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INTRODUCTION

The drying operation represents a necessary and costly stage in the
production of paper. A proper undersfanding of this operation is there-
_ fore important to the paper industry. Although an abundant supply of
empirical information_ii—available, fundamental comprehension of the drying
méchanism has achieved neither derth nor clarity. -This doctoral thesis

aims at improving fundamental understanding.

Drying is <he prccess whereby liquid is removed from & system oy
evaporation. This thesis is concerned with the evaporezion of water Trcm
a porous system. The drying of paper is merely a particular category in

this broader classification.

For pufposes of analysis, the total drying operation cen be broken
down into three phenomenological considerations: The introduction or
transfer of heat into the pcrous system, the transfer or movement of heaz
end mass (liquid and gaseous water) within the porous system, and the
removal or mass transfer of water vapor from the system. Obviously, all
three phenomena are coincidentally associated with any drying operaticn.
The first and last are primarily dependent on the mode of drying emplcyed,
i.e., air drying, hot surface drying, etc. They are referréd to throughcu:

this thesis as the boundary conditions of drying. The secornd or middle

factor, although affected by tae ovoundary conditions, is characteristic

of the porous system being dried.

Drying studies are commonly ‘characterized by considering the rate of
drying as a function of the moisture content of the material being dried.

The general form of this curve (see Fig. 1) has been found to apply,
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Figure 1. Characteristic Drying Curve

presumably without exception, to all types of porous materials without
regard for the particular drying ccnditions employed. This typical or
characteristic drying curve has resulted in the ncmenclature which refers
to a short heating up period leading tc a constant réte drying period
which continues to a critical moisture content at which point a falling

rate drying period is inaugurated.

The bulk of the literature on drying deals with the effect of
boundary conditions on drying rate. A review of this literature is
presented by Higgins (1) and later supplemented by Dreshfield (2). These
early investigations largely fall to yield more than narrow empirical‘
xnowledge because considération has been glven only to the boundafyAcondi-
tions of drying'and not to the important transfer processes which occur

within the system being dried.

The shape of the characteristic drying curve discussed previously
has been shown to apply to such varied systems as the air drying of pulp

beds (3), clay beds (L4), sand beds (5), and textiles (€); the hot surface
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drying of pulp mats (7) and beds of glass beads (8); the radient heat dry-
ing of textiles, glass fibers, and asbestos flbers (2); and the machine
drying of paper (;9). The characteristic shape of this drying curve is,
therefore, not determined by the boﬁndary conditions of ﬁrying. Since it
is typical of all porous materials, it must be determined by the inter-

actlons occurring within and peculiar to the porous system being dried.

The importance of investigating the heat and mass *ransfer within the

rorous system is thus evident.

Sherwood (L;) advances the most widely accepted qualitative explana-
zion accounting for the cheracteristic drying curve. HeAsuggests that in
the constant rate pericd of drying the evapcration of water occurs at the
surface of the material in a manner similar to evaroratisn from a free wazer
surface. The resistance to internal movement of water is small ccmpared
with the resistance to removal of vapcr from the surface, and so tke sur-

[T -
saturaiec

face is easily replenished. This results in what Sherwood calls
sdrface drying." The falliné rate period begins when: because of depletion
cf waﬁer in the interior, the resistance to internal liQuid mevement becomes
significant. The early stage of this period is characterized by "unsaturated
sﬁrface drying." Later in the falling rate period the plane of evaporaticn
retreats into the interior of the material. Here the resistance to interral

liquid movement becomes large compared to the total resistance to the re-

meval of vapor.

Sherwood's hypothesis clearly involves movement of liguid water from
the interior of the porous system to a plane of evaporation at or toward

a surface. This movement has been clearly demonstrated by dye migration
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studies (g, ;I). The mechanism governing such migration has received con-

siderable attention.

During the drying process the liquid water within the porous medium
is distributed in such a way that a moisture gradient exists from some point
or points within the material toward the plane or planes of evaporation,
This has been qualitatively shown by Higgins (;) in the air drying of paper
and by McCready (7) for the hot surface drying of pulp mats. Recent inves-
tigations by Dreshfield (2) and by Ulmanen (12) clearly demonstrate these

gradients for hot surface drying of pulp beds.

Early investigetors considered that liquid movement occurred as a
result of diffusion under the influence of the liquid concentration or
moisture gradient. Fick's diffusion law was variously menipulated to

describe liquid movement during the constant rate period of drying.

The investigations of Ceaglske and Hougen (5) and Barkas and Hallen’
(13) demolished this diffusion concept of liquid movement. Their experi-
ments strongly supported the contention that\quilla;y forces are the
primary driving force for liquid flow during drying. The validity of this

concept is now generally acknowledged.

Basic capillary theory indicates that a pressure difference exists
" across a curved interface between two fluid phases. The magnitude of
this pressure difference is a function of the interfacial tension and the

principal radii of curvature in accordance with

8% = 7l1/r) + 1/r)] (1)




where AP is the pressure difference across the curved interface, y is the

interfacial tension, and r. and are the principal radii of curvature.

Y
For a fluid contained in a uniform capillary of radius r, Equation (1)

tecomes ,
AP = 2ycos g /r (2)

where g 1is the contact angle between fluid end capillary wall. From *ais
relaticaship it is apparent that, in arn interconnected capillary sys<en,

water will exist in smaller pores at the -expense, il necessary, of larger

ater wi
pores. Immedietely prior to a projected drying operation the ligquid weter
—
is evenly distributed throug;gu; the porous material. All air-water inzer-
faces will then have the same curvature and tke system is said to be a=
capillary eguilidbrium. Sudseguernt to the start <l the drying cperatién,
water at the plane of evaporation will be depleted; and air-water interfaces
at the plane of evaporation will terd *o a smaller radius of curvature.
Thus, a capillary pressure difference will be established between interior
water and water at the plane of évaporation. This acts as a driving force

. to replenish the water at the plane of evaporation. The tendency of the

system to establish capillary equilibrium is, thus, responsible for the .

liquid movement during the drying operation.

Up to this point the drying phencmenon has been examined quite gener-
ally. The boundary conditions cf drying influence, but dc not determine,
the interactions involved within the pcrous material being dried. Thus,
an investigation of these interactions under certain boundary conditions
should yield understanding which is limited in scope only by the nature of

the porous material and not by the particular set of boundary conditions
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utilized. For reasons which will be presented later, hot surface drying
was selected as the mode of drying for the investigation to be described.
This defines a drying system in which heat is introduced.into a material
from one side via a hot impermeable surface while the water vapor produced
can escape only from the opposite open face. The discussion will now be

directed toward this particular mode of drying.

The most extensive investigations of the hot surface drying operation
are embodied in the work of Dreshfield (2) and Ulmanen (12). Using a beta-
ray trensmission technique developed by Dreshfield, they were able to

obtain moisture distribution and other data for the drying of pulp mats.

These will now be discussed in relation to the heat and mass transfer within

<he pulp mats during the drying operation.

The over-all drying rate curve for these studies reflect in essence
the characteristic drying curve representative of porous materials. However,
Ulmenen's work suggests (see Fig. 2) that the constant rate period actually
involves not a constant but a slowly changing rate. From the point of view
of drying mechanism this is an important observation and will be fully

discussed at & later stage.

DRYING RATE

ORYING TIME
Figure 2. Drying Rate Curve from Ulmanen's Study
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Dreshfield, by comparing mecisture distribution with dye migration
meesurements, was able to give a qualitative picture of the mass transfer
occurring within thin pulp mats during & hot surface drying operstion.
These data are presented in Fig. 3 and represent general conditions exist-

ing within the sheet during the constant rate period and first part of the

falling rate period. RIG!NAI{_RWATER
4 ‘ WATER , CONCENTRATION

CONCENTRATION

—ORIGINAL WATER
CONCENTRATION

DYE

|
| CONCENTRATION

WATER OR OYE CONTENT

RELATIVE DISTANCE
FROM OPEN SURFACE

Figure 3. Drying Data from Dreshfield's Study

These results led to the following observations by Dreshfield:

the maximum moisture content was found in a zone 20-30%
of the distance from the cold to the hot surface. In this
same region, a zone of minimum dye content existed. There
appeared to be no movement of dye and therefore no movement
of liquid water across this zone. liquid water, which was_
initially between_this zone and the hot surface moved toward
the hot surface; liquid water which was between this zone and
the cold surface moved toward the cold surface. Liquid wazer
movement was in the direction of decreasing moisture content
and was predominantly toward the hot surface of the shneet.

Water vapor could leave the sheet only at the ajir inter--
face., Therefore, the liquid water moving to the hot surface
must have been vaporized there, and this vapor must have moved
back through the sheet in order to escape from the open surface.
The sharp concentration of dye right at the hot-surface inter-
face indicates that most of the vaeporization occurred right
at the interface.
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A sharp concentration of dye was also found at the
air interface of the sheet. This indicates that a signifi-
cant amount of vaporization occurred there ... The heat re-
quired for vaporization at the air interface as well as the
sensible heat transferred to the air must have been propa-
gated through the sheet from the hot surface.

To explain his findings, Dreshfield presented a description of the
mechanism and phencmena involved in hot surface drying:

At the start of the drying run, there 1s a short
period during which the sheet is coming to the constant-
rate drying rate and temperature distridbution. During thre
cconstant-rate period heat 1s being added to the sheet at
the nct surface and vaporization of water occurs there.
This vapor has a partial pressure greater than the equil-
ibrium vapor pressure of the rest of the sheet, and there
is a net internal condensation as the vapor passes through
the sheet and enters the air stream over the open surface.
The heat transferred to the sheet by the condensing vapor
is meved in the direction of decreasing temperature by
conduction. At the open surface, a small fraction of the
neat is transferred *tc the air by convectiion; the remainder
causes net evaporation.

The vaporizaticn at the two surfaces depletes the liquid
water cortent of the sheet at these places. The process

oceurs too rapidly for capillary suction equilibrium to be

maintained, so meisture gradients toward the surfaces are

established. These cause movement of liquid water to the

surfaces. The rate of drying is determined by a complex

balance of heat and mass transfer, the terms of which cannot

be determined.

Dreshfield goes on to suggest that the constant rate period ends
whern the zone at the hot surface becomes too dry to maintain the initial
evaporation rate, This results in a decrease in the heat transfer rate
ard, hence, ir the over-all drying rate. Liquid water continues to fiow
from the central region to the surfaces until the moisture content is
reduced to the point where the contained water exists in a multitude of

discrete pockets. Continued drying occurs by a process of evaporaticn at

these pockets and the diffusion of vapor to the open face.




Ulmanen's work represents an extension of Dreshfield’'s investiga<ion
to include thicker pulp mats. His findings support Dreshfield's conclusions.
However, additional information in the form of temperature distribution and
thickness measurements of pulp mats as a function of drying time were
ottained. This allowed his data to be analyzed from the viewpoint of heat
transfer to the mat. This analysis by.Han and Ulmanen (ib) assumed thnat
heat transferred across the hot surface is dissipated as latent heat =f
vaporization and as sensible neat abscrted by the fiber and the water.

Trey neglected radiative cr coanvective heat loss to the 2ir. Tais analysis
together with Ulmener's data allowed the caiculatiorn of epparent thermal
conductiviiy as a funciion of the moisture content of <he puls mat. This

reilation is she in Fig. 4.

Quoting from Han and Ulmaren:

In the high moisture regicn ... the apparent corductivity
is of the order »f magnitude as, dut scmewhat larger tnan,
trhat of water ... A possitls reasocn _ur this difference is

+het the transfer ¢f heat acrcss the hot surface may not te
entirely by ccnduction. Some convectionh may also be presernt.

C

In the intermediate range of moisture, k drops sharply.
This may be attributed to the entrance of air into the sheez
... Finally in the very low moisture range, the conductivity
approaches a fixed value [which is shown to be of the order
of magnitude of the thermal conductivity of dry pulp mats].

This introductory discussicn has aimed at presenting a unified develcp-
ment of concepts which are important to an understanding cf the sigrificance
of the research work shortly to te described. It has stressed tne impcrzance |
of the heat and mass transfer within the pcrous material as defining th
drying mechanism. The hot surface drying operation has been examined from

this viewpoint in the light of available information. The next section
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LOCAL MOISTURE CONTENT

Figure 4. Apparent Thermal Conductivity
(Study of Han and Ulmanen)
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outlines in an orderly fashion the approach that has been taken to develop
a research program capable of elucidating the interactions within a porous

material during a drying operaticn.
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DEVELOPMENT OF EXPERIMENTAL APPROACH

The internal pore network of a porous material is obviously an
important factor in characterizing heat and mass transfer within the
material during drying. The elucidation of the relation between tihis
internal structure and its manifestation in terms of heat and mass transfer
within a porcus media during a drying cperaticn will greatly enhance our ‘
comprenension of the over-all drying process, Such is the basic premise

upon whick this thesis program builis,

Since the internal structure of porous medis Is to be an important |
aspect of <his thesis, a certain vackground should be established. Peorous
media are characterized by a mcre or less even distribution of void spaces
or pores which contribute zanifestly to the total geometric vclume cf tre
mgﬁerial. The percentage of this total geometric volume which is ocnsti-
tuted by veid space is termed the pcrosity. Pores in a porous system can
be interccnrected or noanccnnec%ed. The porous‘meiia of interest to this
discussion corntain tctally interconnected pore siructures. The size or
effective diameter‘of a pore can vary over wide limits. In fact, these
limits can be only intuitively defirned. In terms of macroscopic transfer
Dhenomena, very large voids which are graphically described as ”cave;ns”
are too large to be considered pores; voids of molecular dimensions are
toc small. The porous materials which have been studied in relaticn fo
drying characteristics embrace & range ¢f pore sizes from a few millimicrecns

up to several nundred microns.

The characterization of the internel pore structure is necessary if

its relation to drying characteristics is to be studied. However, the



-13-

internal vcid network cf a porous materiael is extremely compisx. To
completely characterize it would require a geometric description of all
parts of the network. Such an approach has not as yet been found possible.
A more feasible approach involves an empiricael investigetion via capillary
pressure measurements. This technique yields a pore-size distribution
whicn in essence divides the pore volume into fractions which act like uni-
form capillaries of particular diameters. Although the aralysis derived
from capillary pressure measurement is sirictly empirical, for a pariicular
ot

range <cf pore sizes, i does effeciively disiinguish beiween diflerent

!(J

porous media. This is shown in Fig. 5 based on data compiled by Parker

(13).

A detaiied description of the capilliary pressure Zechrnique is iIncluded
2lsevhere in this thesis and is not essential to the discussion at this
noint. I% is only necessary to indicate that such a technique gives arn

empirical defirition of pore structure which has proved useful iz permez-

bility studies (15). Thus, it is accepted as thé most promising meihci

0

of evaluating the interral siructure in relation to the goals of thi

thesis.

The boundery conditions of drying are presumably unimportant <o a

<he internal heat and mass transfer processes within a porous

"

wn

tudy o
mat during drying. Hewever, certain drying conditions must obviously oe
estatlished. Since the moisture and temperature gradients within zhe
porcus mat during the drying operation are the observable criteria for
heat and mass transfer, these are the items which must be measured.

Therefore, drying conditions must be selected which will produce precisely

measurable gradients.
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Hot surface drying as conducted by Dreshfield (2) produces gradients
wnhich can be satisfactorily meesured. The most comprehensive information
available on internal transfer processes are represented by Dreshfield (2)
and Ulmanen ;_), who both studied hot surface drying of pulp mats. The
squipment and techniques developed by Dreshfield were available to this
study. For these reasons, hot surface drying was establisned as the mode

of drying for this thesis work. The actual details of apperatus are dis-

cussed in a later secticn.

A research project whichk is aimed at developing xnowledge concerning

fh

the drying of peper shcuid carefully consider whether cr not it shoul
restrict itself to a study of pulp mats. This may seem paradoxical. Zcw-
ever, the protlems being investigated irn this werk are not amenable <o

sclution by a direct study of a pulp systen. -

This thesis inciudes iniernal structure in a study of the internal
heat and mass transfer during a hot sgrface drying operation. During dry-
irg, pulp fibers tend <o sﬁriqg, Ast, and collapse. Thls produces marxed
changes in the internal structure ¢f a bed composed of such fibers., Tc
characterize such a continually changing structure is difficult; to relaze
such a characterization to transfér prccesses within the bed during the

drying operation is “ruly fcrmidable. Water contained in a pulp bed may

41

xist in interfiter voids, inside the fiber lumen, or irn a physizally
er Ve S1dc tae 1iper -ume

ifferent response to drying conditions of these

£

2dsorved conditicn. The

three forms of water complicates the analysis of liquid movement within =

pulp ved.




-16-

There is little doubt that at this time these complications preclude
a satisfactory analysis of the desired nature by studying pulp beds. A

simpler system is necessary.

Glass fivers are geometrically uniform end well defired. They are
noncompressible, nonporous, ncnhygrescopic, and chemically inactive. They
nave a zero contact angle with water. Glass fibers form porous beds, and
all water contained within the bed is interfiber, capillary-held water.
Tne pore size distribution of these beds falls within narrow limits. A
light compressive load cr the bed ensures dimensional szavility during
drying. ALl these faciors coniribute to an idealized fitrous bed and

rromote the use of glass fibers for the proposed study.

Cur present knowledge of the paper drying process suggests that
a~tention be directed tc the internal heat and mass %transfer which occurs

.

n the wet paper web during drying. However, the complex nature of the

it

paper network dictates that initial study cf these pheromena utilize simpier
systems. This shesis emplicys a porous bed of glass fibers. The internal
pore structure is characterized by capilliary pressure measurements.

Moisture and temperature gradients are measured within this glass fiber
§ystem durfng a hot surface drying operazicn using techniques develcped by
Dreshfield (2). These data ailcw an analysis of.the relation between pore
structure and heat and mass transfer within the pcre system during hoi
surface drying. From this more compfehensive understanding of a simple
system, future work can build toward a knowledge of the similar but more

complex system, paper.
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DISCUSSION OF EXPERIMENTAL TECHNIQUES
PREPARATION OF GLASS FIBERS

To obtain the iost satisfactory test bedé from the standpoint of
characterizable internal geometry, the glass fibers emplcyed should be
as uniform as possible in diameter and as free as possible from fine
dedbris. The weight of glass fibers present in each of the two laminates
of the laminated test beds used fcr the hot surface drying experiments
mist pe accuraiely known. The process cf delaminaticn and weighing after
the bed has been complestely dried is unsatisfactory because a clean-cu:
delaminaticn is not possible. Thus, an accurate predictiod of leminazs
weight from a zncwledge of the amount of original fiber utilized is
necessary. The fiber preparation procedure was developed <o satis

orily apprcach the above conditions.

Trhe zlass fibers bveing used in this study were obtained through the
services of Mr. Labino of Johns-Manvilie Fiber Glass, Inc. These fiters
were received in the form of glass wool; that is, fibers of extreme lengin.
Proper fiber dispersion in a watér slurry prior to ved formation is made
possible only by reducing the fiber length to adbout 1/8-1/& inch. Starch
or scme other type of crganic material is used as a birnder in the fiber
manufac:uring-process and remains presernt as a surface coezing on the
fiters. The fiber preparation thus invcives decontamination and Tiber-

lergin reduction of the glass wool.

The glass wool as received is cut in a random fashion using a

guillotine paper cutter. This initial or primary cut product is stuffed
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into beakers and neated in a muffle furnace at 950°F. fof about eight
nours. The effectiveness of this decontaminating treatment wes evaluated
by testing starch-contaminated fibers with an lodine solution before and
after heating. The deep blue coloration produced by the starch-iodine
complex, presernt prior to heating, was entirely absent after the hgating

period.

Apprcximately four-gram lots of this primary-cut, decontaminated
fiter are disintegrated 1n tap water for 100C éoun:s irn a 3ritish Disinte-
grator and then formed intoc sheets on e British Sheet Mold. These sheets
are cut into approximately 1/8-irch strips using a guillctire cutter, axnd
tnese sirips are in turn cut ic preduce appreoximately i/8-inch squares.

Such & prccedure guerantees an accepieble maximum fiber length.

However, this multiple cuiting and disintegration procedure produces
2 cerzalin amcunt of debris. In order to reduce the amount of this debris
<c a ninlmum, fcour-gram samples of the 1/8-inch squares of fiver agglomer-
a*es are disintegrated for 200 counts in a British Disintegrator and thern
placed in orne compartment of a Bauer-McNett Classifier. A 150-mesh screen
is located at the overflow from the compartment. Water is flowed through
the compartment for five minutes after which the slurry remeining in the
comparwment is collected in a bucket. Most cf the criginal debris is
presumed to be washed through the 15C-mesh screen. The slurry in the
bucket is transferred to the British Sheet Mold and formed intc sheezs.
These glass fiber sheets are oven dried and stored in air-tight polyethyl-
ene bags. This represents the stock supply of fiber suitabdble for use in

glass fider bed formation.
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Theldiameter of the fibers used in this study was given bty the manu-
facturer as 5.8 u. Microscopic examination of the prepared fiber indicated
a weighted average fiber diameter of 5.29 p. The measurements were made by
Jack Hankey of +the Fiber Microscopy Group at The Institute of Paper Chemistr]
at a magnification of 970X‘under 0il immersicn. The renge c¢f fiber diameters

contribtuting to this average is quite narrcow as can be judged from Table I.

TABLE I

FIBER DIAMETER DISTRIBUTION

Plber Diameter, u ' Number of Fibers

L.5 L

5.0 5C

5.5 38

6.C b

6.5 3
Arithmetic average 5.26 u
Surface weighted average 5.26 1

i~

Tne value of 5.3 (3.29) u is considered the mest reliable esiimaie of =he
average Tiber diameter since the manufacturer's measurements nave ai Leas<

~he disadvantage of aprlying to a starch coated fiber.

The density of the glass fibers was measured pycrometrically, and an

a&erage of three separate determinations gave a result cf 2.39 g./cm.3 with
a precision of better than one per cenf. Certair prcblems are encountered
in this type of density determinaticn which are peculiar to small partizle
systems. Appendix III gives the details cof the method developed tc over-

v

come these difficulties.




-20~
FORMATION OF GLASS FIBER BEDS

The ideal fiber bed for this study can be described as one which is
composed of multiple layers of uniform diameter fibers, each layer contain-
ing fibers randomly oriented in the two-dimensional plane of the layer.
Such a bed should result from the filtration of a perfectly dispersed fiver

slurry. Hence, the initial concern is to obtain such & slurry.

Glass fibers from the prepared stock suprply are weighed and then added
in approximately 3-gram _o=s %o about 3 1/2 liters of purified water in L-

liter. sucticn flasks. The consisiency is thus about O.1%.

Tap water is passed through a fine grade Fulflo filter and <hen a

commercial water softening, ion-exchange unit to cbtein <he purified wazer.

The fiber in each suction flask is dispersed by vigorous stirring with
g stirring rod. The flasks are then hocked up to a laboratory aspiraicr
and the slurries deaerated for a suitable pericd (at least three zo four

hours ).

The filtration system utilized for bed formation is depicted in Fig.
6. The filtration septum or screen (é) consists of a perforated frame

suppcrting a 150-mesh screen clamped tightly over a 35-mesn tacking screer.

Prior to assembly, this septum musi be thoroughly cleaned in créer for
it to deliver & uniform flow across tne full cross section. It is scrubbed
with detergent, rinsed thoroughly with water, immersed for a short interval
in acetone, and finelly dried by subjecting it to & 105°C. oven atmosphere

for a brief period.




GLASS FIBER SLURRY
INTRODUCjD HERE

APPROXIMATE WATER LEVEL
OURING FILTRATION

SrXcIOMMoOOm>»

Figure 6. Filtration Apparatus
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LOWER FILTRATION TuBE
SHEET OF TEA BAG STOCK
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UPPER FILTRATION TUBE
OVERFLOW CAN

WATER RESERVOIR
STOPCOCK

OVERHEAD SUPPLY TANK
CLAMP

150 MESH SCREEN

35 MESH SCREEN
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The septum (é) is positicned over an O-ring supported on the lower
filtratiqn tube (g). A dental dam gasket is placed on the upper face
of the septum in readiness for the formation ring. A sheet of tea bag
stock (g) is then laid over the septum and gasket and trapped in positicn
by the formation ring (D). The presence of this sheet reduces fiber loss
through the screen and allows the final glass fiber bed to be readily

dissociated from the septum.

The upper filtraticn tube (g) is piaced in position on the formation
ring which i1s separated from it by a raober O-ring. The upper and lower

filtration tubes are boited tcgetner, <hereby clamping the whole assemtly

and preducing a water-tight filiratiorn column.

The flow-coniroliling overflow can (E) is adlusted tc a level approx-
imating the top of the upper filtration tube. Purified water is thern
introduced into the system from the reservoir (G). The water level is
slowly raised until the septum ernd the sheet of tea bag stock nave veen
uniformly wet and all air has been purged from the assembly. When the
water level is a fe& inches above the septum, the filtration unit is

isolated from the reservoir ty closing stopcock (E).

Rubber hose connections are macde to link the filtration tube with 2an
overhead supply tank ({). This tank is filled with purified water. Screw-
type clamp (5) acts as a needie valve contrcliing flcw out of the tank.
3y adjusting this clamp and the level of the overflow can a steady flow of

wvater through the filtration tube is maintained.

The drying study requires that a radiocactive source and a fine-wire

thermocouple be located at any desired level within the fiber bed. This
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was initially accomplished by separately preparing two laminates and send-
wiching the source and thermocouple between them. However, accumulated
data demonstrated that this preparation introduced a discontinuity at the

plane of lamination which resulted in éignificant error.

A satisfactory alternative method involves forming one laminate,
placing the scurce and thermocouple in position, and then depcsiting the
top laminate by means of a second filtration. This procedure is described

telow.

The deaerated, dispersed glass fiber slurry is poured slowly and care-
f11ly from the suction flask into the top bowl of the filtraticr zute. Ths
fiber suspensicn is diluted and carried down o the septum by the Zlcw of
pure water. Gocd dispersion Is maintained by gentle agitetion wiih a long-

nandled perforated piszon.

Prior to tne introduction cof <his procedure, the fiber slurry was
poured in%to the overhead supply tank where’an agitator secured centinual
mixing. Hewever, excessive flocculation occurred while the fiter slurry
was travelling in the hose connecting the supply tank with the filtraticn

AP

tube. Thus, the new procedure described was intrcduced as a means cf

elimirating this defect.

The slurry in the filtration tube during the filtration operation
was cbserved to be well dispersed with only a few small fiber bundles
present. These apparently do not affect the desired random orientation

in the fiber bed.
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When gll the glass fibers of the bcttom laminate have been accepted
into the bed, the control clamp (X) is closed, halting the flow of water.
The overflow can is lowered so that the water level in the filtration :ube
reaches the upper face of the fiber bed. The bolts are released and the
upper flltration tube is removed. Thils leaves the water-saturated fiber
laminate contained in the formation ring (D) s‘£ting on the septum (4)

which is supported on the lcwer filtration tube (3B).

: . .1, o s . .
A fine-wire thermocouple 1is carefully laid on the exposed fiver
surface of the lower laminate forming a loop, with the thermocoupie jurc-
tion near the center of the bed. The l=sads are brought out close together

over the formation ring.

Next, the taree or fcur radioactive glass fiters™ are carefully piacsd

side by side near the center of the bed.

A perforated piston is placed in position over the lcwer laminate
and the upper filtration tube is replaced and rebolted, thus restoring
the filtrazion column of Fig. 6.  The presence of the firne thermocouple
wires between the formation ring and the upper fil<ration tube does not
hinder the rubber "0" ring in producing an effective seal. The overflow
can (F) is slowly raised causing the water level to rise above the fider
lamirate. The presence of the perforated piston discourages any terndency

for fibers to be back washed out of the Tiber ved. In addition, =he thermo-

coupie and radioactive source are maintained in position. The hose

1 A discussion of the preparation of these thermocouples is- given in
Appendix I.

2 For a discussion of the preparsticn of the radicactive source refer to

Appendix II.
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connection with the overhead supply tank is re-established, and waier is

slowly added unt:l the filtration tube is filled and flow through the bed
nas veen initiated. The perforated piston is carefully removed by lifting
it out of the column. The fléw of water minimizes any disturbance result-

ing from the removal of the piston.

The fiver slurry representing the top laminate is added in a manner
identical tc that alreedy described for the lower laminate. In inis way
a complete bed is formed with the radicactive scurce and the fine wire

~hermocouple located at any desired level,
PREPARATION OF FIBER BED FOR TZSTING

The drying study requires that ihe glass fiver bed be transferred
from the fermation ring and sepitum tc a test ring. It was found possitle
to uzilize the szme test beds for beoth the drying and capillary sucticn

studies. Consequently, all fiver beds used in the over-all study were

prepared in the following manner, with reference to Fig. 7.

Perforated piston (C), (Fig. 7:I) is slid into the formaticn ring (D)
until it nestles on the fiber bed. The piston flange (E) rests on top of
<he formaticn ring. By tigntening set screw (g), the piston and flange
are Zccked in position. The septum and supporiing assembliy can then de
1ifted free of %ne lower filtration <ube and inverted. (See Fig. 7:II.;
frcm this position the septum can be lifted off and the tea bag stoék

peeled from the fiber bed while the bed remains supported by the perforated

piston.
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SEPTUM

LOWER FILTRATION TUBE
PERFORATED PISTON
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Figure 7.
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An assembly
housing (K) securing in position

to the main stand (G) of the transfer apparatus.
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consisting of btase plate (J) to which is screwed ring
perforazed aluminum foil (H) is bclted

The Plexiglas test

ring (E) is slid into the. ring housing and followed by the piston and bed

assembly represented by (C),

(E), and (D). This is accomplished in suck

a manrer that the groove in the test ring and <he thermocoupie leads from

-he bed line up with the slot (M) in
[y

(E) bolts to the ring nousing and thus locks the

ring

, R

until the fiber bed has been disp_aced from

test

stand, and inverted.

when

.nousing is removed from
scotch *aped to the sides of the plexiglas

oy an elastic band.

e T

Ded

axper

te

in o

rirg.

“he piston assemdly

This

iments and later

st ring, care being taken that no contact

the ring housing. piston flange

test ring and formation

is released and the piston is advanced

o the fermation ring to <he

The multiple assembly Is tnexn unbclted, removed from the main

Figure

ané Sforma-=icn

assembly is placed in an cven at

The éry bed is *hen compressed ring.

the assembly. The aluminum foil sheet is trimmed

ring, and additicrally secur
The thermocouple leads are taped into the groove iz

between leads occurs. The

is then ready to undergc the necessary testing involved in the drying

in the cegpillary pressure measurements,

DRYING STUDY

The apparatus involved in producing and controlling the hot surface

drying environment is shown in Fig. 8 and is essentially that of Dreshfield

(2) as improved by Ulmanen (12).




-28-

snyereddy Surhkig ‘g san31g

dvdl Wv3als A HYOLO3130 NOUVTHINDS D 3did NOILD3IrNI WvILS

3NID Wv3ls X ’ 3ivd IOH d SY3Iv3IH 3INOD
AVISOWYH3HL M H3L3WOWH3IHL 6TN8  AMG N : 344v8

YOIVLIOY A Y3ILINOWYIHL 918 13Mm W GIQFINYIN - 3MVINI

SNOD ONILV3IH 2 U3N3A3 mOT4 0 YOIOW 3AIYO

. dWNd ONIIVINDYID § HIALIWONYW OINITONI W Nv3
M¥NVL 39vHOLS ¥3ivm o 3TZZON MO AINNNL  ONIAYO

1
cmvmeomad

[
——cm e .- +




-29-

The hot surface (g) against which the glass fiber ved 1s clamped is
located towards the end inside of a 9 by 9 inch cross section drying tunnel.
Fan (B) driven by motor (C) draws air throﬁgh intake manifold (D) and
delivers it *hrough the drying tunnel. The temperature cf the air is
controlled by cone heaters (G) ard (F) located in the intake marifold.

One of these heaters is connecied through a rheostat in crder to provice
control adjustment, The mcisture ccntent of the air is centrolled by in-
jecting steam into the air flow by means .cof a perforated steam line (=
The air flow ra%e s estimazed by 2 calibrated inclired water mancmezer

(K) which records the pressure drsp across the flow nozzle (J). The

purpcse ¢f this measurement is primarily %to 2assure constancy of tae Ilow
rate cver an ex=ended experinmental period; and, thus, the czlitratiorn is
reliable %o cnly about 5%. A lh-mesh screen (L) helps o even zhe air
flow from tke nczzle. Wet ard dry bulb thermometers (M) and (N) sive

the reguired measure of air moisture conternt and lemperaturs.

Tre ho® plate (P) consisss of a 1/8-inch aluminum top plate coverirg
a hollow chamber thrcugh which kot water is circulated at the raze cf
about 15 g.p.m. The hot water system consis<s of an insulated tank (R)
of about 9-cu. ft. capacity in which water tempefature is controlled Ty
the combination of heater (T) thermostat (W) ard mixer (V). Steam line
(X) discherging through trap (Y) is used for the initlal heating-up pericd.

Pump (S) delivers the hot water from the tank ard circulates it through

the hot plate and back to the tank.

Figure 9 gives a more detailed picture of the hot plate and clamping

assembly as well as illustrating the technique for measuring the tempera-

ture within the bed during the drying operation.
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Radicactive source (b) and fine-wire thermocouple (d4) are shown
located in position in the fiver bed conteined within the plexiglas
ring (a) and supported by the aluminum foil.(g). The plexiglas ring is
attached to a screen assembly by three screws. This assembly consists
of an aluminum frame (g) over which is stretched and clamped a S5O-mesh
alumirum wire screen (g). The scintiliation head (Q) is clamped zc a
device (k) which when lowered con*tacss both the frame end screen of the

screen assexbly. Two T-bar wedge clamps establish faverabls contact

Ziber ted into *the test ring.

The fine-wire thermocouple legds are clamped %c¢ ‘unciions Jrom wnicn
arger diamezer leads (n) of the same materials (crhromel and z2lumel)
continue the circult., This circuit includes a Minneapolis-Horeywell re-
cording potenticometer (E) and a2 cold juncticn consisting of a Dewar Ilask

cerntaining crushed ice and purified water in waich the charomel-alumel

cold lunction is created by the mercury contairing U-tube (r).

Tre methéd employed in this study for measuring the moisture content
of the fiver as a function of drying time was developed by Dresnhfield.
Detailed background infcrmaticn concerning this technique is prassnted
in his thesis (g). Hcwever, some of these aspects shculd te included here

for *the convenience of this dsvelopment.

Certain radioactive isotopes including Sr90 and Tlgog suffer sponzan-
eous beta disintegration of the nucleus. This signifies that emission is
restricted to beta radiation, no alpha or gamma radiation being present.

The disintegration rate is predictable according to the mathematical concept
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o0
of radicactive decay. The half-lives of the two isotcpes Srgo and T1°7
are sufficiently long that over the period of the experimental program

their emission rate can be assumed constant.

A distinguishing characteriétic of beta radiation is the continuous
distribution in energy of the emitted electrons. This makes mathematical
gquantification of the absorption of the veta radiation by matter largely
empirical. The range cr ability of the beta radiation to peretirate is
deperdent upon the maximum erergy of the beta emission. It is pocssinls to
generalize that.for low molecular weight raterials (which include glass
water, and aluminum), the amount o absorpticn is dependent upon the mass
per unit area ard that seccndary emission and backscasttering ars relativelyw

incconsequential,

In a drying operaiion, the total mass per unit asrea (basis weight)
cf the porcus materiel decreases as.water is evaporated and departs from
tne system, This decrease can be detected by plecing the porous maierizl
petween a scurce ¢f beta radiaticn and a suitabie dstector. By =smpirical
calibratioﬂ, the cﬁange in the beta radiation received at the deteczor
(counting rate) due to changes in the basis weight of water during dryirg

can be accurately related to the moisture content of the porcus materisl,

By locating the radioactive source at different positions wizthin she
ocrous material being dried, the moisture distribution withirn the materisl
during drying can ve calculated. This is the basic concept tehind the

technique so successfully developed by Dreshfield.

Beta radietion is detectable by a number of methods. The scintillation

detector is utilized in this study and so will be briefly considered.
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Certairn crysials have the property of emittiing a photon of light when
struck by a beta particle of sufficient energy. The stilbene crystal
used in this work detects incident beta radiation with an energy of 200
kev. or more, When this crystal is linked with a photomultiplier. tube
and an electrcnic counting circuit, the number ¢f beta particles received

at the crystal can be counted.

A particular source emits beta radiation equally in all directions.
Trhat portion cf the radiation which strikes the scintillatica crysial is
tnus very dependent upon the geometrical relati o“-nlp tetween source and
cezector. This diztates the reed for maintaining ccnsfarcy of this relza-

zicnship.,

The matnematical certitude of the rate of emissiorn o2f 2 radiocactive

in realliiy dependent upon the number of emissions considered.
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Since nuclear disintegrations have a perfectly random distribution in time,
it fcllows that the uncertainty in predicting the emissicn rate can be
etermined from *he Poisson distribution. For such a distribution the

standard deviation is related to the number of events ccrnsidered ty:

wiere s_ 1s the standard deviazion, and N is the number of svents considersd.
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ccunter predict a counting rate with a reliability of 1%.

With this background established, the actual apparafus and general
considerations involved in measuring moisture content can be described.

The apparatus is shown in Fig. 10.



detecter counting rate Is a function of the voitage applied to the zube
which is controlled at the autoscaler. It is desirable to set this "high
voltege' control at & position which corresponds to the middle of the
Dlateau of *he characteristic counting rate-vcltage curve. This settin

was experimentally selected as 1450 volts.

The autoscaler is controlled through a voltage regulater (3). The
time required for 10,0CC counts to be collected at the autcscaler nas Teen
shewn to be a statistically accurate measure of the court-ng rate. An
electric clock (&) with a full sweep second hand is cornected so taat it
starts automatically when the autcscaler counting mechanism Is activazsd,
The zuzoscaler coperating in the automatic position sitops *the clock wren

€,CCC counts have teen collected. Thus, the clock readirng in hurndreftrhs

of a second gives the desired measure of the counting rate.

The folilowing steps represent the procedure adopied for obiaining

tne not surface drying data needed.

Each 'bed tested was separately caliorated prior to dryirg. The
empirical rature of the absorption vs. the basis weight relationship ror
veta radiation, depending as it doces on scurce strength and source-

de<eczor geometry, makes construction of a master calibraticn curve

(0]

applizable to all bveds difficult. In effect, it is easier simply t

calitrate each bed separately

The calibration procedure consists of measuring the beta-ray trarns-
mission as a function of the moisture content of the fiber bed. For

purposes of this study, the beta-ray transmission is defined as the
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beta-ray counting rate at a particular moisture conient divided by the
counting rate for the dry bed. Thus, the transmission of the dry test

bed is 100, 0%.

An aluminum screen assembly (z of Fig. 9) is screwed to the plexiglas
ring containing the test bed. This unit represents the test assembly.
This assembly Is mounted as shown in Fig. 9 for cthe drying experiments.
Similarly for celibraticn work the same mounting is used except that the

Lot plate is of course unheated. In this manner, calidbration ccnditions

are geometrically identical to drying corditions.

An aluminum cover plate was macnined to saugly cover ithe sxpesed

area of aluminum wire s

[®]

reen (g of Fig. §). Witk this in place, a mois:
fiber bed is effectively sealed against evaporation losses. By weigning
the test assembly (with cover plate) for dry bed conditions, & weight
measurement of the test assembly with e moist bed makes calculable the
weight of water in the bed. In resumé, the test assembly with ccver plate
in positicn is weighed as & measure of the amcunt cf water in the bed.

Tne test assembly, without cover plate, is mounted in the test pcsition
in the drying apparatus, and the beta-ray counting rate is recorded. The
ratio of this value to the counting rate for the dry bed assembly is the
transmission value., A calibration cur&e plotting beta-ray transmission

egainst weight of water above the source can thus te consztructed. Details

2? %kis calculation are presented later,

A fiver bed as prepared for this study contains approximately 60C%
by weight of water when completely saturated. The drying experiments call

for an initial bed moisture content of around 250%. This value fepresents




about the upper limit for effective measurement using the strontium source.
However, 250% by weight of water simply cannot be added to the dry bed and
expected to distribute itseif uniformly. The degree of nonunifcrmity of

distribution is related to the pore distribution of the bed. A narrow pore
distribution gives greater nonuﬁiformity, while a brcad range of pore sizes
allcws a more even moisture distribution to occur. The narrcw pore distri-

bution of the test beds thus aggravates the prcblem.

Therefore, the bed must be ccmpletely saturated, arnd then the mois*urs
content rediced in such a manner 2s to maintain uniform distributiion az
decreasing levels of moisture con*ent.

.

The iritial prcblsm is, therefore, tc effect complete water saturaticr
2 J 29
of the bed. Capiliary considerations show that It Is Impossibls tc ccmplately

replace one fluid phase by & second fluid phase using flow displacement

2

only. When water is caused <c flow ihrough an initially drv fiber ted,
discrete air pockets will remair z<rapred In the bed as a consequence of =<he

o

capiliary nature of the ved arnd the existence of interfacial tensicn feorces.

-
T

The amount <f air sc trapped is some function of the nature of the pore
structure as well as the flow conditions established. An sffective way o
remove tnis residual air is to cause it to be dissolved in the saturating

Jater.

Tne fcllowing procedure based cn trhe above Zeasoning was used <¢ sztur-
ate the glass fiber beds. Boiling water is poured through the test assembly
(minus cover plate) supported on & wire screen and perforated brass plate.

A regular pattern of 1/6l-inch diemeter holes were drilled, prior to assembly,

in the sheet of aluminum foil which represents the bottom of the test bed.
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Thus, an open channel is avallable for pouring water through the bed while
+he presence of the top screen of the test assembly prevents disruption of
the fiber bed. The hot water is allowed time to cool and dissolve the

residual air. The system is then {lushed out with normal temperature water.

The next problem is to lower the moisture content from saturation
(600%) to about 250% for drying studies and various lower levels for cali-
bration purposes. This only becomes a problem when the siipulation is made
that gt any particular level cf moisiure content the water be uniformly

<

distributed thrcughout the ted. The chief reason for reguiring a uniform
meisture distribution is a result of the calibraticn metacd as it appliss
<c the case where the bteta scurce is located a< scme poin: wiithin the fiber
ted. The mcisture content above the veta source 1is determined con the basis
cf the total weight of water in the bed. In other words, if the distribu-
“lorn 15 nct uniform, the moisturs content above the beta scurce is ncs
necessarily ecqual to the over-all ncisture cerntent., This gives a calidra-
tion error which will reflect seriously on the accuracy cf the dryin
measurements. A method of desaturation which first comes t¢c mind is zo
dry the bed to the desired moisture ievel. Of course, it is recognized
that any drying procedure will establisk a moisture gradient within the ted.

However,-if the drying is conducted at a sufficienitly slow rate, tais.

gradient presumably should become negligible.

Such an assumpticn is based on ordinary rate concepis. It neglec:s
structural effects of the fiber bed. ,Experimenfal data soon suggested
that this assumption is not valid. The moisture gradient established by
slow air drying definitely yielded a significant departure from the desired
uniformity of moisture distribution. Another method of desaturation had to

be found.
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Wren water is drawn from a saturated bed through the appiication of
a negative pressure, the gquantity of water remaining in the bed is that
which is at capillary equilibrium with the applied pressure. It is a basic
concept that water at capillary equilibrium within a uniform porous network
must be uniformly distributed. This concept offers an escape frem the

norns of the aforementioned dilemma.

The saturated fiter 2ed Is placed in the capillary suction spparatus
in a manner similar to the description given shortly on pages 44 and 43.

fowever, 1t is only necessary to place the ted in position and use tae

esired level. A short pericd

[}

ontent of the bed has heen reduced to a
is allowed for equilidbrium to be closely approached. By using a flat
spatula, tne bed can be removed from the porous rlate withoui significant

Tiber Loss. -

During the calibrazion procedure this bed is <%ested, returned to
the apparatus, and a furthner increment of water removed. In this manner,
various levels of uniform moisture content down to about 25% by weight can

ce calibrated.

For the drying study the prccedure is to achieve a mcissure zontent
slightly abcve the desired initial moisture conteat. Two or three adjus
ments interspersed with check weighings readily achieve this goal. The
ved is then slowly air dried té the desired initial moisture corntent of

250%. This final eir drying introduces no measurable gradation error.
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The ncs surface drying experiments have as their goal <he description
of moisture and temperature conditions within a glass fiber bed of constant
pcrosity, pore distribution, and basls weight 2t any time during a drying

operation using fixed drying conditicns.

The internal geometry of the fider ved can be fixed by utilizing a
constant weight of fiber which when compressed into the test ring will
yield a structure that is not affected bty the surface tension forces aczive
during drying. This ccrdition Is suitably achieved by forming test Teds

containing epproximately 12 grams of dry fiber.

a drying

O

The :inizial weigh®t of weter in the ved (immedia*ely prior =

operation) was contrclisd at 30.00 + 0.2 g.

Drying conditions are established oy controlling the hot water circu-
lating temperature (i.e., the hct surface temperature) and the tempersiure,
aumidisy, and flcw rate cf the circuwlating sir. The abscluie values chcsan
for these drying conditions ars the same as thcse selected by Ulmaner.

_This was done in order that the data of this study would be more realis-

tically compared with Ulmanen's data. These conditicns are:

dot water circulating terperature = 90.C°C. + 0.1°C.

Air flow rate = 135 + 5 c.f.m.
Air temperature = 100.0°F. + 0.5°F. dry bulb
78.0°7. + 0.5°F. wet bulb

The drying run was conducted as follows: The drying envircnment was
estabiished at the desired control conditions. The fiber bed was desaturacted,

as previously described, to the desired initial moisture content of 250%
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(3C g.). The fine wire thermcccup;e leads from the bed were secured at ths
temrerature measuring juncticn (see Fig. 9), and the recording potentiometer
was turned on. The bed assembly was then quickly placéd in position on the
hot plate, a stop watch started, the top cover plate removed, and “he clamp-
ing device lowered and clarped in%to position. This operation fook about

ten secconds %o acccmplish.

. L o ) o
The time for 10 counts to be received at the beta-ray dsiec:tcr was
recorded as a function of drying time as ascertained by the stopwazcn
reading. Readings at apprcximately <three-minute intervals produced arn

adequate descriptiorn of the drving prccess.,

The temperature a* ithe thermocouple junction within <he ted was aute-

H

matically recorded on & stIrip chart at the recording pcienticrete
The treatment of raw data is discussed In a later secticn,
CAPILLARY PRESSURE STUDY

. 1 ‘ . X e & .
The capillary pressure” apraratus designed and buillt for this szudy
is essentially the same as the smaller apparatus employed by Parker (15).
The foliowing description of assembly and operation makes reference %o

Fig., :l.

The apparatus consists of a lower plexiglas ncusing (A) z<zachei =o
a trecision bore glass tube (B) filled with mercury and connected to a

mercury reservoir (C). This reservoir rests on a traveller (D) which runs

t The terms capillary pressure and capillary suction are used inter-
changeably throughout this thesis.
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nd car thus be adjusted vertically by turning nandle (F).
v —

[\Y]

on screw (E)
Dryirg tube (G) loosely filled with cotton tatting connects the mercury

reservoir with the atmosphere.

Lower housing (A) is filled with deaerated, filtered water from water
reserveir (H). Water-saturated sintered glass porous rlate (J) is placeéd
‘n position over the lower housing. This is effected in such a manner

-rat all air is purged from beneath the porous plate.

The perous glass plae was cobtalined from Corning Glass Co. It is
7 1/2 inches inside diameter wih arproximately one inch of edge fusing
ard 5 1/2 irches of porcus area. The surfaces are machkined lat and

ess i3 approximately 3/3
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te was originally clieaned by allowing ccnzact with freshly

§s
3
[$]
»
P

Lol
'_l
1]

orepared hot cleaning solution (sulfuric acid-dichromate sclution) and
zner toiled in successive lots of purified water until the last irzces
of discoloration due o *he cleaning solution had disappeared. The plats
is water saturated by submerging it in hot purifisd waier in a vacuun

desiccator under reduced pressure.

Water-saturatedl fiber bed (5) is placed on the porous plate with

ct

he free fiber face in contact and the aluminun foil-ccvered opposizia

face upward. Spring loaded, heavy perforated trass plate (g) and plexi-
g.2s ring (E) constrain the fiver bed ir *he required gecmetry. Trhe wazer
in the glass fiber bed is now connected by an untroken water leg with the

mercury in the precision bore tube,

l.Saturating procedure is discussed on page 37.




-hh4-

Upper plexiglas housing (P) is then bolted to the lower housing,
thus clamping the porcus blate and glass fiber bed in position. A large
rubber stopper (B) fitted with a drying tube containing water-saturated
cotton batting seals an access hole in the top of the upper housing. This
prevents evapcration of water from the fiber bed but allows the pressure
w0 remain atmospheric. Thermcmeter (§) records the temperature in the

sealed bed compariment.

The apparatus assembled, the bulk of superfluous water is pipetted
from around the fiver ved via the access hble. The water reservolr is then
lowered in order to drain the residual free water from the fiber ted and
oorous plate. Thus, a siight negative pressure actually exists for <he
zerc reading. The hose clamp (T) is clesed, and the apparatus is isolated

from the water reservoir.

By lowering reservoir (9) a regative pressure is transmittec to zhe
water in the fiber bed. This negative pressure will draw water out of :re
ved in accordance with the laws of capiliarity. The vclume ¢f wazter remcved
can be evaluated by measuring thé displacement of the mercury-water inter-
face in the precision boré tube. The pressure established is evaluated by
measuring the elevation of thg mercury interfaces (tube and reserveir) with
reference to the center of the élass fiber bed taken as a datum. These

measurements are obtairned througnh the use of a caihetomerer.

In order that a particular capillery pressure be maintained despize
movement of the mercury-water interface in the tube the cross-sectional
area of the reservoir was made 13.6 (ratioc density mercury to water) times

the cross-sectional area of the precision bore tube. In this way & fine-wire
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irdicator attached to the reservoir can be set at a predetermined pcsiziorn;
“he reservoir is lowered until this wire indicates the level of the mercury-
weter interface. As long as this match is maintained, the increasing hesad

of water in the tube 1s exactly compensated by the decreasing head of

mercury in the reserveir. Thus, the net capillary pressure remains uncharnged.

By calibrating the porous plate prior to testing the glass fiver beds,
<he water removed from the fiber bed 2t any particular capillary pressure

can be differentiated frcom the water removed from the porous piate.

Two variables which nave a marked effect on capiliary pressure measure-
ments are temperature and Interfaclel tensicn. The capillary pressure
arraratus was located in an Isclarium with temperature contrclled at 25
+1/2°C. ALl water associated wiih ihis experimental work was of inown arnd
satisfactory purity with a surface tension clcsely approaching that liszed
Zor pure water. Surface ternsion measurements of the water iz <the ajdparztus

before arnd after szch run assured tha* this value remained unchangsd. Sur-

face tension measurements were made with a De Nouy surface tensiometier.

Afier completion of a capillary suction run, the residual saturaticn
cf the bed, that is, water contained in discrete noncontinuous pockets in
tne fiber bed, is determined by removing the fiber bed, weighing 1%, cven
drying, and reweigaing it. mis information ccmpleies the required daze
and allows the degree of saturatiocn of the glass Tiber ted tc 2e rslated
20 the applied capillary suction. This 1is the experimental basis from waich,
as will be discussed later, a pore size distribution function can ve deter-

mined.
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DEVELOPMENT AND CRITICAL ANALYSIS OF DATA

The last section discussed the prccedures and techniques that have
beer. developed in order to obtain the desired data. Tre next section
discusses the results as defined by these data. A transition is needed
to allow discussion of the accuracy and precision of the data and o

clarify its general development. The following section supp-ies this reed.
DRYING 3TUDY

The calibration procedure relates the water content cof the Tiber ted

astac-

Wwith a beta-ray transmission figure. A particular water corntent i

n

lished, as previously described, by the use of a capillary sucticn Zechnigue.
Preliiminary data ware collected to assess the repreducibility of zhe cali-
tration curve using this technique. Part c¢f this data, presented in Table

I, clarifies the required calcuiaticns.

TABLE IT

CALIBRATION DATA, D-111

(a) (b) (c) (a) |
Beta-Ray Weight of Water Beta-Ray
Assembly Weight, Countiﬁg Rate, ir Bed, Transmissiocn,
g. sec. /107 counts g. %
1028.80 (dry bved) 1.46 0.00 1CC.0
1088.25 2.21 19.45 66.1
1C60. 41 3.31 : 31.51 <2

The total weight of the test bed assembly is recorded in column (a).

The corresponding beta-ray counting rate is given in column (b). By sub-

tracting the dry bed assembly weight (1028.80) from the weight of the wet
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bed assembly, column (c) is cbtained. Dividing <he dry bed counting rate
(1.46) by the countirg rate when water is present in the bed gives, by

definition, the beta-ray transmission recorded in column (a).

Figure 12 shows the reproducibility of the calibration data. All
pcints are for the same ved. The bed was saturated anc calibrated, then
resaturated and checked several times, Different symbols indicafe test
values obtained after resa*uraticn. ALl subsequent calibraticn data demon;
strated precision comparable to Fig. 12. Thais is suggested as satisfactory

evidence for the reliability of calibration data.

The capillary sustion technique Is a valuable additicral tcel Zer
drying studies. I% _s g thecretically sound marmer in which to prcduce
a aniform moisture content of any specified value. Also, 1% cffers a rapid
means of obtaining such moisture contents. With this techrique, feor instance,
a corplete calibraticn curve can de established in abou: twe hours. In
additicn, a bed can be rapidly desaturated to the desired level Zor a dry-

irg experiment. This obviates the need for extended pericds of slcw air

drying even where such a technique Is valid.

Scme typical drying data are given in Table III to illustrate the

necessary calculaticns.

The original measuremen<s are reccrded ir columns (a) and (b). The
veta-ray transmission calculated from the counting rate data, as previcusly
described, is shown in column (c). The calibration chart is consulted for
the values of water content corresponding to the particular transmission

figures. These are tabulated in column (4).
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TARLE III
DRYING DATA, D-132

(a) - (®) (e) (4)

Beta-Ray Water Above
Drying Time, Counting Rate, Transmission Source,
min. :sec. sec./10% counts % g.
1:00 1.60 61.9 1.2
7:00 1.5 65.6 10.1
21:Co 1.19 33.1 4.9
Final 0.9% i%c.0 ¢,

The temperature is calculated frem a continucus petentiocmeiric recori

of a thermocouple junciion located at the desired peint in the bed. This
recoerd, in millivolis, is conver<ed o temperature by us2 f z zalibra=icn

curvse.

The calibration curve was constructed by measuring the millivoliage
cutput from the thermcccuple junction located in a temperaturs-controilel
hot water bati. A Bureau of Standards thermometer was used for reccrding
the aciual temperature. The calibration curve was found tc closely coin-
cide with standard chromel-alumel junction pctential-temperature cqrrel=tions.
The basic drying and temperaturs data cbtained in this manner are presented

in Fig. 13-16.

The only criterion of accuracy in determining the mcisture arnd tempers-

io

n
¢

ture distributions within the glass fiber bed during drying is the preci !
of measurement and the internal consistency of the data. In the drying
experiments, sources of error can be classified into two general categories--
those which contfibute to variaticn in test results for one particular bed

and those which contribute to a between-bed variastion.
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A particular bed, after calibration, can be saturated to the desired
level, dried, and then resaturated and redried. Without exception, results
from such duplicate or even triplicate tests on one particular bed demon-
strated excellent reproducibility. Figure 17 shows the water content above
a beta source, located at & position spproximately 5/8 of the distance from
the hot surface to the open face, as a function of drying time. These data
represent two drying runs on the same bed made cn different days. Tigure

i3 represents similar temperature data.

Since this precisicn was invariably maintaired, it suggestis that the
drying envircameat (het surface temperature and air ccnditions) was =de-
qiately contrcolled; *that the initial moisture ccntent was satisfactorily

reproduced; and that no important changes occurred in the bed 2s a result

of its past history.

The moisture and temperature distributions are reconstructed from
data obtained from different test beds, =ach bed yielding one point in tixe
cesired distribution curves. The accuracy of this reconstruction is
naturally dependent upon the assumption that the different beds dry in
precisely the same manner. One necessary but not sufficient criterion of

precisicn is that different beds require the same time to dry.

Experience has indicated that the point (C) marked on the temperaturs
curve of Fig. 18 represents the time when liquid water complstély disappears
from the ved. The total drying time evaluated in this manner can be seen
from Fig. 16 to vary for different beds by as much as six minutes in
extreme directions. An attempt was made to determine the cause of this

variation. The drying variables have already been eliminated as possible
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offenders. Therefore, the variation must be attributed to physical
differences between different beds. One such possibiiity 1s porosity
differences. The small size of the fibers made it impossible, in spite
of all precautions, to eliminate fiber loss through the septum. The
extent of fiﬁer loss varied somewhat, thus yielding variations in %he
total weight of dry fiber in different beds. Table IV lists the porosities
of a number of beds together with the total time required to dry them.
This +able incluées the maximum porosity variation enccuntered. It can
first, that while *he pcrosity variation Is not insigrnificens,

£ i3 no% great. Second, no correlaticn can be cbserved between the
pcrosity znd the total drying time. For glass Tiver beds, pore sizs 4is-

tributicn is sensitive o porosity variations (15). Thus, i< Is impassitls

ot
O
o

ttribute the enccuntered differences in drying time %c variations in

tre average internal geometry of different beds,

TABLE IV

POROSITY VARIATION AND TOTAL DRYING TIME

Total Drying

Porosity Time, min.
0.9Ly L7
0.947 50
0.9k5 L6
0.543 L7
0.9u3 L9

Further consideration of the between-bed reproducibility and non-
reproducibility is necessary before returning to the question of its causs.

The basic drying and temperature data for independent measurements on
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different beds with the thermoccuple and radiocactive scurce located a%
essentially the same position in the ved (near the midpoint) are shown

in Pig. 19. It can be seen that the drying date are reproducible fcr about
15 to 20 minutes of drying after which a diversion results in the termina-
tion ¢f the curves at the different tctal drying times. Similarly, the
temperature date is reproducible for about 20 minutes of drying after which

wide divergencies are apparent.

Experience suggests tnat point (A) shcwn in Fig. 18 represznts the
*ime when liquid water disappezars fror the hot surface. The subsesguent
T3ll in temperature Is rapidly =ransmitied throughcut zhe bed. In czher

words, <ne location of <he pcirt (A) should be reproducible. Although <he

variatizcn in the lseation of this point does

Q
(o]

¢ccar, tais varisticrn can te

seen tc be considerably lsss then that experienced in the value of <he

o

<o%tal drying time. In addition, nc consistent relation betwesrn the lzcaiizn

of points (A) ard (C) for a given bed could be deduced.

The above evidence suggests <hat a small variation operative cover <he
latter part cf the drying period produces the measurable variation in the
total time required to dry the beds. This could be caused by small differ-
ences in the constitution of the surface cf the bed that is in contact wizx
££e nc: surface during drying: Fer instance, i< was not found possible =c¢

&

2zally eliminate fine materisl from the fiber sample. Varisations in the

ot

amount or distribution of fines present at the surface could conceivably
result in small changes in thermal conductivity at the interface as well as
producing small changes in the capillary structure at the interface. At

any rate, the possible ways that small structural differences coculd occur
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at the surface must be ceonsidered as uncon<rollablis proverties cof the

glass fiber bed formation.

It is therefore judged that the determination of moisture and tempera-
ture distributions from the basic data will be quite precise during the

Zirst 15 to 20 minutes of dryirg. Hence, the primary analysis will be based

upon this date for the early drying period.

Ir order to produce a2 consiszent qualitative picture it was necessary

(V]

v make 2 iinear adjustment To tne dstz for the laier dryvin

v

w
¢
11
a1
}or
0]
fol
wn
O
ot
'y
m
ot

£

all drying curves terminated at the szme drying time. These adjustments

have been incorpcrated i produce the familiy of curves snown in Fig., zZ.

vy

A compariscorn of this data with that presenied in Tig, 12-15 irndicates =zhe

extent of the adjustment. It can be seer that the adjustimernt nas teern

applied only, where necessary, tc data obzained fcor the later drying tericzd.

At any drying time the cumuliative water content <f the bed can te
readiily deduced from the data shown in Fig., 20. It is convernient to 2x-
vress the cumulative water content of the bed in terms of cumulative
saturation. By definition, the saturation, s, of a porous bed is the
fraction of the void space or perosity, ¢, that 1s occupied By liquil wazer.
The weight of water in a fulliy saturated bed can be calculated from the
known: geometric dimensions of the bed and the known vciume of fiber In the
ted. Dividing the cumulative watsr cconizsnt by this figure converts tre
system to cumulative saturation. The results of éuch calculations are

presented as a family of curves in Fig. 21.

The derivative or slope of the cumulative saturation function repre-

sents the actual saturation at any point in the bed for the drying interval
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which the functlion represents. Thus, by measuring the slopes at several
positions along the curves of Fig. 21, the final mocisture distribution
s a function of drying time and of position in the bed can be constructed.

These curves are presented in a later section.

-~

In summary, the basic technique developed by Dreshfield for studying
the drying phenomencn has been significantly improved in the direczion of
obtaining more precise data. The primery difficulty that ncw faces invest:i
gation in this area is to prepare fiber beds which are identicel tc eacn
other in all characieristics which affect the precise manner in which the;
dry. This <hesis is not able to cffer a complete sclution to %his lattar
prcblem.  As a result, portiocns of the data cannot be considersd suffic-
ilently precise to allow extensive guantitaiive arnalysis. Howevér, ir the
early stages tae description of drying is believed to be quite precise

and the cver-all descripiion presents a good qualitative picture.

CAPILLARY PRESSURE STUDY

Y

The application of a negative pressure %o the water in a saturazed
pore system will cause the water %o be drawn from the system. This will

catinue until the capillary pressure as defired by Equation (2) (se

(@]

®
o
o
x;
i

©) exactly oppcses the applied negative pressure. At this time all =ffec-
tive pores of radius r or smaller will remain filled witih water whils

oores larger than r will be empty.

The capillary pressure technique described in an earlier section
utilizes this concept to evaluate the capillary pressure exerted by the
water in the bed at any particular degree of saturation and to convert this

to an effective pore distribution.
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Figure 22 1s used to illustrate the method of calculation invoived
in developing the date from cepillary pressure measurements. The original

data for all pertinent capillary pressure work are referred to in Appendix

Iv,
FIBER BED — = 1 DATUM 90.84 CM.
Levee (0 ")
Bl | LEVEL (2)

rigure 22. Capillary Pressurs Measurements

The basic data, raccrded in columns (a) and (b) of Tsble V, give
the elevation by cathetometer reading of the mercury-weter interface in
the precisior bere tube [level (1)] and the mercury level in the resar-

voir [level (2)].

The negative pressurs exerted on the water in the bed is dependent
upon the exact elevation of this'watér. The selec*iocn of the datum plans
to intersect the center of the bed results in the calculaticn of an average
pressure. For negative prsssures of mere than 1 cm. of Hg the deviation
within the bed ffom the average value is completély negligible. The
elevation of the datum plane (90.84 cm.) is obtained by adding half the

krown thickness of the bed to the elevation of the top of the pcrous platz.

The negative pressure exerted on the water in the bed consists of A
cm. of water plus B cm. of Hg. These values are recorded in columns (c)
and (d). Converting the A value to cm. Hg and adding to B gives the capil-

lary pressure exerted on the water in the bed. This is given in column (e).
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The precision bere tube was calivrated end found to have a volume of

: 3

1,551 cm.” per cm. of length. This compares well with the value of 1.550

calculated from the manufacturer's specification. The successive elevations

.“

T the mercury-water interface [cclumn (a)], therefore, give a2 means of
calculating the cumuiastive amount of water withdrawn from boih the fiter

oed and the porous plate. These values are tabulaied in column (f).

The wazer that is drzwn from the plate 2s a functicn of caplilliary

v

o
(7]}

tressure is determired by a separate experiment in which only the plate
included in the apparatus. The rssulis ¢f such a calibraticn are shown
graphically in Fig; 23. At the particular capilliary pressurss recordsd ir
column (o) the cuwnulative waeter removed from the plate can be determired

rom tne calitbtrazicn curve. These values are preserzed ‘rn cclumn (g

The difference between columns (f) and (g) represents the water withdrawn

1y

rom the fiter bed.

It is not possible to remove 211 the water from the Jiter bed oy =ize
aprlication of a negative pressure. Discrete, Isclated pockets of water
eventually form in the fiter bed as the continuous water netwcrk breaks

downi.  This residual water was found by weight measurement to ve 0.32 gram,

From a krnowledge of the geometric voliume of the glass fidber ztes:t bed
together with the dry fiber weight and density, the weight of water ccntained

ted can be calculated. This valus s 75.L4 grams.

The tctal cumulative water plus the residual saturation gives a figure
of Tk.9 grams, However, it can be seen that the zerc point for these calcu-

"lations occurs at a capillary pressure of 1.06 cm. Hg. The difference of
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C.5 gram ve*twesn the calculated and thecretical water ccntens at ccmpiete
saturation is partially due to this initial pressure. The error, irn any

event, is still less than one per cent,

By addirg this error to the cumulative water content of the bved and
sudtracting this value frecm 75.L, the water retained in the ted is estimated
a* various negative pressures. This value divided by 75.4 is, by definiticn,
the degree of saturation of the bed. These values are given in the Tinal

column,

The degree of saturaticon as a function of capilliary pressure can be
esteblished by plotting the figures oF columns (e) and (h). This plss is
inzroduced in a later seciion. The reprcducidilisty ¢f this capiliary

tressure curve from separate tests on different beds was excellsant.

The appiicaticn of qua*;c“ (2) a2ssumes the presence cf 2ircular
capilleries., A more realistic view Intrcduces the hydrauiic radius,
7 3, A
N o= =t i
AT (&)

For porous medis it is commen to consider the hydrauiic radius as
expressing a ratio of porosity to specific surface per unit vclume of
media. Carman (16) gives evidence to shew that EBquation (4), while not
rigorous, can ve successfully applied =o capina*y rise studies with granu-
lar media. Equation (L), therefcre, appears to ve the mest meaningful

relation between capillary pressure and effective pore size,

The surface tension of the water used in capilliary pressure studies

varied only slightly. The average value obtained with a Cenco-De Nouy
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interfacial tensiometer (serial no. 240) for water at 25°C. was 75.3 dynes/
cm. Applying the ring correction factor of 0.94 gives the actual surface

tension of the water as T1l.2 dynes/cm.

Using Egquation (4) together with the measured value of the surface
tension, ¥y, the saturation-capillary pressure relationship can be trans-
formed into a saturation-effective pore size relationship. This is a

representaticn of the cumulative pore-size distributicn of the glass fider

ved and is presented in a later section.
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RESULTS AND DISCUSSION
INTRODUCTION

Thne hot surface drying rate as a function of drying time for the glass
fiver ved of ihis study is preserted in Fig. 24. The general conformity <o
the charecteristic drying rate curve, discussed in the intrcduction %o this

thesis, is apparent. In addition, ths ocvservation of Ulmanern for puln heds
) 2

that the so-called constant rate pericd is in fact a slcwly changing rate

apparently app-_les with Zore =mphasis o glass fider beds. This quesiicn
cf the so-called constant rate pericd will be clarified iater,

Moisture distributions in the giass fiber bed 2t varicus drying tires
are shown in Fig., 25. These disiributions are =2ssentially similar =c =hosz

determined by Ulmanen (see Fig. 26) for thick pulp beds. Notable &

ances irn deteil are thatz (l) the gradien* toward the not surfece of ih=.

giass fiber bed is substantially greater and toward the open face susstan-

“ially iess than that of the pulp bed; (2) a slight moisture gradient is
@etectable in the plateau region of moisture content in the central porzicn
of the glass fiber ved wheress no apparent gradient exists in this regic:

of the pulp bed; and (3) afier a certain period of drying, liguid wa*er
completely disappears from the hot surlace-glass fiber bed interface wherszs

for the pulp bed liquid water persists at the hot surface interface for

almost the erntire drying pericd.

The temperaturss at various levels in the glass fiber bed as a functicn
of drying time are shown in Fig. 27. It can be seen that nc adjustment has
been made to the data up to 15-20 minutes of drying. The degree of subse-

quent adjustment can be judged by comparing Fig. 27 with the basic data
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Figure 26. Local Moisture Distribution in a Thick Sheet
(Study of Han and Ulmanen)
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given in Fig. 16. It can be seen that after an initial rapid rise, the
temperature at any positicn in the ved remains relatively constant for
about 22 1/2 minutes of drying. However, it is not absolutely constant.

A tendency can be noted for the temperature to decrease slightly cver this
period at positions nearer the hot surface, and to increase slightly at

positions nearer the open face.

After 22 1/2 minutes, the temperaturssat all levels in the bted decresse
rapidly from the relatively constant values prevalent during the eariier
reriod of drying. From Fig., 24 it can be seen <hat *his temperature <rans-
Iition pcint corresponds to the point where the approximately constant-raste
period is superceded by the sc-called falling-rate pericd. In additicrn,
frem Fig. 25 it is apparent that this transifion point ccinsides witnz =he

point where liquid water completely disappears from the hot surface-glass

fiver bed interface.

At a given level in the bed, the :emperature cortinues to fall until
after a certain period of drying when the temperature rises sharply and
continues *o increase, This point corresponds (see Fig. 25) with <he point
where liquid water recedes from the hot surface past the particular level

under consideration.

The temperature then continues <o increase bu% at a contirually de-
creasing rate uniil a second sharp rise is experienced after whizh ths
temperature reaches a constant value. This second rapid increase in iempera-
ture has been found to correspond to the end of the drying period, i.=., | \
the time when all liquid water has been evaporated from the bed. A short
period follows during which equilibrium conditions of heat transfer through

the fiber bed are established.
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This picture of the temperature cecnditions in a glass fiber bed
during a hot surface drying cperation is in many ways similar to that
presented by Ulmanen (see Fig. 28). Notable differences are that (1)
the clear association of temperature transition points with the reduction
of local saturation (water conteat) tc zero, apparent for the glass fiber
system, is not in fact true for the pulp system where local saturation
presumably never falls to zero; and (2) the decreases in the terperature
within the glass fiber bed after the initial drying pericd is much greater
<han the similar decrease shown Ior a pulp bed, e.g., the temperature near
the surface of the glass fiber bed falls Ddelow the temperature of the air
stream while for the pulp bed *he temperasure near the surface remains

substantially =above this value,

The significance of these observations and particularly of the

similarities ard discrepancies bveiweern data for the glass fiber system

apparent as this analysis continues..

On the basis of the above observations, two distinct periocds of
drying can ve distinguished for the glass fiber system. During the firs:
pericd, ligquid water is present at the hot surface interface. This period

appears ic ccrrespend to the classic ‘constant rate" periocd. The secend

g
ct
[ng
1]

veriod is characterized by the complete abserce of liquid water from
not surface interface and apparently corresponds to the sco-called "fallin
period. though the implied distinction between the terms constan:-
and falling-rate periods of drying is somewhat misleading when applied to

the glass fiber system of this study, these terms will be used in subsequent

discussion to distinguish the twc periods of drying defined above.
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MATHEMATICAL MODEL

The interprefation of experimental data is greatly aided if the data
cen be handled through analogy with a realistic mathematical model. is
is particularly true where a complex interaction of factcrs makes accurate

ualitative interpretation extremely difficult. It is the purpose of the

o]

follewing section to introduce a mathematical model which can be realistic-
ally used to define the mass and energy interchanges that can occur curing

the hot surface drying of a glass fiber bed.

N |-
§ =
3 L~
é FIBER BED /._J
& § RELATIVE DISTANCE, X=X
@ 2
\2 -
L~

AN

| . [

x=0 x=0L

X=0 X =|
—J __FIBER BED-HOT

FIBER BED~AIR STREAM SURFACE INTERFACE

INTERFACE

The above sketch describes the system which is to be considered.
Trom this sketch it is apparent that the over-all sysiem can be thoughs
¢f as a combination of three separate and essentially hcmogenecus systems
and two bourdary layers; viz. homogeneous metal, a boundary layer which is
described as the fiber bed-hot surface interface or simply the hot surface
interface, the fiber bed itself which can be thought of as a homogeneous

system even though point to point variation will occur in moisture content,
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e boundary layer which is described as the fiber bed-air stream interface

or simply the air irnterface, and finally the air streem itself.

For the metal system we are only concerned with energy flow or more
specifically heat flux. This heat flux will be equal to the product of the
<hermal conductivity of the metal and the temperature gradient in the metal
at ary point. The heat flow to the hot surface interface can be defined as
the heat flux in the metal at a point infinitely close <o the interface and
s hence the product of the thermal conduétivity of the metel and the <em-
perature gradient in the metal irmediately adjacent to the hot surface
interface.

As discussed earlier in this thesis it Is a well-dccumented fzct <hatz
1iquid water flows to the hot surface interface and <ha%t evapcration of
water occurs at this interface. Therefcre, it is proper to consider not
orly snergy vut also mass interchanges at the hot surface interface. A
material and energy valance for the hot surface interface will yisld toundary

eguazionrs which define heat and mass transfer at the hot surface interface.

A consideration of what occurs at any point within the fiber bed during
hct surface drying must account for both liquid and vapor flow, a lcecal
interchange between the liquid and gasecus state, and & heat flow. A mater-
iel and energy balance at any internal point in the fiber bed whica accounzs
in a generalized way for the above Iiems can be used tc defire heat and
mass transfer at any pcint within thé fiber bed. It is important to
recognize that such an equation will apply to a point within the fiber bed
infinitely close to either the hot surface or air interface but it cannct

be applied to describe heat and mass transfer at these interfaces.
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A material and crnergy balance for the air interface will produce
additional boundary equations which define heat and mass transfer at

this interface,

Therefore, it can be seen that the proper mathematical definition
of neat and mass transfer for a fiber bed during not surface drying re-
quires the derivation cf boundary egquatlions To acccunt for interchanges
at the two interfaces, and a generalized equaticn to apply to all points

between but net including the interfaces.

GENERALIZED EQUATION

dX —n lo—o

W
20 - g
g P
%C IN ouT a
a (1) )}
O —mx— L

e above diagram illustrates the sign ccaventicn which has veern

adcpzed, i.e., distance, x, increases in the pesitive directiion.

At any perticular time the element, dx, will contain the sclid sub-
stance of the porous media (fiber), liquid water, and a gaseous mixture
of air and water vapcr. 1In terms of the previcusly defined concepts of

porosity, e, and saturation, s, we can write:

ap = (Z-e) (5)
aL = se (5)
ag = (1), (7)

where &ps 81 and a, are the respective fractions of the total geometric

cross-sectional area occupied by fiber, liquid water, and the gaseous

mixture of water vapor and air.
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Material Balance

The basis for the material balance is unit time and unit area. Un-
less liquid water is entirely absent from the element dx, the contribution
of water vapor and air to a material balance are negligible. Assuming no
shrirkage of the fiber bed, the solid fraction in the element, dx, remains
corstant, Thus, the material balance can be qualitatively described by:

accumilaticon = water intc elament - water out of element -
water evaporated from element.

Liguid flow in a porous media during drying is in response ic a
capillary pressure gradient. Experience indicates that the fliow in ihe

system will be laminar. Therelcre, the d'Arcy equaticn can be realistic-

-

aily applied to define the flow rate into and from the element dx.

Flcw rate in:

S
(¢]
—
(@9}
~

M, /a6 - = -

“here d@l/de is the mass flow rate of liquid water into the element dx

per unit geometric area,; 5; is the permeability; w 1s the visceosity cf

water; agc/a§ is the capillary pressure gradient.

Flow rate cut:

AP
aM o K 3p a<§;—°>
2 L o, C " /o
T - T <¥c s &\ ot dx 9

where the porosity is defired as a ccnstant, and the viscosity and density

are assumed to remain essentially constant across the element dx.

The accumulation of water in the element dx is given by Equation (10):
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d.M- & A
d_.é_epLSde (.'.U)

where g@/ge is the rate of accumulation, and 35/36 is the rate of change

of saturation in element dx. .

By defining 0s /08 as the rate of change of saturation in the element,

dx (11)

oY)

@

[&)

[

Q/‘Qj

[v) [
-

where dW/d9 1is the rate of evaporation from <he elsment, dx.

In <erms of the material balance:

O A
a6 “\dg " & T

Applying Zquations (8) tc (11) to the abecve axpressicn, neglacting
—erms in which the derivative appears <o a aigher power, and simpiifying,

gives:

N |®, Fr 3,
¥ il® % Az (22)

In handling the experimental data it is more convenient tc refer to
some position in the bed as a frection cf the distarce from the open o

the clossd face,

. hond -\
i.e., x =x/L (13)
where x is the fraction represented by distance x from the open face divided

by total thickness L.

It follows that:
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and dex = L?die (15)
Substituting (14) and (15) into Equation (12) gives:
P K 3°p 3
ds 1 c ¢ W
*% - 2l = "Thk=ocw (16)
KL x ax X

Energy Balance

For the purposes of this analysis the ernergy or heat corntens (enzhalpy)
of the system is defired as zero at C°C. The energy balance across the

element, dx, can be qualitatively depicted as:

HZeat in:

) Jea® transferred into the element via corduction, convecticrn,

=4

radiation.
2) Heat content of water which flows into the element.

3) Heat ccatent of air/water vapor which flows into the element.

Heat out:

1) Heat transferred out of the element via cenducticn, convection,
radiation.

2) Heat content of water which flows cut of the element.

3) Heat ccntent of air/water vapor which flows out of the element,

Accumalation of neat:
1) Heat absorbed by sclid fiber in the element.
2) Heat absorbed by liquid water in the element.

3) Heat absorbed by air/water vapor in the element.

Heat in - Heat out = Accumulation
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The btasis for the energy balance is unit fime and uni+t ares.

The rate of heat transfer by conduction, convection and radiation

in<o the element,

dq
1 Jt
B - Fex | (17)
where ggl/ge is the rate of heat transfer inio the slement; 5& is the

apparent thermal conductivity; ard ot/dx is the temperature gradiert.

Heat transfer from the element,

(8}
~r

The heat content of an incremental mass of liguid water is oy

definition:

joN)
e
Ll
?.:‘
(@]
t
N
)
\O

where dhL is the heat content of an incremental mass of liquid water,
dM; EL is thke specific heat of water; and t is the temperature of the

water above 0°C. (i.e., numerically equivalent tc the actual temperature).

Combining (19) with Equation (8) gives the heat content cof the water

flowing into the element.

.
g, ) K0:Cp oP_ (50)
de i " X

n)

The heat content of the water flowing out of the element is

o

oP
i‘h_ge_ o1l <x oK )(t 3t dx) P, a[&?‘} ix

3 el LA R = = (21)

o
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where the specific heat, CL2 and the density, ¢y, are assumed to remain

constant across the element, dx.

The water vapor which diffuses out of the element, dx, is approximaiely
equal to the water vapor which diffuses into the element plus the water
vapor rroduced by evepcration from the element., This assumes that the

eccumulation or depletion of water vapor in the element is not great.

Since the sﬁecific heat of waier vapor is small (compared to water)
it is a reascnable apprcxima:ioﬁ to assume that the difference between *the
keat content of the water vapor which diffuses into the element and iha=
waich diffuses out is zihe heat content of the water vapor which is procuced
by evaporation from the slement dx. This can be written:

dh ds

—l = a L - {
= oL 35 (M Opt) ax (22)

where dhv is the heat conten: associated with the water vapor produced Ty
svaporation from the element, dx; ng/ae is the rate of change of satura-
tion in element, dx, which can be attributed tc evapcoration from zke

element; and A is the latent heat of vaporization at the temperature, ¢,

existing in the element, dx.

The initial heat ccntent of ‘the element, dx,

—~

N

n, = El-e)oFCF T esp C. |t dx 22)
where the heat content of the air and water vapor has been neglected.

The final heat content,

hp = (l-e)oFCF +e(s + g% de)oLCL t + %g do | dx  (24)
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Jence, the rate of charge of sensible heat,

-h, .
%% = Egé-; = etpLCL g% dx + g% [kl-e)pFCF + ESQLC;} dx (25)

In terms of the energy balance:

an _ dql c'Lq2 ) ahm ] dh,
ig \ds = deg ds dg dg

Substituting intc the above expression from Equations (17), (i3)

\
Q5

(

1), (22), and (23), discarding *2rms in which the derivative arpears =2

)

(:

a higher power, and simplifyirg:

[A¥)

o Crt | 3P, K 3°F
N L S %,k c
vl = c ax2
Js
w o +
- eor S5 (N + CLu)
aS , st < ~ !/
= etOLCL %5 (l-\.)pFCF ¢ VSQLML (2€)

Substituting from Equation (12) for <he terms in the undersccred

bracket of Equation (26) and simplifyirg:

. _a_e_t+ak 3t ‘«LCL 3 Fe
“a x X = X

—
o

~}
~——

Js
w ot |,
"3 T T8 [(*")"FCF * esoLCL]

Substituting from Equations (i4) and (15) gives <he final form:

Ll P, Faa| %Pl o Fe
Pl & & W X X
asw 3t
- eOLX S5 ° 56 [(l-e)oFCF +esoLCT] (28)
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This mathematical relation has been derived to apply to a glass fiver
bed. It is of interest to consider the possible application of this

relation to the paper system.

The first difficulty encountered is that paper shrinks during drying.
This means that the porosity is no longer a constant. However, this objec-
tion can be overcome by introducing the porosiiy as a variable into the

derivazicn =f the above equation.

The second and mere formidable difficulty is that the liquid satura-

tion at any point is defined not only by the water present in interfibder

spaces, but alsc by water present in the fiber lumern and by water physically

vound to the fiber. These different components will respond in a differern-=
R

menrier to capillayy fcrces and so the definition of liquid flow uzilized

in the above derivation cannot be directly applied to the paper system.

A better understanding cf capillary flcw in a paper network appears
necessary vefore a reasonable modification can be made to allow the zbcve

egquation to be applied to the drying of paper.
HOT SURFACE INTERFACE BOUNDARY EQUATIONS

Conditions at the hot surface interface can be described according tc

the accompanying ske+ch:

VAPOR <—F
R
IR
HEAT, g, <+
«—— HEAT, #
LIQUID <«—F

X=|
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Since we are Interested in the interchanges that occur at an intsrfazse
which can ve regarded as infinitely thin, the volume and heat capacities at
the interface must be negligible. It is therefore correct to state that
the difference between the heat supplied to the interface frocm the hot sur-
face and the heat transferred intc the fiber 5ed frem the interface is used

10 cause evaporation at the interface. Further, the rate of flow of liquid

water tc the interface must equal the evaporation,

In terms of the nomencliature previously adopied, thesz statements

can be expressed as:

% X /38
Q= éé - = fi é% _ * hepL — (25)
X m,x=1.0 & [x=1.0 ¥ [x=1.0
K.pp oP S
i —= = egLL = (z20)
H\x /x=1.0 X% /x=1.0

wnere Q is the total heat flcow delivered to the hot surface interface; ém

is the conductivity cf the me<al; (Bz/ax)m is the temperaturs gradien-

=1.0

in *he me*al at the interface; (35 /59); 1.0 15 the rate c¢f change cf ctal
=Ll.v

1=

saturation due to evaporaticrn at the hot surface interface; and all czther

terms are as defined earlier.
ATR INTERFACE BOUNDARY EQUATICNS

Conditicrs at the air interface can be described acccording to =he

accompanying sketch:

——— HEAT

77777
STREAM
sr2r7”7727

VAPOR < LIQUID

777
AlIR
7777

—— VAPOR
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Since we are again concerned with an interface it is proper o
neglect volume and heat capacities. If the heat losses to the air
stream other than by vapor transport are neglected, then the heat
trarsferred to the air interface is used to cause evaporation at the

interface and the rate of liquid flow to the interface equals the rate

cf evapcration. thematically this can be expressed as:
k s
fi é% _ = XecLL — _ (31)
ax Jx=C 6 /x=0
KC'CL aP: aSW
T\ =) = ek - (22)
x /x=0 36 /x=0

where (SSW/BG)Q_C is the rate of change of total saturation due <o evapor-

-

aticn at the air interface; and other terms are as previously defined.
QUALITATIVE TREATMENT

It is one goal of this thesis to demonstrate a quantitative approach
to the 2lucidation of heat and mass transfer during hct surface drying.
dowever, it is felt that a qualitative picture should be develcped firsi

since such a picture will be independent of any assumptions whicnh i1t may

u

e rnecessary to inccrporate irtc a cuantitative treatment. Hence, it i
the purpose of this section to elucidate on the basis of the experimental
jate and the mathematical model an acvanced qualitative piciurs of the nact

Ve

surface drying mechanism,

Early work on hot surface drying of porous media has confirmed the

intuitive concept that the open surface is a site for evaporation of wetsr.
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This has led tc the descriptive ccncepts off Sherwcod which have been dis-
cussed earlier of saturated and unsaturated surface drying supplied by a
liquid flow from the intericr. Then Dreshfield's study of the hot surface
drying operation clearly indicated that evaporation occurs both at the
open surface and at the hot surface and that the flcw of liquid water in
the region of each surface is toward that surface. This evidence is con-
firmed by several other studies and the moisture distribution data “or the
glass fiber system is enfirely in accord with this concept. It is %here-

fore from =<zis pcint that the qualitative analysis will orooeed,

The marner in which heat and mass transfer interactions cccur within

the glass flver bed can be visualized ©y considering & rearranged form =f
Zguation (£3)
2 ok X 0,C oP . -
3 1 [ P a X 21t B on ) )
Y = = - = + — - — (1.2 + ag-~
E A EOL)\,/ - 2 KQ _2 Q e s [t '/3:1"? —Du.—--
~7 L ° X &K X LT X X dFf T -
{2Ca;

Here we can see that the evaporation or condensation at any point in
<he bed (represented by ng/ae) is related to a summation of three terms.
The first is e heat transf;r term, the second a liquid flow term, and the
third a heat capacity term. The significance of this equation will te
cornsidered Tor two positions in the bed during the constant rate perici;

/

viz, (1) where the liquid flow is toward the air interface, and (2 where

the “iguid flow is toward the hot surface interface.

In Fig. 29 the temperature distribution and femperature gradient curvs
for the glass fiber bed at 10 minutes of drying are presented. It is

apparent that for any position in the bed both the temperatﬁre and the
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temperature gredient Increase as X increases. Thus, the derivatives

53/&2, and BEE/BE? will everywhere nave a positive value.

It is generelly believed that the apparent thermal conductivity of

ol

porcus ved increeses as the moisture content increases. Although this
has rnot been rigorously demonstrated experimentally, all availatle evidence
suggests that this is the case and certainly ro known evidernce ccniradicts

such a view, Frecm Fig. 25 the moisture ccntent can te seern tc increase ss

X increases in the region oI the cpen surface and tc decreass as x increases
in ke region of the hot surface. Therefore, according to the 2bove reascn-
ing éga/ax Wwill be positive rear the open surface and negative near <he
rot surface,

The temperature at any point in the bed remains relatively constant

over the constan® rate period. Therefore dt/d6 will have a value very

cl0se *C zerc.

o

Taus, it can be seen from the experimental svidence for the cons%ant
rate period that in the region neer <he cpen surface a2ll *he terms cn zhe
right hand side of Equation (28a) with the exception of the negligible
neat capacity term will be positive. Hence, ng/Be will be positive which
means that evaporation must be occurring intern;lly in the regior near <hs

sren surface.

In the region near the hot surface beth the liquid flow term and the
second part of the heat transfer term become negative. It is a reasonatle
pessibility, therefore, that in this region of the bed, ds. /96 will become

negative indicating that internal condensation is occurring.
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Dreshfield on the basis of dye dilution measurements ccncluded that
net condensation occurred at all internal positions during the constant-
rate period of the hot surface drying of thin pulp mats. However, his
experimental evidence refers only to the two central laminates of a four
lamirate system, and therefore does not preclude the possibility that
internal evaporation was occurring in the air interface laminate. There-
fore, althcugh the data clearly support the existence of internal condensa-
tion in the central regions and hkence by implication the regicn next =o
the hot surface, they do not deny the existence cof internal evapcréticn

at points near the open surface.

Trhe ccncept supported by the experimental evidence for a glass fiter

bed that interral svaporaticr occcurs near the opsen surface is thu

w

quize
compatible with the evidence supplied by Dreshfieid. XHowever, the possi-
oility that no internal condensation occurs &t any point in *he fiber bed
would require *he introducticn of some fundamertal distinction betwesrn zhz
two systems which cannot be acknowledged on the basis of the similarizy
tetween systems of the moisture distribution and drying rate data. EHence,
altnough the experimental data for the glass fiver bed cannot rigcrously
demonstrate the existence of internal condensaticn near the hot surface a
cersideraticn of this data relative to that of Dreshfield can be seen i

supply a very strong case for the existence of such a phenomenon.

The above analysis indicates that for the constant raie period water
which is evaporated at the hot surface interface tends to condense in
reglons of the glass fiber bed adjacent to the hot surface. In this

region, which will be referred to as the zone of condensation, the partial
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pressure of the water vepor in the available air spezes must te equal <o
the saturation partial pressure. However, at some ievel in the fiber
bed the partial pressure of the water vapor must fall below saturation
and net evaporation occurs at all subsequent positions to the open face.

This region of the bed will be cailed the zone of evaporaticn.

Because cf the moisture gradient, liquid water tends to flcw icward
the region adjacent to the hot surface. Since internal conlensation cccurs
in “his region during the constant rate pericd, the decrease in the mocisture
content of this region must cccur by viritue cf evaporation at the heot sur-

face interfsce and transpor:t of the water vapor back <hrough and cut =f

The transport mechanism suggestied by Dreshfield invcives the water
vapcr produced at the hct surface interface in a series of condensa<tion-

evaporation cycles. Although the validiity of this <¢concept 2an be nsi<hsr

ct

2stablished nor disouted on the basis of existing data, it appears mors
reasonable to consider that water vapor produced et the hot surface
diffuses away from this surface by virtue of the partial pressure gradisnt

impressed by the temperature gradient, and that a porticn of this water

vaper ccondenses in all regions where ssturation conditions are exceeded.

At the outset of the falling rate pericd i% has veern shown thaez liguid
water disappears from *he hot surface interface. Since water vapor caz
then be no longer supplied by evaporation at the hot surface, internal
condensation must cease and the zone of evaporation will expand t¢ include

the former zone of condensation.
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From this general picture it is clear that for the drying of a glass
fiber bed during the constant rate period water vapor produced by evapora-
tion at the hot surface interface diffuses through the zone of condensation
to the accompaﬁiment of condensation until it reaches the zone of evapora-
tion. Thereafter, this vapor is supplemented continually by internal
evapcration. The vapor which diffuses to the air interface is thus a
combination of vapor produced at the hot surface interface arnd vapor
produced by intérnal evaporaticn. Evaporation from the air interface then
adds g further increment of vapor which together with the vapor from “he
two other scurces diffuses into the air stream. It is the sum of these

three effects which result in the over-all dryiang rate.

In the failing rate pericd evaporation at the hot surface cesses and
so the over-all drying rate is a summation from only two sources; viz.
internal evapcration which occurs at all points withir the bed, and evapor-

aticn from the air interface.

In the quantitative treatment which is to follow, an attempt is made
tc secure some indication of the relative importance of the three contri-
butions to over-gll drying rate. In addition, the importance of wvarious
factors on liquid, vapor, and heat flow is estimated. However, defore
rroceeding to this treatment it is of interest in the light of the abcve
qualitative analysis to discuss the mechanism of hot surface drying arnd
the effect of internal structure upon hot surface drying phenomenz as
implied by a comparison c¢f the data of this study with that of Ulmanen for

a pulp bed.
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THE MECHANISM OF HOT SURFACE DRYING

The distinctive feature c¢f hot surface drying as a drying cperaticn
is that while heat is supplied %o one surface of the material water vapor
can leave cnly frem the oppesite face. This provides a fascirating protlem
in counter- and concurrent heat, liquid water, and water vapor iransfer,
the net result of which is a characteristic drying rate curve whicn for
many systems has implied veritabie sizpiicity. The number of siudies ard
body of opinion which support the cconcept of 2 truly censtant ialtial hox
surface drying raie have already been merntioned. It would appear zthat =Zzis
facade masks a cornsiderably more complex process than has aither<c teern

generally realized.

a

The over-all drying rates for = pulp ved (Ulmanen's ssudy) 2né for

a glass fiber bed (zhis study) are ccmpared in Fig. 30. 3Botn curves show
trat a slowly decreaSan d“y-“g rate exists during the constan:-rate periad,
This has also been ncied by King and Newitt (@) for the net surface drying
of glass beads. Since the moisture content at ail positions (including
both faces) cf-the fiver veds changes markedly during the ccnstant rate
period, and even the temperature changes slightly, it is not surprising
thaz the drying rate also changes. Whai is of interest is that the changes
in rate are sufficiently small tc nave esiablished the myth of the cconszant
rate period. On the basis of the iriple contribution to cver-all drying

rate z logical explanation can be given for this apparent consiancy cf

érying rate.

Zvaporation from the open surface during the constant rate pericd,

assuming relatively constant surface temperature and temperature gradient
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(which appears ¢ be generally true for all systems) must lcgicalily decrease
as the moisture content decreases; i.e., the heat supply to the surface
should decrease and the area available for evaporation should decrease.
During this pericd of drying the moisture content at the cpen surface falls
substantially. This suggests that the open surface evaporation fate nUS T
alsc decrease. This natural decrease must therefore be compensated for

by an increase in the rate at which water vapor diffuses from the iIntericr.

The rate of diffusicn of water vapor Trom the intericr of the Ted
will be some function of fhe partial pressure gradiernt, trhe area available
for diffusion and the diffusicn coefficient. Since the actual temperaturs
at any pcint in the bed charges only siightly during the constant rate

pericd, the diffusicr ccefficient at any roint in the bed wculd not be

o)

expected to change significanily. The partial pressure gradient will
depend upon partial pressure conditions (1) at the hot surface, and (2)

at the open face. Saturaticn partial pressure exists near the hot surface
end will not change much since the iemperature changes only slightly. The
vartial pressure at the boundary layer between fiber system and air strsanm
will depend upon air stream conditions (which are constant) and presumatly
the rate at which vapor is introduced to the boundary layer oy surface
evaquhticn. As surface evapcration decreases the conditions of par<iai
oressure in this boundary layer would, ty this argument, favor increasing
iiffusicon from the interlor. Finally, the decreasing moisturs content
increases the area available for diffusion and hence incresses the potential

for water vapor diffusion.

In short, as drying proceeds the expectation is that diffusion of

water vapor from the interior will increase. This supplies the compensating
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factor which offsets a decrease in surface evaporatiocn rate and maintains

the relatively constant rate observed for the constant rate pericd.

Attempts have been made tc summon evidence by which the so-called
rate-controlling mechanism of the hot surface drying operation could be
elucidated. This has led to a belief that such é mechanism exists, whether
it be heat transfer to or through the fiber bed, or resistance to water
vapor diffusion through or from the bed. In fact, the existence of such

a mechanism is doubtful.

Evaporation from any system requires heat, Therefore, the heat trans-
fer rate is impoftant. However, it is impossible to Isclate the rate of
neat transfer to the bed as an independent varisble. It is governed by
apparent conductivity and temperature gradient which themselves depend on
a combination of almost every ccnceivable factor which can lcgically be

asscciated with a drying cperation,

The apparent conductivity at the hot surface interface is a s:irong
function of the lccal moisture conteni. The local moisture content depends
upon the degree of balance which exists between liquid water flow to the

: 128
hot surface and evaporation from the hot surface. _;iqu%q~§igw to the
pot surfacs is a functicn of the basic pore structure of the porcus mazerizl
and the moisture gradient. e temperature gradient existing at the hot
surface is dependent upon the temperature of the bed adjacent tc <he hot
surface. If heat transferred to the bed increases the temperature of
the bed in distinction to causing evaporation, the temperature gradient

will become smaller. Hence, the rate of evaporation from the bed is a

deciding factor. This is dependent upon heat transfer through the bed to
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promote surface evaporation and internal diffusion of water vapor %o

prevent total condensation of water vapor prcduced by hot surface evapora-

tion 3s well as to allow internal evaporation. The rate of internal dif-

fusion Is, among cther things, a function of the pore structure and moisture
contert. Final diffusiocn of water vapor from <he bed across the btcundary ‘

layer is affected by air stream conditions.

Tre interdependence of heat and mass transfer, bcundary cornditicns of
drying, internal pcre structurs, and drying'rate apparently hes nact teen
adequately realized. There is little doubt, however, that a prcper undsr-
standirg of these interreiaticnships is the key <0 a mere coTplete Knowisigs

of the dryirg cperation., The outward effect of some of these inztarrsliazicon-

(o]

. -

ot surface Irying <l a z.ass

sphips can be coserved by a comparisca of the

fiber ved and a pulp bed.

The dboundary ccnditicns established for ihe nct surface drying of z<he

g_ass fiber beds of this study were almost identical =0 itncse Imposzd by

Ulmanen in his similar study of pulp 2eds. The differences obdserved Te-

tween these two studies cannot, therefore, be atiributed to boundary condi
tions. Hence, the comparison represents a valid means of nigh-lighting %he

effect of the physical and chemical characteristics which differentiats

nd glass fiber systems on the interrelaticrnsnips mentioned atove.

'd
k
W

l1j

igure 31 represents a surmmary of a nurber of important drying

characteristics comparing the puip and glass fiber systems.

The initial drying rate for the pulp bed is greater than for the glass

fiber bed. At the same time, the pulp bed has a higher moisture content
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at the hot surface and hence presumably a higher apparent conduciivity.

The higher moisture conteni at the hct surface is in part due to the
slightly higher initial moisture content of the pulp bed but more signifi-
cantly to the fact that the moisture content falls more rapidly at thre

hot surface for the glass fiber bed. This is a direct result of the
capillary nature of the glass {iber bed. It has a ccnsiderably more uni-
form pore structure than does a pulp bed and s¢ the capillary driviag feree
for a particular moisture gradient wiil be much less. This is illustrazed

in Fig, 32 where <hes capillary pressure-saturation relsticnship for the

glass fiber bed of this study is comparsd with a %ypical result for s
tulp oted. The permeabiliiy tc flow, although presumably greater for <hs
I T 3 s g

glass fiber bed, is not suificiently sa fc offse: the particularly larg=

difference In capilliary driving force. ~Under these circumstances it is

inevitable tnat liquid-flow %o the surface will compete less favoradly

veal

W7_%th hot surface evaporation resuilting in s lower moisture content at <hz
kot surface for the glass fibver bed. Thus, one can expect the neet flow
to the glass fiber bed to be less than for the pulp bed. The czonsequence

of this lower heat flow is a lower {rying rate.

The constant rete period ends at an earlier drying time for the pulp
ted .than for the glass fiber bed. In'addition, a substantial moisture
centent still exists at the het surface. This is in distinction to the
glass fiber system where the end of the constant rate psricd is character-
ized by the disappearance of liquid water from the hot surface. For the
explanation of these eyents it is necessary to turn once more to the concept

of the three contributions to over-all drying rate.
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It can ve noted frem Fig. 31 that the itemperature gradient at and
near the open surface is substantially higher for the pulp bed then for
the glass fiber bed. A good explanation for this difference is the possi-
bility that for a pulp bed heat must be transferred nearer to the open
face while for a glass fiber bed the neat is tc a considerable extent
absorved as latent heat of vaporization at'positions closer to the hot
surface. In other words, this is an iIndication that the zorne of condensa-
tion may be more extensive In the pulp bed and that therefore evapcration
from tne air irnterfzce contrivutes & larger prorcrtion toward the over-ail

irying rate than Is the case for the glass fiber ted.

In addition, the pulp bed I1s less porcus trhan Is the glass fitar

w

cr vaper cdiffusicn. This higher

Yy

ted and so less space Is avaiiable.
resistance will tend to reduce the ceontribution o over-all drying rate

o

from interior diffusion of water vapor and dcnate the heat supply <2
surface evaporaticn., This postulated higher surface evapcratiorn rate
could also account for the steeper moisture gradient at the open faze

which has been mentioned for the pulp system.
Y

The constant rate pericd must end when the diffusicn of water vaper
‘rcm trhe interior can no longer compensate for Zhe decreasing surface
evaporation rate. Since the initial sufface evaporaticn rate is probably
substartially greater for a pulp bed than a glass fiber bed the same
Fercentage decrease in surfacé eveporation rate will represent a substan-
tially greater loss in drying effect. In ad@ition, the moisture content

at the open face falls at a greater rate for the pulp bed so’that the

actual percentage decrease in surface evaporation rate should be greater




<105«

for the pulp bed. This argument suggests that a greater rate of increase
of diffusion of water vapor from the interior of a pulp bed is recessary
to compensate for the decreasing surface evaporation rate than is the case
for a glass fibver system. The rete of increase of water vapor diffusion
from the pulp bed is restricted by the fact that as water eveporates from
the bed part of the space which should become available tc diffusicn is
lost as a result of shrirnkage cf the pulp bed. A logical conseguence of
these effects ié that diffusion of water vapor from the interior fails =o
compensate for loss of surface evaporation at an sarlier period of drying
for a pulp bed than is the case fer the glass fiber system. Hence, the

constant rate pericd terminates earlier.

It appears, therefore, that, for a pulp bed, resistance o Inzernal
water vapor diffusion is the prime-mover which calls to an end the constant

rate period; for a glass fiber bed it is resistance to heat transfer.

In the later stages of the falling rate period the pulp bed drying
rate is greater than the glass fiber bed drying rate. The ccntinual
presence of water at the hot surface presumably maintains a greater hea:
flow to the pulp bed than is the case for the glass fiber ted where a
continually thickening layer of dry fiber separates the hot surface frex
the wet bed. This is evidenced by the large temperature decrease in the
glass fiber bed which does not occur in the pulp bted. The presence of
liquid water at the hot surface of & pulp bed can be explained by rescriing
£0 the physical and/or the chemical nature cf this fiber system. The fine
pore structure of the pulp bed which pre-exists and/or is produced by

shrinkage may maintain liquid water at the interface by virtue of the large
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capillary driving forces which rotentially exist. Water trapped within the
lumen of fibers near the interface would act as a natural reservoir for

this flow.

The chemical nature of the cellulosic pulp fiber allcws substantial
amounts of water %to be adsorbed on its surfmces. Water at the interface
must, therefore, be at least partially chemically acuna and may be totally

SO.

The mecranism ¢f hot surface dryliag can thus be seen as a3 complex of
interrelaticnships. The drying rate is governed oy the inverdeperdent
Internal heat and mass transfer processes. These internal prccesses axe
in turn governed by the internal stiructure ¢f the porcus material snd ths
boundary corditions of drying. Although the effect of the laiter faczcr
Las been well documented, it does not appear that the Importance cf inter-
ral szructure (as evidenced ty the con*rast: rg results fzr piulr and glass

fiber beds) has been properly recognized.
’ QUANTITATIVE TREATMENT

s
!

A natursl phenomenon can never be reascnably understood until physical
cbservation can bte fitted to an erbracing methematical model and thrus

related to underlying fundamental concepts. The histcry cf the study of

oy

nct surface drying clearly illus<rates <he difficulty ianzrcduced ©ty the
lack <f any such quanti;ative treatment. The ccrclusicns that have teen
drawn from experimental observation have in meany cases been reasonable, in
‘some cases shrewd, but in all cases incomplete. This will necessarily corn-
tinue until a consistent mathematical description of the drying ope}ation

can be successfully evolved.
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The qualitative treatment of the experimental data cbtained for
glass fibers emphasizes that hot surface drying and internal heat and
mass transfer are essentially synonymous terms., Therefore, the under-
standing of the former can only come about through a diligent study of
the latter. It is the purpose of this section to introduce a quantitative
treatment of the mass and energy interchanges that occur during the drying
of a glass fiber bed. The development which evolves is in many ways crude.
Some of the aessumptions upon which 1t builds must be recognized as questicn-
able. Many of the calculations involved require the extraction of first
and seccnd derivatives from experimental data, a task which can be descrited
as laboriously imprecise. However, it is hoped that this development will
righlight profitable areas for rnew research and suggest a route toward a

far more advanced mathematical ccncept of the drying process.
HEAT TRANSFER

Heat transfer through the glass fiber system during hot surface dryins
can be qualitatively discussed in terms c¢f the equatiocns derived irn an
earlier section. From the hot surface interface boundary equation (29)
the total heat flow to the hot surface interface and ﬁence to the fiber
system is given by (gg/g)(bg/ag)g)gzl.o, the product of the thermal conduc-
tivity of the metal and the tempersture gradient in the metal-adjacent tc
the interface. From Equation (29) it can de seen that only a portion of
the tctal heat supplied to the interface is transferred from the interface.

The remainder is absorbed as latent heat by evaporation at the hot surface

interface.
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Heat transfer from the hot surface interface internally toward the air
interface occurs, empirically at least, in response to the product of the

internal temperature gradient and the local apparent thermal conductivity.

Finally, according to the air interface boundary equation (31), heat
is transferred tc the air interface and, neglecting heat loss to the air

stream, is consumed by evaporation at the open surface.

The investigation and evaluation of the apperent thermal conductivizy
within the fiver bed during act surface drying is the primary gcal cf zais

r.oe

section of the thesis. The analysis of Han and Ulmanern (i4) *o des

(9}

the apparent thermal conductivity of a pulp bed as a funcition of the
mcisture content of the ved has been mentioned earlier. This eppears %o

oe a good s*tarting pcint for a similar analysis of the glass fiter sys<en.

Ir essence, Har and Ulmanen made a material and energy talance fcr
their system as a whole. They assumed that heat losses by ccrnductica or
radiation to the air stream were negligible and were therefore able to
equate the total heat flow to the bed to the changes in sensible heas of
the components of the system plus the heat absorbed in causing evaporation
from the bed. 3By meking the same derivation in terms of the aomenclature
introduced in the last section, it can be shown that:

1.0 1.0

Q = XeDLL g% + L(l-e)oFCF g% ax + estLCL g% ax (32)
x=0 x=0
vhere 8§/89 is the rate of change of total saturation for the bed as a

whole (the drying rate); and other terms are as defined earlier.
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Combining Equations (29) and (33) it is apparent that:

- 1.0

k 3s

L—a il + heprlL - = Mep L e + L(l-e)oFCF ot ax + eslo,C st ax

© X X=1 36 /x=1.0 o6 8 o8
x=0 =0 (31)

Since there is no method of evaluating the evaporation rate at tke het sur-

face, (asw/ae)ial(yEquation (34) cannot be used to determine k, &s defined

by the original mathematical model as long as the hot surface evaporation
terr is significant. Han and Ulmanern by thelr treatment ignore the not sur-

face evaporation term and thus essentially define & somewhat artificial

apparent thermal conductivity which in terms of this analysis can be formu-

lated as:
k' X as
\ T Lot M
X /x=1.0 X [x=1.0 ¥ /x=1.0

Their analysis evaluates this artificial apparent thermal corductivity, k
=2

\ as a function of moisture content. This value will approach the apparent
tkermal conductivity concept of this study &s the hot surface evaporation

\ rate becomes small.

} Harlier discussion indicated that for the glass fiber system liquid
water completely disappeared from the hot surface interface after avout
22-1/2 minutes of drying. Under these circumstances no hot surface evapcra-
i tion can occur and so Equation (34) can be used to evaluate the apparent

thermal conductivity of the dry fiber bed.
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In addition Equation (34) can be integrated by introducing 46 <to
each term and integrating from 6, to 6,
% 1.0

1

(35)
arnd this integral form evaluated over the period when no liquid water exists
at *he hofxsurface interface. This gives a further determination of <he
aprarent conductivity cf the dry bed. The in=zegral form can be expecied %o
give a value for 5& which is less susceptible to error due to errcrs in zhe
measurenent cf tem;e-ature gradieat, etc. This is significanz since Zhese
calculations rely on date cbtained during the falling rate pericd of drying
where measurements were recognized to be less precise than for <he co:staﬁt

rate period.

The apparen®t thermal conductivity values calculeted st different times
for dry bed conditions at the interface together with an evaluation using

the integral form of ihe equaticn over the drying period from 30 to 45

minutes, are presented in Table VI,

These apparent thermel conductivity values indicate a satisfacicry

degree of internal consistency. The actual average value of .00 x 10

compares favoratly with the value specified by the glass fiber manufacturer
)

for their microfiber felt (pcrosity approximately £.975) of 0.952 x ¢

cal./cm.2 sec. (°C./cm.).

It is of interest to consider the significance of this value in terms

of the actual conductivity of the components of the system. In the most

% 1.0
Ko 3t 33 - _
= a8 = [reo L =+ CFpF(l-e)L(tsa-tel)dx + echLcL(te,-ta,)dx
5 & /x=1.0 %6 J T
1 x=0
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TABLE VI
DRY BED APPARENT THERMAL CONDUCTIVITIES

Apparent

Thermal onductivity,a

Drying ‘Time, Saturation cal./cm.© sec. (°C./cm.)

min. At Hot Surface x 10%

25 0 | 0.98

30 0 0.95

35 C 1.07

Lo b 1.01

45 C 0.97
®Evaluation using integral form 1.04

general case, for instance, three paths can be considered o exist for
conduction of heat in the fiber bed; viz. solid fiber, liguid waiter, and
a gaseous mixture of air and water vapor. Assuming (1) hat conduction
of heat occurs along three parallel paths in a direction perpendicular to
the plane of the hot surface, (2) that all poinis in a given pliane in the
fiber bed are at the same temperature, and (3) that the volume concepts o7

porosity and saturation can be applied to any cross-sectional area, we can

write:

k = <l”e)5p + eska+ e(l-s)kV (36)

where k is the actual pure ccnductivity of the fiber system; k. is the

conductivity of the glass fibers; éL

—

Ev is the conductivity of the gaseous mixture of air and water vapor; and

is the zcenductivity of liquid water;

(l-g), es, and E(l'i) are the respective fractions of these components

present in the cross section.
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For the dry fiber bed the saturation is zerc and Equatior (36)
reduces to:

Kk = (l-e)kF + ek (37)

Handbook data indicates that the thermal conrductivity of both air
and water vapor is in the neighborhood of C.6 x 1o'u cal./cm.“ sec. (°C./em. ).

Using this wvalue for Ev and assuming that the calculated value for Ea of

) - -_—

-4 . = ‘s -
1.00 x 10  is a valid measure of the actual conductiviiy, %, zhe conduc-

ot s : . ; R 1
tivity of the glass fibers s found %o be 7.5 x iC cal./cm.2 sec. (°C./cm. ).

Various scurces gqucte the thermal conductivity of solid glass =t abcut
-4 2 A . .
30 x 1C  cel./cm.C sec. (°C./cm.). One would expect *he thermel corductivi=y

o7 glass fivers to be substantially less than the conductivity of scli

Zlas

£
o

by virtue of the fact that the fibers are not fused together. The values
qucted indicate an apparent “contact ccefficient"” of C.25. Althcugh 2
aumber of pcssible mechanisms sucna as tortucsity of conducting path, contacs
resistance, etc., can be ciited as contributing to this contact coefficient,

a value of 0.25 seems entirely possitle.

By this analysis the apparent thermal conductivity as measured for
the dry fiber bed cean possibly be acccunted for in terms of pure ccnducticn
oniy. This agrees with Finck's assertion (18) that natural convection is
not an important heat transfer mechanism in dry pcrous teds uniess very

-

loosely packed.

It is now necessary toc consider the problem of evaluating the apparenrt

thermal conductivity of a partially saturated glass fiber bed. The follow-

ing analysis offers this possibility,.
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It has been established experimentally (2) that liquid flow during
hot surface drying is toward the air interface in the region of that
interface and toward the hot surface interface in the region of that
interface. Therefore, at some internal and intermediate positicn a plane
of zerc flow must occur. Heat supplied to the section of the bed beiween
the hot surface and this plane where liquid flow is zerc, minus the heat
transferred from this section must equal the heat absorted (1) by evapora-
tion from <his séction, and (2) a5 sernsible heat by the fiber and water
present in this section. The heat suppiied to the bed is giver by ZIguaticn

(23). A derivation similar to that reguired for Equation (33) yields:

1.0 1.
aa Py 0 Y- 3t éx + o 3t 4z {38
Q - >_—x £ ep-ui//; J//;(_-V)QFC? 35 & - VstLCL S5 & (3¢
=X. l

signifies the pcsition in the bed where liquid flow is zerc;

O

where X

3s/36

the rate of change of cumulative saturation fcor the section of the bted

1

s the rate of change of local saturation; J/ég/sa is, therefore,

[N

tetween X = il and X = 1.0; and all other terms are as defined earlisr.

Before Equation (38) can be used to evaluate k , it is necessary to

establish the locaticn of the plane iw' At this location the driving.

force for liquid flow, agc/ag, will be zero. The capillary pressure at

any point in a porous bed will be affecied by the saturation at that poin-

(o
(]

and also by the temperature. Thus, the capillary driving force will
some function cf the moisture gradient and the temperature gradient.
Since the temperature gradient in the central regions of the bed is nct

very great it is a fairly good assumption that the plane of zero liquid
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flow will De close to the plane where the moisture gradient is zero--some-

where between X = 0.4 and X = 0.6 for the constant rate pericd.

Once the location of this plane has been established, 2ll terms with

the exception of Ea are calculable from experimental data. Thus, according

tc Equation (38) the apparent thermal conductivity can be estimated for
varicus drying times. It is found that at a particular drying time 3his
value is relatively independent cf the precise location of the plane of
zers liquid fleow. The lccaticon of the rlane was therefcre establishsd at
<he point where the moisture gradient is zeroc and 5& calculated for various

drying times ir the cons<an® rate veriod. These wvalues correspend o g

defirite saturation at X = ard so a relationship between apparent

o
'II

D

thermal conductivity arnd saturaticn can be zonstrusd. This de<a is

plotted in Fig. 33. The previously calculated apperent thermal ccrnductivisy
a:t zero saturaticon Is included and the dotted section represents a vary
aroitrary interpolation. The significance of this relationshin» will ncw

be considered.

Equation (36) has been introduced as a model to defirne conducticn in

the fiber bed. The thermal conductivity of water is about 15.0 x 10~

./c:n.2 sec. (°C./cm.). Using this value for k; and <he previously

cal
orooposed aumerical values for EF and kv allows the conductivity of the
fiter bed as & function of moisture conient t0 be determined. This relation-

- I

ship is compared with the previously calculated apparent thermal ccnductivi<y

relationship in Fig. 34.

It is obvicus that the calculated conductivity as defined by Equation
(36) cannot account for the apparent thermal conductivity calculated from

experimental data. This suggests the following possibilities:
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(1) Conduction contributes as little as 50% toward the over-all
heat transfer and hence convection and/or radistion must account for
the remainder.

(2) The physicael model implied by the assumptions defining the
conduczivity, k, does not correspond to what actually occurs Ir the fiber
bed. That is, the actual conductivity is greater than that calculated on

the basis of the defined model.

Although the physical model suggested fof conduction in a porous
material can be severely criticized, Iif is difficult to accept that it
is so far from reality as to underestimaté the actual conduction by a
facfor of more than two. The conseguences of assuming that the calculated
cenduction is in fact a fair estimate of the actual conduction is, of
course, that the combination of radiation and convection must ccntribvute

significantly to over-all heat trarsfer.

Finck (18) suggests that, for very iocosely packed kapck, up toc 15%
of the total heat transfer may occur by radiation. For the more clicsely
packed glass fiber bed with liquid water as well as water vapcr present,
it is probable that radiation will contribute substantially less than this
to over-all heat transfer. It does not appear, trnerefore, that radiation
can account for much of the discrepancy betweer calculated conduc;ivi:y and
the apparent thermal ccnductivity of the glass fiber bed. Therefore, the
existence of a significant convection heat transfer mechanism must Dde

seriously considered.

A number of consequences follow the acceptance of convection as an

important factor in determining the value of the apparent thermal conductivity.
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First, =he definiticn of heat.fiﬁw as the product of an apparent corduc-
tivity and a temperature gradient'must be recognized as highly empirical
since convective heat transfer is not fundamentelily associated with a
temperature gradient. Second, and possibly more important, no unique
relationship can te expected to exist between apparent thermel ccrnductivity
and moisture‘content. Such factors as local evaporaticn or condensation
rate, directicn and rate of liquid flow, ete., in addition %o local satura-
tion might well affect convective heatl transfer. In other words, *he
aprarsnt conductiviiy will pe affected not only by the degree i liguid
saturaticn but also by facitors which are associatad with the actual raze

3

at which drying is =ffected.

In the iight of these comments, it is necessary o reconsiler *he
sigrniflicaence cof the apparent conductivity relatiornship shown in Tig., 33
and 3%, The data poinis shown represent the apparent cenductivizy for
differert saturetions in essentially the same section of the ted (ceniral
portion) during the constant rate pericd. Under “hese circumstancss i<
is possible that if we divide the factcrs which affect the arrarent fon-
ductivity into (1) saturation, and (2) nonsaturation facfors, that tae
nonsaturetion factofs are reasonably constant and that the relaticnship
shewn does illustrate essentilally a saturation-apparent conductivig;
relationship. On this basis, it is ¢f interest ic ncte the general shape
2f the extrapolated curve. It can be seen thet at a saturaticn of L0
(void volume totally occupied by water) the apparent conductivity and

actual conductivity curves meet. This implies that convective hest trans-

fer under such conditions is nonexistent. Since there is nc void space
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available, neither internal evaporation nor ccndensation can occur and

it is quite reasonable to suppose that convection will not be important.
As the saturation decreases, two opposing "saturation" factors can be
ccnsidered operative. First, the available space into which vapor can

be introduced increases thus potentially increasing the evaporation rate.
Second, the decreasing quantity ¢f water available for evaporation poten-
tially reduces the evaporation rate. At a saturation level of about C.15
the latter factor is epparently predcminant and convecfive heat transfer
diminishes rapidly uniil for a dry fiber bed it becomes cnce more negiig-’

ible.

This expianation for the curves of Fig. 34 does give a realistically
ccensistent picture of the gereral relationships that one might articipate
between convection and conductive heat transfer in relation to saturation.
However, this does nct mean that the relationship shown in Fig. 33 can oe
used to evaluate 5ﬁ anywhere irn the bed at any time from only a knowledge

of the local saturation. In fact, the only reasonadle applicaticn of Fig.

~

32 is to evaluate é& frem a xnowledge of the local saturaticrn for the

central portion of the bed and only for the constant rate period of drying.

This can be illustrated by evaluating 53 according to Equation (38)

for the faliing rate period.of drying. It s;ould be remembered, however,
that the experimental data used o make this calculation lacks the precisicn
ottained during the constant rate pericd. Table VII compares these values
of Ea with the predicted values according to the extrapclated curve of

Fig. 33, and with the calculated true conductivity values.
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TABLE VII

COMPARISON OF VARIOUS CONDUCTIVITY VALUES

k, from Falling k Calculeted
—Rate Period kg Estimated from Equation
etermination, from Fig. 33, (35),
cal./cm.QSeE.(°C./cm.) cal./cm.2sec. (°C./cm. ) cal./cm.esec.(°c./cm.)
Saturation x 10 X th x 10%
0.128 4.1 8.5 2.8
0.096 3.4 7.3 ' 2.3
C.071 3.0 5.1 2.0
0.03¢C 2.3 5.0 1.7

It Is reasonable t¢c suppcse taat convective heat transfer will be more
important during the constant rate than the falling rate period since tne
drying rate is significantly greater in the fcrmer. This view is suppcr:ea
by the data preseated in Table VII. This clearly illustretes the discon-
certing and discouraging fact that the evaluation of the apparent conduc-
ﬁivity at cne peint in the fider bed and at one particular érying time is

.

of questionablie value in predicting the apparent conductivity under arny

other conditions or circumstances.

Briéf consideration can now be given to the apﬁarent thgrmal conduc-
<ivity relationship defined by Han and Ulmanen and presented in Fig. L.
fhe theoretical significance c<f therapparent thermal conductivity implied
in the derivation by Han and Ulmanen has already been mentizned. It is
imprcbable in view of the previous discussicn that convective heas transfer
is not significant in the pulp system. Hence, it must be inferred that the
shape of the curve obtaiﬁed by Han and Ulmanen is a result not only of tre

decrease in the moilsture content but alsc of the decrease in drying rate
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which from their basic dete demonstrably accompanies the decrease in
moisture content. In other words, the depicted relationship between
apparent thermal conductivity and moisture content is hot unique and
cannot realistically be used to imply the existence of certain mechan-

istic phenomena.

The mest satisfactory analysis of heat transfer that can e supplied
by the data of this study suggest that in the hot surface drying of a
glass fiber bed both conduction and convecticn contribute significantly
to over-all heat transfer. Radiation is probably not sigrnificant. Thre
coenvective heat transfer is the result of fluid movement associated with
the drying process and rence is some func®tion of the ra*e at which dryirng

is proceading.

Future investigation should consider the validity cf the suggested
mocdel for evaluating the conductivity of a pcrous material. A glass
fiber system in which the pore space is totally filled with a solid such
as wax would seem amengble to conductivity measursment and hence a test
of the suggeseed model. A verification of the importance of convective

heat transfer during hot surface drying by some direct experimerni would

offer suppert for the analysis presented abeve.
EVAPORATION

During tne constant rate period of the Lot surface dryirng cf a glass
fiber bed it has been shown that evaporation of water cccurs (1) at the

hot surface interface, (2) internally from the zone of condensation, and

(3) at the air interface. It is possible on the basis of certain assumptions

to evaluate each of these quantities from the experimental data.
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The rate of evaporaticn from the air interface is given by the air
Its evaluation requires a knowledge of
It is assumed that for

interface boundary equation (31).
apparent conductivity, Ea’ at the interface.
conductivity at the air interface

constant rate period the apparent

be deterrined from e knowledge of the local saturaticn according to
The validity of such an assumption is dependent upon whether

can

‘g, 33.
ficiently similer that convective heat “ransfer is sssentially the same.
-

3]

ig.

13

conditions at the interface and in the central region of the ved ars suf-

thet I the

e}

In order to complete the picture it is assumed that for the fallirg
he apparent conductivity in this period. Zere zgain this impliss the

data supplied in Table VII can be used as a valid estimate

te pericd th
ilarity of conveciive heat transfer at the air interface

of =
simi
central region of the bed.
these assumpiions tne ¢ren surface evaporaticn rais
: this
curve

On <he basis of
(ng/ae);_o, can be evaluated from Equation (31). The result ¢
The similarity between this

svaluation is presented in Fig. 35.
and the over-all drying rate curve is apparent.

The derivation of such

The water vapor which is produced at the hot surface iaterface and
siffuses out of the zone of condensation can be evaluated from a naterial

ard energy balance for the zcne of condensation.
a material and energy balance yicids Equaticn (39).
1.0
S o

ks 3 [3,
Q-{ =% - ep LN — = elp C. [t
L &X/x=x, 08 /X=X, == o6
1.0 1.0 1.0
- éLpLCL(t)§=_ % ax + L(l-e)QFcF %g- ax + Lep, Cp [s ?5 ax (39)
§=§é Eiié X=X,
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where Q is the heat supplied from the hot surface according to Zquaiion

( ag/ 36 )i=§_e

from water vapor produced at the hot surface interface which diffuses from

is the rate cf change of total saturation resulting

(33)

e

the bed; 3s/J6 is +he rate of change of local saturation; X, represents

2

the location of the plane which separates the zone of condensation from

the 2zone of evaporation; and all cther terms are as defined previously.

Two assumptions are recessary before Equation (39) can be used to

-

from experimentel data. First, the location of

by y
X=X
- = =2
the plane EQ must be determined It seems reasonable that the juncticn

between thne zcres of corndensaticrn and evaporation will cccur scmewhers

O

near tne point where the meisture gradisnt tegins t¢ increase sharply.

[9§]

Frcm Fig, 25 this can be sesn to cocur in the region X = 2.7 ¢ ¥ = C.
The assumption is made that §é==o;7, Second, it is necessary tc make zhe

same assumption with regard to the es<iimaticn of that was made in crder

k

-4
tc evaluate the open surface evaporation rate; namely, that conditions az
X = (0.7 and in the central region of the bed are sufficiently similar

during the constant rate period that the data from the central region can

‘be considered to apply at X = O.7.

On the basis cf these assumptions, Equation (39) can be used to

evaluate (OS /as)i*f from the experimertal da*a. The result is shown
S 1 Xh

grapnically in Fig. 36.

The over-all drying rate (Fig. 24) represents the summation of the
data presented in Fig. 35, the data presented in Fig. 26 and the vapor
which is produced by evaporation from the zone of evaporation. By differ-

ence, then, the internal evaporation rate can be evaluated. This is presented
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as thne rate of change of cumulative saturation due to internal evaporation
from the zone of evaporation in Fig, 37. The contributicns of the various

corponents to the over-all drying rate are shown in Fig. 38.

In view of the assumptions involved in its construction, Fig. 33 can-
not be confirmed as an accurate quantitetive picture of thé relative
importance of the various contributors tc the over-all drying rate. Zow-
ever,'it is a good qualitative picture and illustrates the type of talarce

one should expect in achieving & rparticuldar cver-all drying rate.

In the conszant rate period, It appears that roughly equal coniritu-
~ions are made (1) by water Qapor which diffuses from the nct surface
interface through the zone of condensazicn, (2) by water vapor waich is
produced by internsal evapcration from the zone of evaporation, and (3) vy
water produced by open surface evaporation. An increasing rate of dif-
fusicn from the zore of ccrdensation is offset by decreasing internal and
open surface evaporation rase to give zhe over-all drying effect measured
sxperimenzally.. The constant rate period ends whern ligquid water cdisappears
from the het surface and hence evaporation at the hct surface ceases. The

zone of evaporation broadens to eliminate the zone c¢f condensation arnd,

therefore, the rate cf internal evaporation increasses sharply. In the

<A

falling rate period, internal evaporaiion appears ¢ acccunt for 70-3C

-

cf the over-all drying rate.

It is now worth considering at least qualitatively cn the basis ol the
above analysis the manner in which eveporation and condensation cccur
locally in the interior of the bved durigg the constant rate period. Condi-
tions at a drying time of 10 minutes are typical of the constant rate pericd

and so subsequent evaluation will be restricted to that drying time.
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The total contridbution to the drying rate from internal evapcration
at 10 minutes drying time has been evaluated and is given in Fig. 37 as

0.63 x lO-u sec. ™%,

The total condensation rate is equal to the difference between the
evaporation rate at the hot surface interface and the rate at which vepor

diffuses from the zore of condensation. This latter velue has been calcu-
. A . Al .

lated and is recorded in Fig. 36 as C.8i x 10 ~. The hct surface evapora-

tion rate can be evaluated acccrding *o hot surface interface boundary

squation (29). However, this evaluation requires a rumerical definition

of the apparent thermal corductivity at the 20t surface interface. To

assune that the conditions near the het surface interface are similar ¢

those in the central region of the ved I1s cbviousily untrue. If orne uses

a value of Ea obtained on the baesis of such an assumption (i.e., from Fig.

L . . . . .
Tguation (29) to ve C.65 x 107 . Thkis value is less than the quantity 37

vapcr which diffuses from the zone of ccndensation and therefore indicazes

that the assumed value for gﬁ must be too large. The smallisst value for

Ea that can logically be ‘assumed is that to be expected for pure conduction

oniy. Using such a value for Ea obtained from the lower curve of Pig. 3i&

-— N

. ; . -4 . .
gives a hot surface evaporaticn rate of 1,92 x 1C . It follcws therefore

XN

fasicn rate frem

O

that the probable value lies between this value and the &i

1
:

. : o -4 . . . ,
the zore of condensation, 0.51 x 10 . Hence, the total condensation rate

L
iies dvetween zero and 1.11 x 10 .

By way of interjection, it is of interest to note the possible implica-

+ion of the above calculations that the influence of convective heat transfer
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on over-all heat transfer is less pronounced where condensation is occur-

ring than where evaporation is occurring.

From the above estimates and assuming that the transition point
petween the zone of condensation and evaporation cccurs at g = 0.7, any
qumber of curves can be drawn to represent the appropriate distributiosn
of internal condensation and evaporaticn., However, the most probable dis-
tridbution is shewn in Tig. 39. The following reasons are cited to suprort

this view.

(1) The maximum change in saturaticn in <he zcne cf evaporation
ccours btetween the air interface and X = O0.2. I appears reascnabpie Lo

sone

Since the avail-

[()]

atirivute to this secticn the maximur evaporation rat
able space increases continuously in this region the increase in esvapors-
ticn rate should bve continuously increasing. The changes in saturation
between X = 2 and g = 0.7 are no® great. This suggests that the evapsira-
tion rate «; .2k near ¥ = C.7 mgst te small will nct iacrease greatly ovar
this region. The area under the curve frcm X = 0.7 to g = 0 should Ze

0.81 x 1o'u.

(2) Tre maximum rate of change of saturation in the zone of condersa-
ticn occurs between X = 0.7 and X = 0.8. It seems reasonable, therefore,
o atsribute to shis region the mexirmum change in condensation rate. n
= 0.8 to

ine zone = 1.0 two opposing factors wcu.d appear tc te operazivs.

¥y}
1<)

The guantity of vapor available for condensation is a maximum neer g = 1.0,
Also the space available for vapor is a maximum. On this basis it would
seem that the condensation potential as far as space is concerned increases

in the direction away from the hot surface while the condensation potential
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-

in terms of availability of vapcr decreases. The balance of these fac*ors
showld result in the type of curvature indicated. The area under the

L 1

curve from X = 0.7 to X = 1.0 should be less than 1.11 x 10 sec. .

WATER VAPOR DIFFUSION

The analysis for the glass fiter bed indicates that during the ccrstant
rate period cf a hot surface drying operaziorn wa<er vapor produced at tas
het surface interface diffuses through the zcne of ccondensation %o the
accompaniment of contirual condensation and then ihrcugh the zcne of evap-

oraticn to the acczmpaniment of ceontinual evaporation., It is of inzteres

t

to consider, therefore, the quantitative aspects of such diffusiocn,

The rate ¢f water vapor diffusicn is derendent uron the parzisl
rressure gradient, the crcss-sectional area available for diffusion, and
an empirical 4iffusicn coefficient. For uniz geometric area this can 2

2xpressed as:

?ﬁ - D(l-s )e - :.‘_E (LLO)
de L ox

where dﬂ/de is the mass rate of diffusion of water vapor; D is an eﬁpirical
diffusion coefficient; (1l-s)e is the fraction of the geometric area avail-

able to water vapor diffusion; and Jp/3X is the partial pressure gradisnt.

o

In terms of the cumulative saturation concept used throughout this

thesis:

55 = DLeLge— | (k1)

whence




3S /36 is the water vepor diffusion rate expressed as a rate. change

of cumulative saturation.

The rate of diffusion of water vapor across the boundary between the
zones of condensation and evaporation has been calculated according tc
Zquation (39) and presented as (BSW/BG)- - 1in Fig. 36. It is apparent

that at this particular location agw/ae must egual (5_w/56 R
- =2

In the zone ¢f cordensation, water vapor saturation must be excesdeq
for cordernsaticn tc cccur. The assumptisn can; therefore, be made that
the partial pressure existing at zny point in the zone of condensaticn

is the partial pressurs required o saturste as the existing lccal terrer-

ature.

Hence:

&

Ao s

X

(53)

o
¥

whare Bgs/at s the rate of change of the saturaticr partial pressure c<f

water vapor with temperature ard can be calculatzd from the steam tables.

On the basis of the above assumption, the empirical diffusion coef-
ficient, D, can be evaluated from experimental date according tc Zquation
(:2) for the conditions existing at the bcundary between ccndensaticn ani

evapcration zones at various intervals during the cconstant rate pericd.
These velues are presented in Table VIII.

The value of the diffusion coefficient can ve seen to remain relatively
constant over the constant rate period for the conditicons prevalent at the

boundary position. A diffusion coefficient is generally a strong function
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TABLE VIII

VALUES OF DIFFUSION COEFFICIENT

Drying Time, Diffusion Coefficient,
min. . g./cm. sec.
-k
3 1.30 x 10
-4
10 1.26 x 10
' L
15 1.29 x 10
20 1.15 x 107

'.l
n
[$)Y
>
'—l
(@]

Average value

2f termperature. Since the temperaiure at the toundary pesiiion changss

crnly slightly it is reascnable tc¢ expsct this constancy.

Class:ical mass transfer {2C) gives the steady state diffusicn of one

gas tnrouzh a second stagrant gas as:

chv DVP Jo ) .
= (=)

M T RT (1-p) X

where UV is the velocity of the diffusing gas; R, is its density; MV is

its molecular weight; Qv is the molecular diffusion coefficient of the gzas;

-

P is tnhe tctal pressure; R is the universal gas constant; T is the atscluzz

“temperature; p is the partial pressure of the gzas; aid Jp/x is the partia

}-

"y

‘oressure gradient.

Reducing Equation (44) to a form analagous with Equation (42) gives:

W

oS Mv(l-s )DVP > (15)

36 R_TnL(l-p)Le &K




Therefore, it is sapparent that for water vagpor:

18 D P
v

RT(1-p)

(L6)

An empirical correlaticn for the moiecular diffusion of water vapor

in air attributed to Spaiding (20) gives:

1.46 x 107 /2
P T + Lk

where DV is sxpressed as ft./nr.; P is in atmcspheres; and |

-

This relation is used itc express ihe molecular diffusion coefficient, D |

2 o . : . |
as cm.”/sec. as a function of <(°C.) in Fig. &O.

The temperature at the bcundary btetwsen ccndensaticn and evapcrazicn

zones is approximately constant for the constant rate period at 7C°C.

zvaluating Dv for this termverature from Fig. 40 and substituting into

Equation (46) gives a measure of the empirical diffusion ¢

terms of the assumed relation “o mclecular diffusion. This
-k )

02,12 x 107 " g./cm. sec. compared wizh the average value of

from Table VIII.

Assuming for 'the mcment that water vapor diffusion in
ved during drying is in fact molecular diffusion, it Is <o

- L83 A

tne apparent molecular diffusion ccefficient would be less

o - P—
cefficient in

value is

1.26 x 1077

a glass fiber
be expec=ted <haz

tharn the normal

molecular diffusion ccefficient by virtue of the fact that in a porous

ved the path of the diffusing vapor will be tortuous.

The tortucsity factor for liquid-saturated porous beds is generally

considered to have the value 1.41 (N2). Basing an evaluation on Parker's




aanjweradwal JO UOT]OUNY B SB AUITHTIIO0) UOTSNIJTA O DINTTy

Dp I+ FUNIVH3IdWIEL

09 0s ov ot
06 08 oL € <2

st
Irp+ L d - Ag
Zgl -0l X 9/€0

0°0€
9
\O
LY
0

'2€

\ 0'SE
4 235/5Wo="a
"‘SONLV = d
Yo =1

* S’Le

oot

201 X 035/3WD ““a UN3ID14430D NOISNAIg




-137-

analysis of tcrtucsiiy variations in partially saturated beds of glass
fibers gives values of tortuosity for beds of water saturation 0.5 to
0.9 as 3.7 to 2.7. Assuming the equivalence of tortuoéity for liquid
and vapor paths at the same fluid saturation suggests a tortuosity factcer
for the diffusing vapor under conditions at the boundary at about 3.2.
The apparent tortuosity factor obtained by comparing the true mclecular

diffusion coefficient with the calculated empirical coefficient (3.12/1.26)

is 2.5,

This rather tenuous argurent >2nds suppcr: To a coaclusicn “hat
water vapcr diffusion within a glass fiber bed can be reasorably nrandled
by the laws governing molscular diffusiorn.

On the basis of this zanalysis 27 water vapor 4iffusion and with the
help of the qualitative picture of distridbutiorn of local internal evapcra-
ticn giver in Fig., 39, it I1s pessitle to establish a gualitative picturs

<

cf the partial pressure gradient in the glass fiber bed.

-~

The rate of d:-;u51on of water vapor from the zone o condensation
is given by Fig. 36. From the cumulative area under the curve shkown in
7ig. 39, the diffusion rate at any point can be reconstructed at 10 minutes
cf drying. Using the diffusion coefficiert concepts developed by <he
2bove analysis allows the partial pressure gradisnt, ag/ag, £0 be evalu-

azed at any point according tc Equation (42).

The curve shown in Fig. U4l describing the partial pressure as a func-

tion of g gives partial pressure gradients in agreement with the above

calculations and therefore is consistent with the general analysis established

to date.
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It will be seen that the partial pressure at the open surface of the
bed is substantially below the saturation partial pressure but signifi-
cantly above the partial pressure of the air stream. The partial pressure
in the fiber bed falls below the saturation partial pressure at the end
of the zcne of condensation. Thereafter, the discrepancy between saturated
aﬁd actual partial pressure ircreases, increasing the driving force for
evapcration. The rmaximum increase in this driving force occurs after
g = 0.2 and thus corresponds ic the region of maximum eveporation as de-
fined vy Fig. 39. The partial pressure at the surface remairs sufficiently
above the partial pressurse in the alr siream to yield a substantial partial
pressure gradient acrcss the boundary layer tc allow final diffusion from

“he bed of %the *ztal vancr produced.

Future investigation c¢f water vapor diffusicn during drying could
study the steady state diffusion rate through dry porous beds as well as
porous beds partially saturated with e water-irmiscible iiguid. 7This
should allow a more comprehensive analysis of the factors suck as toriuosizy
which presumably affect the diffusion rate and hcw they are affected by the

degree of liquid saturation of the bed.
LIQUID WATER FLCOW

The flow of liquid water during +the hot surface drying operation Is
ir response t0 a capillary pressure gradient. The definiticn of liquid Ilow
réquires the elucidation of this driving force together with the resistance
to flow. In the development of Equation (28) these two flow-defining fac-
tors were introduced through the 4 'Arcy equation and appear as the capillary

driving force, agc/ag, and the unsaturated permeability, Ec'
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The capillary pressure of & liquid existing in & porous systen at
equiliprium is dependent upon (1) the effective pore radius, (2) the

surface tension of the liQuid, and (3) the temperature of the system.

(1) The capillary pressure of a liquid in a porous bed as & function

=~

of the degree of liquid saturation of the bed gives en empirical measure
of the effective pore size. Such a capillary pressure-saturation reletion-

ship under equilibrium conditions has been assessed for the glass Ziter ted

{0

t o

nd is presented ir Fig, 42. This data can be fransformed into 2 cumulative
efective pore-size distributicn function according to Equation (&), This
transformation I1s shown in Fié. L3, This relationsiip cdefines the radius
¢ curvature at capillary equiiibrium of all wate;-air interfaces present
in the glass fiver sys<em at any particuliar degree of water sa%turatiozn,
The local degree of water saturation at any point in the giass fiber bed
g% sny drying time has been evaluated experimentally. The sssumption 2an
oe arbitrarily made that the curvature of the lccal sir-weter interfaces
under the nonequilibrium conditicns existing within the fiber bed during
zﬁe drying cperation is the seme as for equilibrium conditions at the same
saturation. 3By this assumpticn the effective pcre radius at any point in
the fiver bed at any drying time can be assessed from a kncwledge of the

iocal saturation by consulting Fig. L43.

(2) The surface tension of a ligquii is a strong functicn <¢f ‘empsra-
tare. Since the temperature in the glass fiber bed durirng drying varies

< is apperent that the surface tension will also vary. Hence, the point-

ct

o-point variation in capillary pressure will noct only be a function of

local saturation but also of the local surface tension.

i



SATURATION, s

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.l

Nl | [

TN D

4 6 8 10 12 14
CAPILLARY PRESSURE, CM. Hg

Figure 4L2. Capillary Pressure Curve




S

SATURAT ION,

-1k2-

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.l

/

--——-—“"—'//

0.2 04 0.6 0.8 10 1.2 4

PORE SIZE, m, CM. X 103

Figure u43. Cumulative Pore Size Distribution




(3) Over the temperature range which is being considered in relation
to the drying of the glass fiber bed it is a good assumption that the
primary effect of the temperature on capillary pressure is a result of
its influence on surface tension. In other words, the capillary pressure

will ve the same function of temperature as is surface tension.

On the basis of this preamble it is reasonable +to accep® that the

capillary’pressure is a function of saturation and temperature only; i.e.,

P, = f(s,t). From this it follows thrat:
3P oP JP .
—= =)=} =) (8)
X - 3s X gt J\ X

According to the assumptions of the abeve enalysis, agc/as can be

evaiuated from Fig. 42; agc/ag can be evaluated from & xncwledge of the
variation of surface tension with temperature ob%ainable from any handbock;
and the other factors can be evaluated from the experimental data. ZHence,

the capillary driving force can be evaluated at any drying time feor aay

roint In the glass fiber bed.

A similar analysis allows an estimate of the value of the permegbility,
Ec’ to be made using concepts developed by Parker (;2). In ais work,
P;rker studied the equi;ibrium water permeatiliity of glass fiber beds as
a function of the degree of water saturation of the fiber bed. A necessary
assumption in applying his ccrncepts to a dryirg study is that the point

permeability in the glass fiber bed during drying is the same as the

equilibrium permeability for the bed at the same saturation.

Parker derived and demonstrated the utility of the following relation-

ship:
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where Er is the relative permeability, Eé is the unsaturated permeability,

K is the saturated permesbility, the term 50529? represents shape and

these characteristics of an unsaturated bed, and m is the effective cumila-

tive pore size at saturation s.

Parker showe" <hat at least as & first approximation, the ratic
2

z . . s . ' . . o .
I?Q /50 IEC is indeperdent of fiber diameter; that is, glass fiber beds

o different average fiber diameter gave the same value for “his ratic.
Hence, this value shculd also apply to the glass fiber beds used in ihe

drying study.

The saturated permeabilizy <f the glass fibers of this study w=zs
measured as a function of porosity. This data is shown in Fig. &4. From
this curve, the saturated permeability, X, at the porosity value of the %veds

used in the drying study is cbrained.

The effective pore size distribution function, m, obtained from
capilliary pressure measurements nas been presented in Fig. 43. Using

tne data represented by this figure, g? can be plotted against s and thre

I
erm éj/sg?'§§ and gf ds evaluated from the area beneath this curve.
/ : o) -

o : I2 2. T2 2 .
dence, using Parker's data to evaluate kK T°C /k C~ and evaluating

the other terms experimentally, Ec can be calculated as a function of

saturation. This relationship is shown in Fig. 45. Hence, according to
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this analysis a knowledge of the local saturaticn in the glass fiber bed

at any point and drying time allows the evaluation of the unsaturated

permeability at that point and drying time.

We are now in a position to test the validity of the assumpticns
used to define the capillary driving force and permeability which in Turn
define liquid flow during dryirg. Boundary equation (32) defines the
rate at which liquid water flows o <he air interface. Using tais equa-
tion together with Equation (48) to define agc/ag, and Fig. 45 %o defire
K allows the calculation of the open surfacedévaporation rate, (38 /33)

=’ %=0"

{3}

v

n
£

This wvalue car be compared wi<h that calculated Irom neat transfer consi

a

ations defined by Zquation (3). This compariscn is mede ir Table IX.

TABRLE IX
COMPARISON CF RATE DATA
n <y A A ~ <
(5§w/56)§=o According <'§w/°9>§=o According

to Heat Transfer to Ligquid Flow
Drying Time, Gonsidirationi, Considerazioni,
min. sec. — x 107 sec, "~ x 107" Ratioc
5 0.70 157 22k
10 0.70 137 196
15 0.66 72 110
20 0.59° 50 85-

Assuming that the surface svaporation rate defined by heat transfer
ccnsiderations is reasonable, it is apparent that the estimate according
to the assumptions involved in defining liquid flow is one tc two hundred
times too high. Since~the temperature effect turns out to be negligible

in terms of the saturation effect as far as capillary pressure is concerned,
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it is evident that this discrepancy must be attributed to the factor
(agc 3 ) (ad/ax)x The moisture gradient cannot be expected to account
for any significant portion of this error and so the product Ec agc/ag

must be considered responsible.

Since <the two factors have been evaluated according to equilibrium
concepts it must be concluded that the dynamic conditions existing in the
fiver bed during drying introduce additicnal considerations which signifi-
cantly affect these factcrs. More specifically, either both or cne of
<hese two factors is significantly smaller for ithe unsteady state condi-

ticns prevalent during drying tnan would be the case a%t capiliary 2cuil-

Considering these Factors separately it is somewhat difficuii to
ccnceive that the liquid permeability, 5%, would be substantialliy less
at a givern saturation for unszeady state—relative to steady state ccordi-
tions. cwaver, the capillary-pressure saturaticn relationsiaip will
depend on the effective radius of zurvature of air-water interfaces. It
is readily conceived that in addition to being a function of the pore
structure of the porous media, this curvature will also be some function
cf tnhe local evapcration or cordensation ratg, liquid flow rate, stc.
Hence, it seems ncst prcbable that the discrepancy ncied is primerily due

<0 the Imprcper assumption that the equilibrium capillary pressure-satura-

tion relaticnship remains valid under unsteady state conditicns.

The results of this analysis of liquid flow during the drying of a
glass fiber bed suggest a number of interesting experimental approache

to a further elucidation of this phenomenon. A study of the effect of




steady state evapcraticn cr condensation on the radius of curvature of
the air-water interface in actual capillary tubes of varying size would
be of significance. Also, studies of unsteady state unsaturated permea-
bility in glass fiber systems, and of steady state unsaturated permeability

in the presence of steady state evapcration or condensaticn would also

contribute manifestly to a further elucidation of liquid flow during dry-

ing for a mecdel system.
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SUMMARY AND CONCLUSION

The hot surface drying operation has previously been investigated
with regard to the effect of boundary conditions such as hot surface
temperature or air stream coanditions upon the over-all drying rate. These
studies have resulted in empiricel observation and thelcléssixication of
the drying cycle into the constant rate and falling rate periods. Variocus

nypotheses have been advanced to explain local observations,

A more penetrating study bty Dreshfield cf the hct surface drying cf
pulp beds elucidated the moisture'distribution and demcns<trated <he exis-
tence cf a plane of evaporation at the hot surface interface. These
resuits were supported by a similar study conducted by Ulmaren, Thesé
two studies indicated the need for a basic investigation of inzernal heaz
and mass transfer during the hot surface drying of a porous material.

Tris investigetion was designed with the aim of addirg to the understanding

cf hct surface drying through a study of these transfer precesses.

A glass fiber system was selected for study because of its following
ideal properties:
1) During drying no changes occur in the internal geometry of the

“iter ved (in distinction tc pulp beds where shrinkage occurs).

Yy

2) All water in the bed is simply capiliary-held and hence

ree

ot

O

flow (in distinction to pulp beds where chemically bound water and waier

_trapped within the fiber lumen are also present).

The experimental method developed byDreshfield was used with minor
but improving modifications to obtain a measure of the hot surface drying

rate and moisture distribution for the glass fiber system.
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Fine-wire thermocouples were employed to secure a measure of the

terperature distribution within the glass fiber system during hot surface

drying.

Capillary pressure measurements were made acccording to the method
adcpted by Parker, to evaluate the internal pore structure of the glass

Ziver bed.

A high precision of measurement was obtained for the hot surface
drying characteristics of any one particular giass fiver bed. Hcwever,
a between-bed variation in measurement was de*ected which cculd no* te
eiiminated. This was attributed to variation in the quaniity and distri-
bution of fine material in different glass fiber beds. This variation
was found o have nc effect on the results for the constant rate periéd
but had an accumulating effect upon the later drying period. A ratioral
adjustient of the data was made to correct for this variaticn in *he latsr
drying vericd in order to aliow a reasonatle qualitative picture tc e
presented. Primary analysis of data was restricted to the constant rate

period where measurement was gquite precise.

A mathematical description of heat and mass transfer during the hct
surface drying of a glass fiber bed was derived. These derivaticns resulis
in toundary equations to account for mass and energy interchanges at the
not surface and alr interfaces, and a gereralized differential eguation

to apply to any internal point in the fiber bed.

Hot surface interface boundaries equations:
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m

k k [ 38
Q=2 foid _afst + Xep L ..
L \&X/ Xx=1.0 L |&X/x=1.0 96/ %x=1.0

K pp BPC BSW
A = epLL ——
Ly X /%=1.0 98 /x=1.0

Air interface boundary equations:

Ky 3 35,
_— = XeaLL —_—
L &X/X=C 38 /x=0
KCQL ?if‘.:. = eo L .a_si
Ly \ X /%=0 L\ 38 /=0
Generalized differential equation:
. , 2., &k 0.C.K oP
— (epLx) = ié ka 225 + — QE . L Lég é& . il (l-e)opCF + 250,72
38 L & X X ul™ & X 36 : ==

An examinetion of the experimental dgta in relation tc the mathe-
matical model suppdrts the concept of the existence during the cons*tant
rate period of a zone of c¢ondensation within the fiber bed adjacent to tne
hot surface, end & zone of evaporation near the open cr gir interface.

The description of drying whiéh is most consistent with this concept is
that water which evaporates at the hot surface interface diffuses back
through the bed under the influence of the partial pressure gradient. In
the zone of condensation the diffusion is accompahied by continual conden-
sation. However, at some point in the fiber bed the partial pressure falls

below that required to saturate the avallable pore space and at all’




-153-
subsequent positions to the air interface the diffusing vepor is supple-

mented by internal evaporation.

The over-all drying rate is thus the result of evaporaticn of water
from three sources; viz. (1) water which evaporates at the hot surface
interface and diffuses back through the zone of condensation, (2) water
which evaporetes internally from the zone of evaporation, and (3) waler

which evaporates from the air interface.

water disappears from the hot surface interfece. Evapcration at the inter-
face therefore ceases and the zone of evapcration expands to 2iiminzse tiae
zone of condensaticn. Thereaf<er, the over-all drying rate is the resulit

of internal evaporztion and cpen surface svaporation.

A consideration of *the experimental evidence of this study together
Wwi<h tnhat from the very similar study witn pulp beds by Jlmanen on the
vasis of the above picture of the hot surface drying operaticn allows the
follovwing general conclusicns.

1) The apparent constancy of the drying rate during the constant
rate period of a hot surface drying operation cen be aitributed to a
compensating balance between surface evaporation and waler vapor dif%nsion
from the interior of the bed.

2) Tre constant rate period is not nezessarily characterized by any
particular drying mechanism for all porous materials, nor is it necessarily

distinguished from the falling rate pveriod by a significant change in

mechanism. ' )
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3) The over-all drying rate of a porous material is a function of
the interrelated internal heat and mass transfer processes. The concept
of réie controlling mechanism is therefore misleading when applied to the
rot surface drying operation.

4) The in<errelated internal heat and mass transfer processes of the
het surface drying operation are affected by the boundary conditicns of
drying and by the physical and chemical characteristics of the particular
pcrous material,

5) The importance cf the effect of internal siructure upcn hot sur-

face drying phenomena is illustrated by a comparison of the significant

differences between the drying characteristics of a gliass Tiber and a tulp
bed. These can be z<tributed sclely tc the differences in internal pcrs

structure and chemical nature bDetween the two syste

A quartitative treatment of the dryirg datea for the glass fiber Ted
was introduced in order to obtain some i1dea of the significance cf *he

various factcrs which affect heat, vapor, and liquid flow.

Heat trarsfer was analyzed byAan evaluation cf dry and wet bed apparent
thermal conductivity according to derived material and energy balanze
equations for different regions of the fiber bed. Several conclusions
evcive from tne sutsequent analysis. | | |

1) It is possible that pure conducticr can account for the heet
transfer in the dry fiber bed.

2) It is improbable that pure conduction can account for the heat
transfer in the partially saturated fiber bed.

3) It is unlikely that radiation is of any significance to heat

transfer in the glass fiber bed.
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4) It is highly probable that convection contributes significantly
L0 heat transfer in the partially saturated fiber bed. Convective heat
<ransfer appears to be some function of the local fluid movement includ-
ing local evaporation and condensation. It is possible that local evapora-
tion contributes more significantly to convective heat transfer than dces

local condensation.

A quantitative evaluation was mede of evaporation which occurs at
the hot surface interface, interrnally in tae fiber bed, and from the air
inrerface. On the basis ¢f certain assumptions it was found thas:

during the constan:t rate period approxi-

€2

1) For a glass fidver be
mately equal contributions are made *tc the over-all drying rate by water
vaper produced (a) by evaporation a: the hot surface interface, (b) by
Internal evaporation, and (c) by evapcration from the air interface.

2) 1In the falling rate period internal evaporation accounts for
73-30% of the over-sll drying rate; evaporation from the air interface

accounts for the remainder.

Water vapor diffusion was investigated quantitatively through an
eva;uation of diffusion coefficients which govern the cdiffusion of water
vapor from the zone of condensation. The calculated coefficients were
comparsd with values predicted according to reported empirical studies of
molecular diffusion cf water vapor through air., It was concluded that
iiscrepancies between calculaied and predicied diffusicn ceefficients

could be accounted for by a tortucsity factor such as is commonly associated

with fluid flow through materials.
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Liquid flow during drying was quantitatlively investigated by an
evaluation of the capillary driviﬁg force and the unsaturated permea-
bility according to existing equilibrium concepts. The introduction of
such an evaluation into the equation describing liquid flow to the air
interface gave a flow rate & hundred times greater than could pessibly
be'expected. From this it was concluded that:

1) Equilibrium concepts cannot be used to adequately define capil-
lary driving force and permesbility during the unsteady staze ccnditions
existing during drying.

2) Itvis probable that the mejor discrepancy is associated with ins
evaiuation of the capillary pressure gradient accerding to squilibrium

carillary pressure-saturation measurements.
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SIGNIFICANCE OF THIS STUDY AND THOUGHTS

FOR FUTURE WORK

This investigation represents the first published study which has
been able to analyze the internal heat and mass transfer phenomena
associated with a hot surface drying operation to any satisfactory extent.
The result has been a significant clarification of hot surface drying as =z
chemical engineering prccess. The importance of interral heat and mass
transfer as the heart of the drying operaticn has been smphasized. In
addition, a consistent matnematical interpretazicn has oeen introduced
which should give Impetus to mecre detailed studies of the drying phencmerncr.
Finally, the significance of internal pore siructure as an important drying

variatle has been demonstrated.

Specific research work to clarify heat transfer, liguid flow, and
vapor diffusicn in a porcus material has already been suggested. In
addition, empirical drying studies similar to this one, using different
ideal and rnonideal systems would coniribute information of great value
in extending the 'concepts suggested by this study to apply to the paper -
system. In particular, a detailed study of an ideal porous system in
which experimental perfection would allow a precise definition of all
stages of drying (in distinéfion to this study where experimental errcr
was encountered for measuremerts during the falling rate period) would be

a significant contriduticn.

In view of the results of this thesis, the air drying operation should
be re-examined with a view to clarifying existing concepts of "constant
drying rate" and "surface evaporation" as expressed in the comprehensive

work of Higgins (1).
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The general aim of all such research work is to reduce the drying
operation to a well-documented phenomenon., It should then be possible
to establish experimentally one or two parameters for a particular
material (e particular pulp) which could be substituted into empirical

relationships to predict drying time under any boundary conditions.
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NCMENCLATURE

Fraction of the cross-sectional area occupied by fiber, dimension-

less.

Fraction of the cross-secticnal area occupied by the gaseous mixture

of air and water vapor, dimensionless.

Traction of the cross-sectional area occupied by liquid water,

dimensionless.
Specific neat of fider, cal./gi°C.
Specific heat of liquid water, cal./g.°C.
Erpirical diffusion coefficient, g./sec.

2

Molecular diffusion coefficient, cm. /cm. sec.
Porosity, dimensioniess.
Heat content (enthalpy) of liquid water, cal./g.

Heat content of water vapor, cal./gz.

Actual conductivity of glass fider bed, cal./cm.2 sec.

Aprarens thermal conductivity of glass Ziber bed, czl./cm.” s
iy H

Actual conductivity of glass fibers, cal./cm.2 sec. (

e

jem. ).

Actual conductivity of liquid water, cal./cm.2 sec. (°C./cnm. ).

Actual conductivity of mixture air/water vapor, cal./cm.2 sec.
2
Liquid permeability of fiber bed at complete water saturation, cm. .

Liquid permeability of partially saturated gilass fiber beds, cm.

Relative permeability, KC/E, dimensicnless.
Thickness of fiber bed, ;Q.

Hydraulic radius, cm.

Mass of liquid water, g./cm.a.

Total pressure, d.ynes/cm.2

Capillary pressure, dynes/cm.2

2
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Partial pressure of water vapor, dimensionless,

Saturation partial pressure of wa%er vapor, dimensionless.
2

Heat flow, cal./cm.” sec,

Quantity of heat, cal./cm.e.

Universal gas constant,

Radius of equivalent circular capillary, cm.

r, Principal radii of curvazure of a surface, cm.

Tctael saturation (referring to liquid water), dimensionless.
Total saturatiorn (referring tc water vapor), iimensicniess.
Lceal seaturation (referring to liquid water), dimensionless.
Lceal saturation (referring to water vapor), dimensicnless.
Temperature, °K.

Temperature, °C.

Velocity of diffusirg vapor, cm./sec.

Mess of water vapor, g./cm.2

Distance from open face to any opcsition in fiber bed, cm.

Fraction of the distance frcm the open to the hot surface, dimension-
less.

Surface tension, dynes/cm.
Latent heat of vaporization of water, cal./g.

Ccntact angle between liguid.and solid phase, degrees.

Tize, sec.

Densizy of glass fibters, g./cm.s.

Density of liquid water, g./cm.B.
3

Density of water vapor, g./cm.”.

Viscosity, poise,
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APPENDIX I

PREPARATION OF THERMOCOUPLES

The thermocouple is made by silver soldering 0.002-inch diameter
Foskins chromel and alumel thermocouple wires to form & junction. The
soldering technique is essentially the one reported by Higgins (1) and

is represented in Fig. L6. Thermocouple wires (A) are clamped between

(c)
Y—C | (E\) F )
—l /X) /7<7
S N
’ (0)
(

B)

Figure U6. Thermccouple Prepara*icr

clcthes pegs (B) mounted on Frame (C). A dcuble twist is made to form

a junction (D). A bead of silver solder (E) supported on an insulated
ccpper bar (F) is neated to meliing by a hot oxygen-gaé flame (G). The
thermocouple junction is treated with a special flux and then dipped into
the bead of liquid solder by manipulating frame (g). A very fine solder=s3
jcint can be obitained with practice and is desired in order %o obtair rapii
temperature response. The sher< lengths of wire above *he junction are

cut away leaving the lead wires joined at the junction.
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APPENDIX II

PREPARATION OF RADIOACTIVE SOURCE

90

In this study, twe radloactive isotopes were used, strontium’  and

. 204 . . . . . o
tnallium . The strontium isotope being more energetic than the thallium

we3 used for btasis weight measurements beyond the range of thallium. Fer
L

, . 204 .. .
tre lower vasis welg“u measurements thallium was substituted in crder

to obtain betier precision.

To be utilized, these isotopes must be inccrroratsed into a scurce

uifiliing two mejor requirements. The source must immotilize the radic-

by

W

ctive isotope so that it can be iocaied at a parzicular pesition wizthin
the <2st bed and remain fixed in that vositicn throughout a series ci dry-
irg runs. Second, the source itself must be of such configurstion or

dimensicns that its physiczl presence iIn the test bed 2oes not measuravly

o

affect the drying characteristics of the bed.

oD

The method of source preparatiorn utilized by Dreshfizld (2) and oy
Ulmanen (12 was found to have several disadvantages. Chief amcong thes
was the fact that the radicactive isctope was noc: completely immobilized.
A certain amount of leaching of the isotope invariably occurred during any
drying—run.

An alternative method of source preparation, intriguing becauss of
its simplicity, was suggested by Mr. Dickey of the staff of The Institute
of Paper Chemistry. This ;dea consisted of trapping radioactive material
in glass and spinning the glass into fibers. The isotope encased by glass

should be effectively immcbilized while the presence of a few of these
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fivers, alveit of larger diemeter, ir the test bed should not alter i=s
drying characteristics. A minimum of development work soon established
the validity of these assumptions and radiocactive glass fiber sources

were prepared accordingly. A detailed description of the method of

vreparing these fibers 1s presented below.

One end of a plece of 5-mm. soft glass tubing (about four inches
long) is sealed using black construction glass. (The reason for usirg
zolored glass is to aliow for <he production of darker fivers whicn can
be readily distinguisned from the white fiters of the ved.) This sealed
end is blown cut <o a ouldb corfiguraticon with a diameter abcout twice <hat
of the tube Itself. The vessel then resembles a “hin test tudbe wiih a

tlack blister at <he cicsel end.

. . . 0 . ._2ch, . .
Radicactive strontlumg (or <nallium® ) is added from sicck sclu=icn

o ~ -
f about 20C mizrc-

O

oy micropivet to zne prepared vessel, The eguivalent
curies (me.) cf strontium9o or 300 mec. of thalliumgou are thus zransferred,
The nex< step is to precipitate this radicective meterial. Streontium
sulfate and thallium sulfide aré insoluvle in water. Therefore, dilute
sulfuric acid and a solution of ammonium sulfide are utilized as precipi-

’

tants. Small amounts of these solutions are added to the radicacilve
sclutions already contained in their respective vessels. The precipitates
so formed are centrifuged into the bulb at the betiom of the vessel. A
radicactive count indicated that the major part of the activity, which

prior to centrifuging had been found uniformly along the length of the

vessel, was now concentrated in the bulb. The supernatant liquid is remowved

from the vessel, and the moist precipitate at the bottom of the vessel is

dried at a low temperature (50°C.) for twelve hours or so.
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The bulb at the bottom end of the vessel is collapsed by flame neating,
thus trapping the precipitate in the glass. Filaments are then pulled out
from the bulb end and tested for radioactivity. Sections of the filament
which give a substantial radioactive count are broken into fibers about one

inch long and stored for use.

is method readily produced a supply of radiocactive fibers containirg

90 20L

either strontium”  or thallium™ " . These were and can be used, recovered,

and re-used for a pericd of time limited only by the decay rate of zhe
radioactive material. The strontium source can be used for a century waile

—he theliium scurce probably has an =ffective lifetime of abour two =0

three vears.
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APPENDIX III

DENSITY MEASUREMENTS

The stancderd pycnometric density determination ig too well known to
warrant a description. However, wher this technique is applied to the
density measurement cf fibers, a unique provlem arises. Significant amounts
of air are trapped cr adscrbed by the fiber network. This contributes
significantly %o the volume of water that is displaced from the pycrcmeter.

Therefore, the density value obtained is less <%han the true density. To

avcld this defect the fcllcwing procedure was developed.

A one-gram sample of giass fibers is depcsited in a sucticn Slask with

ty
(D
0
ct
[}

toiling water and piaced under a vacuun. This is the first deasration t

ct
'3

ment.,  After the slurry has cooled to reom temperature, <he fiters are
ferred in a saturated condition to a pycnometer in a vacuun desiccator.
Bciling water is poured ints the pycnometer and desiccator uniil the pycrnc-

po

mefer 1s completely submerged. The system is placed under a vacuul and <as
second deaeration treatment begins. When the watsr has ccolad to the desirsd
temperature, the pycnometer is stoppered, removed, dried, and weighed. Tre
slurry contained in the pycnometer is filtered through a tared filter

crucible, thus collecting the fiver sample. ter dryirg, the weight of

semple can be accurately determirned.

This procedure as an adjunct tc the normel pycnometiric technique allzws

the density o¢f the fibers to be accurately ascertained.
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APPENDIX IV

LOCATION OF BASIC DATA

Data collected during the experimental stages of this thesis were
recorded in The Institute of Paper Chemistry Note 3cok Nos. 1751 and
1825. This appendix locates in detail the orimary data utilized for

the analysis of this thesis repors.

ITEM Notebcok  Pages

o

Calivre~ion of uniform bore tube of capillary

pressure apparatus 1751 g
Calibration of fine-wire trermocouple ~751 i0-13
Beta gage "gain” and "voltage' settings 1751 20-2%2
Average fiber diameter ; 1751 5C
Besic calibration, drying, and temperature data:

D-124 :o0 D-136 ‘ 1825 i09-126
Capillary pressure data:P105, P106- 1825 130-221
Cepillary pressure study:plate calibration ‘1825 133

Pycnometric density of glass fiber 1825 132-133




