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'DryiD&

r~ drying phase .en the paper
machine .starts at about 65-75%
moisture content of the paper
web. The final moisture in the
paper web is around 4-7%. The
behaviour of the paper web
during drying is a complex
combination of processes, many
of which occur simultaneously
Robertson- visualizes w.aterre-
movaJ during drying in five steps.
which may be overlapping : 1)
Decrease in interfiber capillary
water without air intrusion, 2)
Emptying of in terfiber capillaries,
3) Change in magnitude and
action of surface tension forces
as water menisci are reduced
from fiber dimensions to the
dimensions of fibrils or inter-
fiber distances, 4) The disappea-
rance of interfiber water and
water held in the lumen, and 5)
Shrinkage and collapse of fibers.
As a result of water removal and
the associated surface tension
forces, a significant strength
development takes place in the
web during the drying phase.

The analysis of the mechanism
of drying needs to be done from
the. point of view of the-macro-
behaviour of the fiber assem-
blage, and .the processes occuring
at a micro-level within the cell
.walfead in the areas of fiber-
fiber contacts.

o

; .

H. P. Dbtwanla

The state oj art on the theory oj d,ryil:!g in paper has been sf,lrveyed
and critical aspects have been iden'ified. At consistencies of paper
web during drying (30% or more), a large bulk of the water is expected
to be present within fiber. Intrefiber diffusion rates then become
critical. Fibers of very differ. nt composition, chemical treatment and
morphology have been shown to have very similar pore size distrib~-
tion. Therefore, it is theorized that the first falling rate periods of
the different firers will have identical slopes (shown true [or viscose-
grade pulps). The second [alling-rate period desends on other complex
factors (chemical composition, surface characteristics of the fibers,
method of preparation, etc.) Ptedrying the samples reduces ,he
average pore size and also slows the drying rate. Bpaling is reported
to increase the "secondary hydrate" which has a slower drying rate
than the imbibedwet. r. Based on availuble data (not complete), the
overall dryi-g rate (a weighted average of the d fferent periods) does nOI

sum to be significantly affected with beatir.g,

The drying operation. in general
is divisible into a constant rate
period and a falling-rate period
(FigureI) After a short initial
adjustment period of unpiedict-
able form, .there follows a cons-
tant drying rate period, in which
the surface of the isolid is wet
with liquid-and the rate of evapo-
ration is not a function of the
water content; the major factors
affecting the rate of drying in
this period are the air velocity
past the surface, heat conduction
from adjoining dry surfaces, and
radiation from the surroundings".
The rate of dryingfarls off dur-
ing the falling.rate period either
because the wetted .surface decr-
eases or because the rate of inter-
nal liquid diffusien becomes
controlling. Either of these
mechanismsofdrying or each in
turn may previl dunng the falling- .
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rate period. When internal liquid
diffusion is .controlling, there is
a tendency for the evaporation
to occur not at the surface, but
at points within the solid struc-
ture (example thick pulp slabs).
In the case of fibrous materials
wherecapilJary or imbibed water
is present, the falling-rate period
may be considered to occur during
evaporation of this "bound"
water. Upon continued drying,
beyond the first faUing rate
period, however, a second falling-
rate period is encountered. This
second falling rate period is

. theorized to be influenced "by
a water content held by greater
attraction than that upon the
imbibed water.

A detailed study of the mecha-
nisms of hot surface drying has
been carried out by Dreshfield
and Han 3 and by Han and
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Ulmanen+, They used laminated
sheets with beta ray absorption
to follow the moisture profiles
and a soluble dye technique to
determine the cour se of water
migration. Figures 2-4 show
typical profiles for moisture,
temperature, and. dye concentra-
tion as drying proceeds. Heat
is supplied from the hot surface
establishing a temperature gra-
dient across the sheet. Evapora-
tion occurs at the air surface,
the moisture from the surface
being replaced by the action of
capillary suction forces. Evapo-
ration also occurs at the hot
surface and is likewise replaced.
Vapour permeates from the hot
towards the air surface under
both an actual and a partial
pressu: e gradient. At first. much
of this vapor condenses in the
body of the sheet, enhancing the
thermal conductivity. This mois-
ture movement creates a humped
distribution and the concentra-
tion of dye at the two evapora-
tion sites. The relative concen-

. tration of dye in the center begins
to fall as a result of condensa-
tion cycle. When the rate of
movement to the evaporation
sites is too slow, the sites of
evaporation move into the sheet.
Thermal conductivity, vapor
permeability, and surface flow

o then become rate controlling
factors", 1 he correlation of
vapor permeability and relative
partial pressure has been studied

~by vollmer". Figure 5 shows a
typical relationship. Curve A
represents the permeability
measured with an inert gas.

••

Constant: rate
period

t36 Ippta, April, May & June, 1917 Vol. XIV No.2

Falling rate
period -'--~r---~

W, MOISTURE CONTENT ~
Figure 1. Geoeralar}ing -rate curve.

BASIS WEIGlIT - 200 lb. TAPPI
Hot Surface Temp. - 221°F.

200
~G.I
CII.c:
en

~
0

~
0

~oJ::
C1.I

f!
C1.I
III..
2!
::J
~
C/)
'.-I
0:E

Drying
Time ,sec.

Ove ra.L
Moistu Content

%

ZONE, PE RCENT OF DRY SHEET
Figure 2. Moisture ProfiJetDuriag Hot Surface Dryiog3,



/

Curve B is the calculated curve
for water vapor. Curve C, is the
observed relationship. The diffe-
rence between the Curves Band
C is the measure of moisture
movement in the adsorbed layers.
This difference varies with the
flow-rate, it increases initially
with flaw rate but eventually
reaches a constant value. Roun-
sley? has derived an equation for
multimolecular adsorption which
may be used to correlate the
amount of water in the adsorbed
layer with the relative humidity.

A B.C.x [1 - XD]
l+(C-l)X i-x

where A is the amount adsorbed,
X is the partial pressure and B,
C, n are constants. Eigure 6
shows a good fit of Rounsleys'
equation to a typical sorption
isotherm for cellulose. Rounsley
assumed that the first molecular
layer is tightly bonded, with an
energy of adsorption greater
than that for the subsequent
molecular layers which he assu-
med approximates the energy of
condensation. The molecules in
the outer layer are free to move
over the surface. The number
of molecular layers is assumed
limited and in the range of four
to six. This shows that down
to about 7% moisture (the

- amount of moisture associated
with the bound layer), susface
flow can be considered to provide
a mechanism of the rapid mois-
ture flows.

The removal of intrafiber water
is a very important consideration
during the drying operation. At
the consistencies of the paper
web during drying, a large bulk
of the wate r in the paper web is
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likely to be present in the paper
web (Table A). [The hydrody-
namic specific volumes of pulp
fibers can go up to 4 cms/gram
of fiber, as per Iiterature"]. Page
et aJ. 10 and Stone et aI. 11 have
shown that a substantial portion
of the water in a web 40-50
percent dry is in the intrafiber
voids, .rather than in the inter-
fiber voids. Hence intrafiber
diffusion rates become important.
The complexities of the intrafiber
diffusion are formidable for
several reasons: the micro-
geometry of the fiber is not well
established' and also the water
molecule can exist with cellulose-
inside the fibril, on the surface
of the crystal, and on the totally
disordered sites-with different
degrees of binding".

Using a concept of cell wan
structure based on a multiplicity
of lamallae coaxial with the celt.
Stone and Scallan" suggest that
during, the drying, the lamallae
draw together progressively into
thicker and thicker aggregates,
decreasing the total pore volume.
but leaving approximately the
same median separation ill the
spaces that remain(Figure 7.) It is
tentatively suggested that a fiber
dries radialJy inwards towards
the lumen. Beating of a dried
pulp aids in reopening the pores
that closed during drying. In the
swollen cell wall of spruce sul-
phite pulp fibers, which contain
almost I em" water per gram
of dry materia), they report
that 20 percent of the
water is present in spaces
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Table A
Possible Hydrodynamic Sttecific Volume of Cellulose Fibers

Consistencies
%

Hydrodynamic
Specific Volume

cc./g.

20
40
50

4.6
2.1
L6

a. Assumptions: (1) The pycnometric specific volume of cellulose
in' water = 0.62cc./ gm. (8; (2) That the entire water in the
slurry is present within the fiber.

v, + Vw
V

V[ Pf
b.

"

FULLY SWOLLEN

~---- ..---.--?-:-:: I
~-------~I~ s.:.:::\~~------~~
~--.-----~ I~~----~\~-~-".
~

. -' --.-:'-.;.•..•.... ~~.. .

Drying

PARTIALLY SWOLLEN

'I Wai.er

'Ii' .

UNSWOLLEN

Fia. 7. Simplfied Diagram a Oryiog/ Reswelliol Cyclel1

Ippta, April May & June 1977. Vo.!. XIV, No.2

between lamellae and 80 percent,
in spaces within lamella.
This ratio was observed to-
persist throughout the drying
C) cleo Fibers of very different
composition, chemical treatment
and morphology possessed a wide
range of pore volume, yet were
shown to have very similar pore
size distribution. It is hypothe-
sized that this distribution is not
of biological origin, but is based
on a property of the cellulose
molecule.
Actual drying curves for the
cellulose fibres have been repor-
ted by LauerlS, Daruwalla et aJ.14
and Ayer15,16.

Lauer" studied the drying curves
of various rayon-grade cellulose
fibers. The first falling-rate peri-
ods had identical slopes for the
viscose-grade wood pulps but the
actual rates varied. The second
falling rates varied remarkably in
slopes as well as in rates depend-
ing on the method of preparation
(Table B). The amount of solu-
tion water found increased in the
order cotton. linters, prehydroly-
zed sulfate pulps, sulfite pulps,
oriented rayon, nonoriented
rayon. He hypothesized that
in the first fallingrate period
free water is vaporized as
soon as it reaches the surface
of vaporization by diffusion from
the interior of the fibers. A t a
characteristic moisture (Xs), aU
the free water is removed and
solution water begins to diffuse.
This water has a lower vapor
pressure, as established by freeze-
point lowering!", which would
explain the retardation of evapo-
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ration. The slopes of the second
rate curves indicate the resistance
to diffusion. He suggests that the
diffusion inside the fiber is the
rate-controlling step and is deter-
mined by the structure of the
intercrystalline region.

DatuwalIa et al.14 made a study
of the kinetics of the removal
of water from native, alkali-
swollen, and regenerated cellulo-
se fibers. In all cases, the rate
of evaporation curves appeared
to be made up of five distinct

and separate portions and there
were four points in each curve
at which sudden changes of
direction took place. These
points were different for the
different pulps. In his study
ofkinetics of water removal of
six. fiber-water samples, Ayer15

showed that the treatment which
a sample has received prior to
drying has considerable effect on
the amounts of water retained
as primary adsorbate.

Ayer18 also studied the drying

rates of an unbleached sulphate
pulp which was beaten for
several intervals in a VaUey

laboratory beater. WiUiam free-
ness and drying rate curves were
determined for each beating
interval (Table-C), The- dryiDg
curves exhibited three drying
rate periods: a constant rate
period in which unbound surface
water was evaporated; a falling
rate period devoted to the remov-
al of capillary or imbibed water,
and; a.second falling ~ra1e period
in which primary' adsorbed hyd-

TAHLE-B.
DRYING D.\1"A FOR AIR-DRIED AND MACHINE-DRIED FIBERSlI

Fiber Species Treatment D.P. Log 1st Rate Xsd Log 2nd Rate Bound water
mol

Cotton Acala 1517 None 3860 -0.743-0.008l100-·M) 15.0 -1 1O~-0.0298(lOO-M) 0.~6
Linters K-b& 890 -0. 732-0.008( l00-M) 20.0 -0.538-0.0235(100-M) 0:72
Linters K-b 880 -0. 714~O.008(1OO-L) 18.7 -0. 782-0.0264( I00- M) 0.71

Wood Pulp Mixed Hardwoods psab 965 -0.701-0.008(10o-M) 205 -0:404-0.0219(100 -M) 070
Wood Pulp Mixed Hardwoods psa 615 -0.700-0.008(100-M) 21.8 -0.519-00235(10o-M) 0.72
Wood Pulp Loblolly Pine psa 1075 -O~698 0.008(100-M) 20.4 -0.352-0.0212(100-M) 0.68
Wood Pulp Loblolly Pine SiC 1655 -0. 702-0.008( IOO-M) 23.2 -0.151 :-0:0191(lOO-M) 0:77
Wood Pulp Spruce Si 1041 -0.701-0.008(100-M) 23.8 - 0.183-0.0196(lOO-M) 0.78
Wood Pulp Hemlock Si 635 -0.700-0.008(100-M) 22.5 -0.253-00203(100-M) 0.71 •Wood Pulp Pinus Sylvestris Si 745 -0. 7LO-0.001(10o-M) 22.9 -0.156-00191(100::M} 0.76
Paper Pulp Si 1680 -0. 790-0.008(100-M) 1.47
Rayon Yarn Viscose . Unstretched 385 -0.283 -0.008000-M) 41 3 -0.322-0.018"3(100-M) 0.~6
Rayon Yarn Viscose 48% Stretching 385 -0.333 ...0.008(100-M) 40.0 -0.213-0.0181(l00-M) 0.97
Rayon Yarn Viscose ?8% Stretching 385 -0.495-0008(100-M) 33.5 -O.548-0.0237(100-M) 1.16

--Samples were predried,
a. K-b=Kiered and bleached
b psa =prehydrolyzed sulfate
c. Si =Sulfite
d. X, = Moisture control, % at 'intercept of 1st and 2nd falling rate curves.
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Table C (16)
Fiber-Water Relationship With Beating

Canadian Schopper Percent fiber at bound Grams water bound on basil
Beating Standard Riegler water intersections of 100 g. o.d. fiber

time, min. Freeness" Freeness"
Capillary Secondary Primary Capillary Secondary Primary

ec. cc.
'0 SOO 880 24 90 90 305 11.1

10 . 8S 875 21 80 90 351 139 11.1
20 12' 855 26 75 90 261 22.2 11.1
4u 5:0 775 19 70 90 383 31.8 11.1
80 140 400 14 60 YO 547 556 11.1

• "Converted from Wilham'6 Freeness

••

rate is driven (Iff Analysis of
the drying rate curves (Flgrlrf, 8)
indicated that as beating is acco-
mplished. new spaces of capi-

'lIary nature are opened for the
imbibition of water. In addition.
some type of "secondary hydrate"
is exhibited. This water is bound
in such a way that' its dJYin~
r ate is at least one-third that
of unbound water It appeared
that there is not a sigpiffclj.~t
increase in hydroxyl gropp, Q\;ti-
lable for tile adsorption Qf ~ater
in beaten pulp. He postulated
that the decreased 'free"~$~" of
beaten pulps is due to an inerea-
se in a "secondary hydrate" bro-
ught about by additional ~4rface
exposure and macn)c()Hoi~al
hydrate formation. An "p~ly.is
of his data, however, 4qes not
indicate any significant f4iWerfllce
in the overall drying r~!~s bet-
ween the beaten and the unbea-
ten pulps.

Drying consists in the prosr, ssive
removal of water startiq, with
the larger pores in the sh,e,t and
continuing down the SR"ctrl.lm
until the water is ev'por4l.ted
from pores of molecular dim en-
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sions. Usually the drying curves
exhibit three drying, rate periods:
a constant-rate period in which
free water is evaporated; a falling
rate period devoted to the removal

d 2.
of imbibed water. and a secon
fa1Iitig rate' period in which pri-
mary adsorbed hydrate is driven
off. The rate of evaporation
during the constant-rate period is
not a function of the water-con-
tant; the major factors, are the
air velocity past the surface, heat
conduction from the adjoining
dry surfaces, and radiation from
the surroundings. . The rate of
drying falls off during the falling
rate period either because the
wetted surface decreases or the
rate of internal liquid diffusion
becomes controlling. In the latter
case, there is a tendency for the
evaporation to occur at points
within the structure. Thermal
conductivity, vapour permeability
and surface flow become rate
controlling.
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