 0.0056 0L.139
2% 645 Qe 115
23 58 0.104
24 5.0 0.089
25 4.3
26 D00
27 3.04
28 2.56
29 1.82
':.7)0 1.7



Run 71 Pressed Pulp and Paper

Block of pressed pulp about 5x5 cm, dried
without forced convection in room air,
with thickness measurements.

Time, Net weight, Thickness,
Minutes _grams m,m.

0 17 .84 12.8
14 17.67 12,7
37 17.43 12.6
65 17 .14

88 16.91

e 16.78 12.6
167 16.04 12.6
212 15.73 12.6
247 15.37 12.6
377 14.19 12.6
412 13.90 1246
87 12.31 12.6
o 8.30 11.7

Oven dry 8.176
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Run 72 Brick Clay and Water

Dimensions 7.0 x 7.0 x 2.54 cm.

Edges 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 veloecity 10.6 m. per second.

Laboratory platform balance used.

Time, Total water Dry bulb Wet bulb
¥inutes left.gms., G ° C.
0 51.5
10 48.1
24 44 .8
41 40,4
55 36.9
90 29.9
103 2.1
115 2642
125 25ed
135 23.8
145 22.4
155 22.2 2543 153
170 20.9
180 20.0 25.7 168
190 19.8 2249 15.5
200 19.1
210 18.7 24.2 16.2
220 18.0

Oven dry 0



Run 72 Brick Clay and Water

Calculations

o122

Time, % total water, gms./hr.
Minutes dry basis /sq.cm.
0 2643
10 24 .5
s 22.8 04157
41 20.6 0157
55 18.8 04157
90 1552 QL 10%
103 13.8
115 13.3 0.071
125 12,8
135 12,1
145 11.4 0,051
155 RIS
170 10.6
180 102 0.038
190 1O
200 e
210 9.5 0.032
220 P2



Run 73 Brick Clay and Water

Dimensions 7.0 x 7.0 x 2.54 cm.

Edges covered with tin foil,

Total face area 98 sg.cm. Net dry weight 193.9 gms.
Plaeed at end of flue through which air

was forced by a blower.

Air velocity 15.2 m. per second.

Laboratory platform balance used.

Time, Total water Dry Bulb Wet Bulb
Minutes left,gms. & 0. S
0 52.8 24.6 16,9
41 395 25,7 16.4
51 56 .4
67 3240
87 27 .8
102 25.9 24.1 15.8
119 24.0 25.4 17.4
138 22.2 26.1 18,1
162 20.6
183 19,1 26.3 17 9
205 18.4 2342 16.4

216 17.4



Run 73 Brick Clay and Water

Calculations
Time, % total water, gms./hr.
Minutes dry basils SG.Chl,
0 27.3
41 20.4 0.174
51 18.8 0.174
67 16.5
87 14.4 0.107
102 13.4 0.074
119 12.4 0.064
138 11.5 0.081
162 10.6 0.039
183 9.9 0.034
205 9.5
216 9,0

el

e



Run 74 Brick Clay and Water

Dimensions 7.0 x 7.0 x 2.54 cm.

Edges covered with tin foil.

Total face area 98 sq.cm,

Dried resting on laboratory balance without
 forced convection.

G

Wi

-

Time, Free water Dry bulb Wet bulb
Minutes left,gms. ® 0. ® O
0 48.3 26.7 17.7
30 46,7 27.0 17.3
54 46.2 2743 17.4

70 45.0 2745

130 45.8 27 .7 17.6
165 42.6 27 o4

22e 40.4 2547 15645
328 35,9 2549

370 5443

414 5844 24.9

435 5145

fo3e) 200 .6
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Run 76 Brick Clay and Water

Dimensions 7.0 x 7.0 x 2.54 cm,
Edges covered with tin foil., Toftal face area 98 sqg.cm.
Recording balance used.

Drier used without forced convection of air.
Equilibrium weight 202.8 gms. Dry weight 200.0

Time, Free water Dry Bulb Wet Bulb
Hours left.gms. ©C. ° C,
0 44,5 26.2 19.0
2
4 40,2
6 5"0‘7
8 3€ 49
10 34 .6
12 32.0
14 29.9
16 27 +0
18 25.3
20 23.4
2 2145 £25.8 177
24 19.4
26 17972
28 15.4
30 13.6
32 11.9
34 10.3
36 845
38 Ta2
40 6.0
42 4,9
44 3.9
46 3el



Run 786 Brick Clay and Water

Calculations

;-> } g .,,'-’

Time, % total water, ms./hr.

Hours dry basis 9sq.cm.
0 22.2
2 0.,011
4 20.1 0.010
6 19.3 0.009
8 18.4 0.011
10 17.3 0,012
12 16.0 0,012
14 14.9 0032
16 13,7 0.012
18 12.6 0.0105
20 11.7 0.0097
22 10T 0.0102
24 L L 0.011
26 8.6 0.0102
28 s ¥ 0.0092
30 6.8 0.0082
32 0.9 0.0085
34 5.1 0.0087
36 4.2 0.0077
38 3.6 0.0064
40 3.0 0.0059
42 2.9 0.0084
44 1.9 0.0047
46 LS 0.0039
o0 1.4
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Run 76 Whiting and Water

Dimensions 6.9 x 6.8 x 2.54 cm.

Total face area 94 sq.cm., 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 in wood frame lined with tin foll.

Dry bulb 26.4 ° C. (ave.). Wet bulb 18.2° C.(ave.).

Time’ HFree water
Minutes left,gms,
®) 3846
13 34.5
24 Bk
35 28.6
50 25+0
85 22 el
g4 18e2
a7 1652
12 12.4
136 L9
152 8.8
166 851
183 6le@
201 5.4
228 4.6
240 i)
265 Se6
301 29



Run 76 Whiting and Water

Calculations
Time, % water, §rms,/hr
Minutes dry basis sg.cm,
0 19.2
la 17.2 0.189
2 13.5 0.167
35 14,2 0,148
50 12.7 0,134
62 Al 0,130
8 2.05 0,11g
97 05 0,09
122 6.16 o,osllt
1 S 0.0
12 i 0ok
166 4,03 0,052
183 3,3 0,040
201 el 0,033
228 2.3 0,022
240 1,9 0.016
265 1.8
301 1,44
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Run 77 Whiting and Water

Dimensions 8.9 x 9.4 x 1.6 cm.

Total face area k67 sq.cm. Net dry weight 239.7 gms.
Place in vertical position &t end of flue thru

which air was forced by a blower.

Air velocity 9-11 m./sec.

Laboratory platform balsnce used.

Formed in wood frame lined with tin foil,

Ave. dry bulb 26.4° C. Ave. wet bulb 18,.2° o,

Time, Free water
Minutes left,gms. —
0 45.8
4 41.4
14 39.1
25 3542
37 503
o3 24,9
74 182
86 14,7
434 9.1
125 7.5
141 5.7
158 5.4
190 4.5
207 247
229 2e4
254 1.9
290 1.2



Run 77 Whiting and Water

Calculations
Time, % water 8./hr
Minutes dry bmsis fgq,cml
0 19,1
17.3
1& 16,3 0.1
25 14,7 0,141
37 12.1 0,141
53 10, 0,120
7 g.6 0,113
&6 A4 0,099
111 3.8 0,05
125 .1 0,0
141 g.}% 0.036
155 2.26 0.020
190 1,88 0,013
217 1.3 0,010
22 1,00 0,009
25 0.79 0,004
290 0.5
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Run 78 White Wood and Water

Dimensions 15.2 x 16.2 x 0.41 em. (a3 in Run 48)
Wood soaked under water 4 months,

Recording balance used,

et dry weight 31.9 gms,

Total fazce area 492 sqg.cn.

Time, Free water Pry Bulb Wet Bulb
Hours left,gms. ¢ C. ° C.

84.5 37.0
67 .5
20 .4

OO EREROOEHO

CoOUOoO Mo o ,m



'Run 78 White Wood and Water

._,
L AW
e

Calgculations
Time, % water
Hours dry basis 8g.cm,
0 265
1.0 23 0,
2,0 158 0
2.5 128.2 0
3.0 102, 0]
3.5 73.6 0
.0 53,0 0
b5 20.1 0
5.0 15,4 0
10 el 0,005
6,0 E.a 0.002
7.0 ol
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Run 79 White Wood znd Water

Dimensions 15.9 x 30.5 x 0.69 em. (as Run 50)
Wood soaked under water 4 months.

Recording balance used.

Net dry weight 109.8 gms.

Total face area 970 sg.cm,

Time, Free water Dry bulb Wet bulb
Hours left,gms., ° C, ° C, B
0 25240 3843
1 222.0
2 192.4
5] 163.9 41.0 22.7
4 134.5
o 105.2
6 77 o4
6.5 4240
7 52.1
Ted 41.8
8.0 3247 42,3
8.0 2542
9.0 19.5
9.5 15.3
10 11.9
ll 7.'-_/
12 S.2
13 3.9
14 3.1
15 2.5
16 1.9
17 1.6
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Run 79 White Wood and Water

Calculations
Time, % water s,/hr,
Hours dry basis sq.cm,
0 229,6
1,0 202,1 0,0307
2.0 175.3 0,0303
2.5 0.03
3.0 14703 0,03
3.5 0,03
.0 122.5 0,03
4.5 0,03
5,0 0,0294
5.5 0.0286
6.0 ﬂ0'5 0,0273
7.0 7.5 0,023
8.0 29,8 0,017
8.5 23.0 0,013%6
.0 17.8 0,0103%
9.5 15,5 O, 0028
10 12.8 0. 08
i 1 o 0.0
12 4,7 0.00%2
1 3.6 0,0010
% 2,8 0,0007
lg 2e3 0,000
1 1.7 0,000
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Run 80 White Wood and Water

Dimensions 15,6 x 20.3 X 1.27 em,
Wood soaked under water 4 months.
Recording balance used.

Net dry weight 182.6 gms.

Total face area 634 sg.cm.

Time, Free water Dry bulb Wet bulb
Hours left,gms. ® 0O &0,
0 164.9 41.5 23.6

1 144 ,2

2 125+

3 110.6

4 100.5 42.2
5] S8 42.6 25.7
6 84 .0

7 77«0

8 71.0

9 65.7 42,8

10 61.0

Al 56.5

12 52.4

13 47 .8 41.7

14 44.8

15 41.7

16 39.0

17 36.8

18 58,0

19 31.8

20 2946

21 2748

g2 26.0

23 24.5

24 23.2

26 19,9

28 16.2 4246

30 13,7

S 11.2

56 Ted



Run 80 White Wood and Water

(0

Calculations
Time, % water %ms,/hr,
Hours dry baeis /8g, cm, E
0 90,2
1 9.0 0,0316 0_825
2 8.5 0,0276 0,7
2.5 0,023 |
3 60,5 0,020 0,671
3.5 0,0175
5540 0,0157 0.61
4.5 0,0139
5 50.2 0,0129 0.556
2,5 0.,0122
46 .0 0,014k4 R
7 ko 1 0,0102 0
g 38,9 0,0088 - 0 431
&.5 0.0084
< 36.0 0,0079 0.399
a5 0,0076
10 3%, 4 00,0074 O'BK
11 31,0 0,0068 0,343
12 28,7 0,0063 0,318
1 26,2 0,0057 0,29
1 24k .5 0,0050 0.272
15 22,2 0.,0047 0.252
16 21, 0,0039 0,23
17 20,2 0,0038 0,223
18 19,2 0,0035 0,212
19 17.4 0,0032 0.193
20 16,2 0.0028 0,18
21 16.1 0.167
22 14,2 0.158
2 13,4 0.149
2 12,7 0.141

26 10,9 0.121



Sulfite pulp as received in tap form from Eastern Mfg. Company

Run E-1 Humidity Equilibrium Data

Drier
position 1 2 3 2 e B 3
Original weight, gms. 53.289 53.255 53.358 653 414 53,365 53,502 53,603
Equilibrium weight 53.255 53,358 53,414 53,365 53.502 53.603 53,427
Tare 50.050 50,050 50,050 K0,050 50,050 K0.050 K0.050
Net dry weight 3.205
Equil. water gms. 0 0.103 159 +110 L2U7 . 348 172
Days to equil. wt. 3 13 22 22 27 62
% water, dry basis 0 B2l 4, 96 3,42 7.70 10.86 536
% H80, in bubbler
at finish 98.8 49, 39.3 bo,7 28 4 20,6 42,5
Temperature eC. 2l.5 23.0 2l:2 22,0 25,0
% relative humidity 0 36,2 57.8 36.7 Tl 88.0 51.5



Run E-2. Humidity Equilibrium Data

Shavings of white wood (poplar) - same wood as used in drying
runs 4&8-55 inclusive and 78-81 inclusive.

Drier
position 4 5 4 3 2 1
Original weight, gms. 54,456 54,493 54,610 54.536 54,460 B4.U41
Equ%librium weight 54,4973 5L,610 BU4.536 54.360 54.519 54,35
Tare 52.705 52.705 52,705 52.705 52,705 52,705
Net dry weight 1. 649
Equil. water, gums. 0.139 0.256 0.182 0.106 0.065
Days to eoull. wt. b 2 22 22 27 62
% water, dry basis g.4 15.2 1 86 L) 6.4 3.9 0
% Ho80, in bubbler
at finish 28 .1 16,2 27.6 40,3 49,7 92,9
Temperature °Q. 23,0 21.5 22,0 21.2 22,0 25.0
% relative humidity 78.8 91.8 78.9 56.0 36.5 0



Run E-3, Humidity Eguilibrium Data

Whiting Powder (for rubber trade) as used in

drying experiments.

s}

Drier
position 2 3 4
Original weight, gms. 432,732 43,771 43,732
Equilibrium weight, gnms. 43,731 43,73 43,737
Tare 37.294 37.29 37.29%
Net dry weight
Equilibrium water, gms.
Days to equil. weight 3 9 19
% water, dry basis
% Hz80, in bubbler
at finish 51.0 29.4 28.6
Temperature, °©C. 22.0 2.0 2e e
% relative, humidity 34,5 58,0 78.0



Humditiy Eguilibrium Data

Run E-4.
"Celotex" as dried by Sanford at W.P.I., broken up inte
very small pileces.

Drier
position / 2 3 7 S
Original weight, gums. 52.714%  52.697 52,807 52,778 52,870
Equilibrium wt., gms. 52.697 52.807 52.778 52.870 52 .881
Tare 50.855
Net dry weight 1.842
Equilibrium water, gms. 0 0.110 0.081 0.173 0.184
Days to equil. wt. 2% 22 22 27 62
% water, dry basis 0 5.97 4.40 9.40 10.0
% Hp80, in bubbler
at finish 92.0 39.0 bg,6 29.4 32.2
Temperature, ©C. 22,0 23,0 21.2 22,0 25,0
0 58,1 37.2 76.6 72.0

% relative humidity



V - Series. Pressed Pulp and Water

Run V-1

Dimensions 7.05 x 8.95 x 1.80 cm,

Time, Weight, Dry bulb, Wet bulb, Air Velocity
Minutes gms., °Q. og, . /sec.
0 138.2 25,3 14,0 u s

15 134,7 22.3 14.0
EO 1314 ek, 5 13.6 R
128.4 2,2 13,5
125,.5 24,1 13,6
75 122,6 23.7 E o3 .5?
90 119.9 24,5 14,3
105 117.2 25.1 4,84
Dry 57.4
Run V=2

Dimensions 7.05 x 8,95 x 1,80 cm.,

Time, Weight Dry bulb, Wet bulb,

Air Velocity

Minutes gme . °Q, o(, m./sec.
0 13 U, 4 13, 6.2
15 123 S 24,8 1%.% &, 52
EO 126.3 ou, 12.8 6
5 122,95 ek, 14,1 6.
60 119.& 24,7 13,8 6.31
Dry 57.



V - Series.

Pressed Pulp and Water

Runs V-3 to V=19 inclusive made with block of

&% i_'é B |
L Ee bt

dimensions 5.03 x 5.24 x 1.52 em. Total face
area 52.6 sg.cnm.
Time, Weight Dry Bulb, Wet Bulb, Air Velocity
Run Minutes Gms. °Q. eg. in./sec.
¥ 0 47.33 22.7 12,2 8,
g 15 45.02 22,8 12.0 s.gg
EO 42,68 22,7b 12.0 8.21
5 40,43 22.9 12.3 8,16
60 38.33 23.0 12.6 8.06
75 = 23,4 13.4
Dry 22.82
V-4 0 47,74 24,1 19,2 9,04
15 Lh,96 24,0 12,6 9.46
EO ba,32 23,9 12, 8.56
60 37.41 23.9 12.5 g.49
Dry 22,82
V-5 0 49.60 26,0 16.4 1.96
15 g .13 26.4 16,8 2.81
EO 45,52 26.7 16.9 1.85
5 45.12 26.3 16.6 1.76
60 43,66 26.2 17.6 2,08
Dry 22,82
V-6 0 hg,72 25.5 1651 0.60
15 4g .20 25.5 16.1 0.57
5 i3 12:3 0:28
60 43.06 25.3 16.0 0.37
Dry 22.82
Y1 0 49,09 24,6 13.1 L,82
15 47.13 24,6 12.6 L.81
0 45,20 24,9 1%.0 4.85
43,33 24,5 12,4 4,80
60 .52 24,9 12,9 4.75
Dry 22,82



V - Series (Cont'd.)

Time, Weight Dry Bulb, Wet Bulb, Air Velocity
Run Minutes Gms. °Q. °Q. in/sec.
V-8 0 46 33 25.5 1257 5.89
15 25.5 12,8 6.09
Eo 41 92 25.3 12.5 5.66
5 6 25, 12.5 5.81
60 37 Sl 25.5 12,6 5.81
Dry 22,82
V-9 0 47 65 27,3 14,2 Tell
15 R? 27.3 14.2 7.56
Eo 27.5 14.2 7.14
5 uo oo 27.6 14, 6.62
47.57 27.8 14.6 7.00
Dry 22,82
vV-10 0 4g.30 23,9 11,2 Free
4.5 47,21 23,8 17,2
60 U645 EE.S 11.1 Convection
120 Ly, U6 2k,6 117
Dry 22,8
V-11 0 EO 23,7 11.6 4,01
15 2&.5 11.6 Bels
0 47 38 24,2 12,1 3,35
5 45,81 24,3 12,1 3,82
60 b .25 24,5 12.3 3.88
Dry 22,82
v-12 0 hg, 74 23, 11,6 6.70
15 u% ﬁu 2%.2 11.5 6.70
0 45,28 23.5 11,7 6.76
) 43,15 23.5 11.8 6.89
Dry 22.82
V-13 0 49,88 22,8 11.8 3,20
15 Lg, 40 22,6 1le7 3e22
0 47,00 22.4 11.9 3426
6 45,53 22,6 11.9 3,25

Dry 22,82



V - Series (Cont'd.)
Tinme, Weight Dry Bulb, Wet Bulb, Air Velocity
Run Minutes gms . °Q. o(. m./sec.
V-14 0 hg 45 22.5 11.9 3.20
15 47.02 22.3 11.8
Eo 53.74 22.1 11.7 3,22
5 A1 22,1 11.7 3.19
Dry
V-15 0 4g, 33 21.4 11. - 2.49
15 47,18 . Ly 31, 2.49
37 L5, 29 22.& 1357 2,53
52 .19 22, 11.8 2.58
Dry 22,82
V-16 0 49,18 22.3 11.8 2,08
30 U6 ,84 22,6 12,1 Ps1l
60 44,60 21.8 11,7 2.1
Dry 22.82
V-17 0 k9,57 22,6 9.9 2.07
30 4L7.04 22.8 9.7 1.80
60 L 64 22.8 9.7 i 0
90 k2,12 23,3 10,0 2,08
Dry 22.82
V-18 0 4g, 30 21.0 g.9 13.35
10 U5.52 21. 8.5
20 4z,13 20, 8.5 13.35
DI‘Y 22:82
V-19 0 2.02 25.6 11.9 12.40
10 &7 25.9 12,1
20 he.22 25,9 12,1
30 43,72 25.9 12,1 12.30
Dry 22.82
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Run V-1 to V=19 inclusive,

Pressed pulp and water,

Calculations of Resulte of Air Velocity,.

Runs for conditions at 100% water, dry basis,

Al gms, /hr./sq.cm./°C
difference between wet
bulb and dry bulb temp,

Corrected Air
Velocity, im, /sec,
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APPENDIX V

TABLE OF NOMENCLATURE

surface area

black body radiation coefficient, = 0.000137 eal./
(sec)fsq.cnuX(°C. abs./100)%

ratlio of free liquid content to initial free liquid
T - TW

content = =---- =
To'TE

free liquid content of solid divided by the free
liquid content at the critical point.,.

rate of evaporation as gm.mols/(ﬁr),(sq.cme.m.Ap.)

surface coefficient of heat flow, air to solid,
as gm.cal.fsec)(sq .em ¥ °C.)

overall coefficient of heat transfer from air to
evaporation zone calJ(sec.)(sq.cm.X%.): 0.000136 x
B.t.u.fhr Ysq.£5)(°F.)

¢

absolute humidity of air under drying conditions
prevailing, weight per unit weight dry air.

absolute humidity of saturated air at temperature
of the solid or liguid being dried, weight per
unit weight dry air.

diffusion constant, vapor through solid,
gms.Asec Ysq.cm)em. m.m. Hp.

thermal conductiwity, cal ./@ec .)(sq . cmXcmxc’C 9

diffusion constant, water through solid,
gms./(sec%sq.cm)(cm.ﬁmit difference in v, = K'/ﬂ.

= diffusion constant, water through solid,

gms./@ec%sq.cm.Xcm unit difference in T, = K.

surface coefficient of vapor diffusion. gms.ﬂ?ec:)
KFq‘cm}funit DHp.

= molecular weight

partial vapor pressure.
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partial vapor pressure of the vapor in the main
body of the carrier gas.

black body coefficient.

partial vapor pressure of vapor over liquid
at the point where evaporation is taking place.

latent heat of vaporization, cal./gm.
half thickness of slab.

evaporation coefficient, gms.Ahr;(sq.cmtk@C.)
difference between wet bulb and dry bulb temperature.

evaporation coefficient, gms./(i’lr.)(sq.cm)(unit
absolute humidity difference)

temperature of drying air.

temperature of the liquid or solid being dried
at the point where evaporation occurs.

water content on dry weight basis = gms. water
per -gn. bone dry solid.

equilibrium water content on dry weight basis =
water content after infinite time under constant
drying conditions, = gms. water per gm. dry solid.

initial water content on dry weight basis, = gms.
water per gm., dry solid.

air velocity, m./sec.
water content on volume basis, gms./c.c. = T .

weight of water or other liguid.

ratio of free water concentration at any point to
initial free water concentration at that point.

time
time after start of falling rate period.

density.

[
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