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Factors effecting water-vapor
transport through fibers

(a brief review)
A.K.Haghi *

Abstract

This review is a brief account of R& D results generated from dry-
ing behaviour of carpets. First of all, the mathematical relations
are reviewed and then, they are developed in detail, which may
be used to describe the moisture sorption mechanisms of carpet.
The effect of important parameters during the drying process
are discussed and the mathematical relations are formulated to
illustrate the range of their applications. However, challenges re-
main to be overcome through innovations, R& D investigations
and advanced engineering, especially in designing process control
devices.

Key words: Convective drying, Drying behavior, Heat and mass
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Nomenclature

C, Water-vapor concentration in the air filling the inter-fiber
void space (kgm™3)

Cy Water-vapor concentration in the fibers

of thefabric (kgm=3)
Cp Specific heat (Jkg K1)
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C, Volumetric heat capacity of the fabric (kJm™3 °C~1)
D Diffusivity (m?s™!)

D, Diffusion coefficient of water vapor in the air (m?s™1)
Dy Diffusion coefficient of water vapor in the fibers

of the fabric (m?s™!)
g Gravitational constant(ms=?2)
h Intrinsic averaged enthalpy (Jkg™!)
huap  Latent heat of evaporation (Jkg™!)
h

c Convective-mass-transfer coefficient (ms™)
hy Convective-heat-transfer coefficient (kW m—2K~1)
Ahy  Differential heat of sorption (Jkg™')
K Intrinsic permeability (m~2)
K’ Thermal conductivity (kW m 1K 1)
K, Relative permeability of gas
K, Mass transfer coefficient (ms™!)
Ky Relative permeability of water
L Thickness of the fabric (m)
M Molar mass (kg mol™1)
P Power absorbed in the material per unit area (Wm™?)
Q Heat transfer coefficient (Wm 2K 1)
R Universal gas constant (Jmol 'K 1)
r Radial co-ordinate of fiber (m)
S Volume saturation
t Real time from change in conditions (s)
T Temperature of the ambient air (°C)
T Temperature of the fabric (°C)
v Averaged velocity (ms™!)
W. Water content of the fibers in the fabric, W, = Cy/p
X, 7 Distance (m)
A Heat of sorption or desorption of water vapor

by the fibers (kJ/kg)

0 Non-dimensional temperature
p Density of the fibers (kgm=3)
o Surface tension (Nm™")
T Effective porosity of the fabric
T Non-dimensional time
o Porosity (m?m™3)
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% Surface porosity (m?m™?)

o Internal microwave power source (Wm=3)
v Relative humidity

g Dynamic viscosity of gas (kg m~1s™!)
Ly Dynamic viscosity of water (kg m~1s™!)
U Permeability of free space (Hm™1)
Subscripts

a Air

c Capacity

g Gas

\ Vapor

W Liquid

0 Atmospheric

| Initial

1 Introduction

The cost of drying carpets, which is done toward the end of manufactur-
ing process, is quite high. A very common method of removing water
from carpet is convective drying. Hot air is used as the heat trans-
fer medium and is exhausted to remove vaporized water. Considerable
thermal energy, about 30% of the total energy used, is required to heat
make-up air as the hot air is exhausted. Thus, reducing the amount
of exhaust is clearly a way to conserve energy, but there is little in the
literature that can be used as guidelines for optimizing dryer exhaust
flow. In this case the effect of humidity on the drying rates of carpet
tile should studied.

When the water is deep within the carpet, combined microwave and
convective drying, which have faster heat and mass transfer, may be
a better choice. To fully understand the heat and mass transfer phe-
nomenon occurring within the carpet during combined microwave and
convective drying, it is required to analyze the moisture, temperature,
and pressure distributions generated throughout the process. The water
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remaining in the carpet is 50-60% times the weight of carpet after me-
chanical removal is in its thermodynamically favorable position, largely
because the low viscosity of the water and connectivity of the pores
insure rapid equilibration. It is approximated the pores as essentially
cylindrical, with their axis vertical to the carpet backing. The amount of
porosity, i.e., the volume fraction of voids within the carpet, determines
the capacity of a carpet to hold water; the greater the porosity, the
more water the carpet can hold. The carpet is able to absorb 6 times it
weight in water. When the water content is reduced to roughly 50-60%
by mechanical extraction, free water is probably situated in pores with
an effective capillary diameter of up to 200 um. The occupied pores are
distributed throughout the carpet pile thickness and largely within the
yarns.

The flow of air through carpet dryers is very complex, and neither
simple concurrent or countercurrent flow of air and material takes place.
Usually there are a set of well mixed zones, throughout which the drying
conditions are effectively uniform. The commonest strategy for regulat-
ing a dryer’s behavior is feedback control, in which the controlled vari-
ables (such as the moisture content of the material) is compared with
the desired set point. The difference signal, suitably processed by the
controller, is then used to modulate the input parameter being used as
the control variable. An ideal three-term controller incorporates pro-
portional, integral and derivative action. The proportional term gives a
rapid response to an error signal, but the controlled variable is perma-
nently offset from its desired value. The integral function compensates
for the steady-state error. Derivative action is rarely used, except with
well defined signals, because noise in the signal can confuse the con-
troller, resulting in a hunting action about some mean value. The dif-
ficulties in obtaining on-line measures of a material’s moisture content
has led to the use of environmental control of the humidity or temper-
ature within the drying chamber. This strategy, however, can lead to
inadequate control, as the wet-bulb depression is the driving force for
drying. Use of the dry-bulb temperature or relative humidity of the
bulk air as the control variable will only be satisfactory as long as the
surface conditions of the material remain constant. The difference in
temperature between the surface and the bulk air will give a measure of
the surface moisture content, provided the material is hygroscopic and
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all unbound moisture has been driven off.

1.1 Basic concepts

In general, drying means to make free or relatively free from a liquid. We
define it more narrowly in this paper as the vaporization and removal
of water from a material. The typical drying curve begins with a warm-
up period, where the material is heated and the drying rate is usually
low. The drying rate can be negative in the warm-up period if the gas
stream is humid enough. As the material heats up, the rate of drying
increases to peak rate that is maintained for a period of time known
as the constant rate period. Eventually, the moisture content of the
material drops to a level, known as the critical moisture content, where
the high rate of evaporation cannot be maintained. This is the beginning
of the falling rate period. During the falling rate period, the moisture
flow to the surface is insufficient to maintain saturation at the surface.
This period can be divided into the first and second falling rate periods.
The first falling rate period is a transition between the constant rate
period and the second falling rate period. In the constant rate period,
external variables such as gas stream humidity, temperature, and flow
rate dominate. In the second falling rate period, internal factors such
as moisture and energy transport in the carpet dominate.

Although much of the water is removed in the constant rate period
of drying, the time required to reduce the moisture in the product to de-
sired value can depend on the falling rate period. If the target moisture
content is significantly lower than critical moisture content, the drying
rates in the falling rate period become important.

It has been recognized that microwave could perform a useful func-
tion in carpet drying in the leveling out of moisture profiles across a wet
sample. This is not surprising because water is more reactive than any
other material to dielectric heating so that water removal is accelerated.
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2 Literature

Many investigators have attempted to explain the effect of humidity
drying rates and the existence of inversion temperatures [9-17]. The
explanations are usually based on changes that occur in convective heat
transfer, radiative heat transfer, and mass transfer as the humidity and
temperature of the gas stream change. We will briefly discuss these
explanations.

At a given gas stream temperature, convective heat transfer rate can
change as the humidity in the gas stream is varied, because product
temperature and fluid properties vary with humidity. These effects can
be explained using the following relationship for the convective heat
transfer rate:

%:h(TOO—TS):hAT,

where ¢/A - convective heat transfer per unit surface area A, h - heat
transfer coefficient, T, - free stream temperature of the drying medium,
Ts - surface temperature of material being dried.

Since product temperature is dependent on humidity, clearly AT is
also dependent. Further, the heat transfer coefficient h is a function of
both product temperature and fluid properties. Thus, the convective
heat transfer rate changes with humidity, as does the drying rate of a
material. However, Drying in air will always have an advantage over
drying in steam because AT is larger for drying in air; this is a conse-
quence of Ts being very nearly the wet bulb temperature. The wet bulb
temperature is lowest for dry air, increases with increasing humidity, and
reaches the saturation temperature of water for a pure steam environ-
ment. Thus, AT;g will be larger than ATsrgan, but ATarr/ATsrEam
decreases with increasing T,,. Further, the heat transfer coefficient in-
creases with humidity. Apparently, the net effect of the changes in h and
AT is that the convective heat transfer rate increases faster for steam
than for air with increasing temperature.

King and Cassie [20] conducted an experimental study on the rate of
absorption of water vapor by wool fibers. They observed that, if a textile
is immersed in a humid atmosphere, the time required for the fibers to
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come to equilibrium with this atmosphere is negligible compared with
the time required for the dissipation of heat generated or absorbed when
the regain changes. McMahon and Watt [27] investigated the effects of
heat of sorption in the wool-water sorption system.They observed that
the equilibrium value of the water content was directly determined by
the humidity but that the rate of absorption and desorption decreased
as the heat-transfer efficiency decreased. Heat transfer was influenced
by the mass of the sample, the packing density of the fiber assembly,
and the geometry of the constituent fibers. Crank [3] pointed out that
the water-vapor-uptake rate of wool is reduced by a rise in temperature
that is due to the heat of sorption.

The dynamic-water-vapor-sorption behavior of fabrics in the tran-
sient state will therefore not be the same as that of single fibers owing
to the heat of sorption and the process to dissipate the heat released or
absorbed.

Henry [18,19] was who the first started theoretical investigation of
this phenomenon. He proposed a system of differential equations to
describe the coupled heat and moisture diffusion into bales of cotton.
Two of the equations involve the conservation of mass and energy, and
the third relates fiber moisture content with the moisture in the adjacent
air. Since these equations are non-linear, Henry made a number of
simplifying assumptions to derive an analytical solution.

In order to model the two-stage sorption process of wool fibers, David
and Nordon [28] proposed three empirical expressions for a description
of the dynamic relationship between fiber moisture content and the sur-
rounding relative humidity. By incorporating several features omitted by
Henry [18] into the three equations, David and Nordon [4] were able to
solve the model numerically. Since their sorption mechanisms (i.e. sorp-
tion kinetics) of fibers were neglected, the constants in their sorption-rate
equations had to be determined by comparing theoretical predictions
with experimental results.

Farnworth [7] reported a numerical model describing the combined
heat and water-vapor transport through fibers. The assumptions in
the model did not allow for the complexity of the moisture-sorption
isotherm and the sorption kinetics of fibers. Wehner et al [29] presented
two mechanical models to simulate the interaction between moisture
sorption by fibers and moisture flux through the void spaces of a fabric.
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In the first model, diffusion within the fiber was considered to be so
rapid that the fiber moisture content was always in equilibrium with
the adjacent air. In the second model, the sorption kinetics of the fiber
were assumed to follow Fickian diffusion. In these models, the effect
of heat of sorption and the complicated sorption behavior of the fibers
were neglected.

Li and Holcombe [24] developed a two-stage model, which takes into
account water-vapor-sorption kinetics of wool fibers and can be used to
describe the coupled heat and moisture transfer in wool fabrics. The
predictions from the model showed good agreement with experimental
observations obtained from a sorption-cell experiment. More recently, Li
and Luo [23] further improved the method of mathematical simulation
of the coupled diffusion of the moisture and heat in wool fabric by using
a direct numerical solution of the moisture-diffusion equation in the
fibers with two sets of variable diffusion coefficients. These research
publications were focused on fabrics made from one type of fiber. The
features and differences in the physical mechanisms of coupled moisture
and heat diffusion into fabrics made from different fibers have not been
systematically investigated.

The mathematical model describing the coupled heat and moisture
diffusion in textiles was first proposed by Henry [18,19] and then further
developed by David and Nordon [4] and Li and Holcombe [22]. The
conservation of heat and moisture can be expressed by the following
equations :

aC, 0C, D, 0*C,

R A T rea 1)
or  9C, 0T

In the equations, both C, and A\ are functions of the concentration
of moisture absorbed by the fibers. Most textile fibers are of very small
diameter and have a very large surface/volume ratio. The assumption in
the second equation of instantaneous thermal equilibrium between the
fibers and the inter-fiber space does not therefore lead to appreciable
error. The two equations in the model are not linear and contain the
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three unknowns, C,, T and C,. A third equation is needed to solve the
equations.

Henry [18,19] derived a third equation to obtain an analytical solu-
tion by assuming that C} is linearly dependent on T and Cy and that
fibers reach moisture equilibrium with the adjacent air instantaneously.
Downes and Mackay [6] found experimentally that the sorption of water
vapor by wool is a two-stage process, the first stage obeys Fick’s law
of diffusion with a concentration-dependent diffusion coefficient. The
second stage, which involves structural changes within fibers, is much
slower than the first.To simulate the two stage-sorption process, David
and Nordon [4] proposed an exponential function to describe the rate of
change of fiber water content, which needed to be adjusted according to
the measured fabric moisture content. Li and Holcombe [24] developed
a two stage sorption-rate equation to describe the moisture sorption of
wool. The first stage is represented by a Fickian diffusion with a con-
stant coefficient. The diffusion equation was solved by using Crank’s
truncated solution [3]. The second stage is described by an exponential
relationship, which also needs to be adjusted according to the experi-
mental measurements. The relative contributions of the two stages to
the total moisture sorption are function of the sorption time and the
initial regain of the fibers.

Li and Luo [23] improved the sorption rate equation by assuming
that the moisture sorption of wool fiber can be generally described by a
uniform-diffusion equation for both stages of sorption :

oC, 10

Here Dy (x,t) are the diffusion coeflicients that have different values
at different stages of moisture sorption. In a wool fiber, Dy (z,t) is a
function of water content of the fibers, which is dependent on the time
of sorption and the location of the fiber.

In the first stage, the diffusion coeflicient is concentration-dependent
and is assumed to be quadratic function of water content when the
sorption is less than 540 seconds, as given in equation (2.4a).

In the second stage, in which the moisture sorption is much slower
than in the first, the diffusion coefficient of moisture in a wool fiber is
attenuated along with the time of sorption when ¢ > 540s as shown in
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equation (2.4b).

D{W.(t)} = {1.04 + 68.204W, (t) —
(2.4a)
1342.5924W, ()?} 1071, ¢ < 540s ,

D{W, (t)} = 1.616405 [1—
(2.4b)
exp {—18.16323 exp (—28.0W,(£))}] 1074, ¢ > 540s .

The second formula for Dy in equation (2.4b) shows that the rate of
moisture diffusion into a wool fiber (when ¢ > 540s) attenuates in the
form of double-exponential function, which may indicate that the atten-
uating feature of the moisture sorption of wool is due to its microstruc-
tural changes and the decreasing number of available polar groups.

Now, we assume that the sorption process for all the fibers can be
described by a uniform diffusion equation from equation (2.3), with
diffusion-coefficient functions to describe the moisture-sorption kinet-
ics. Through a large number of computational experiments in comparison
with the measured water-content changes and temperature changes of
various fibers, we try to identify whether the moisture-sorption process
needs to be described by a two-stage process or a single Fickian-diffusion
process. The diffusion-coefficient functions identified for carpets made
from wool, cotton, porous acrylic fiber, and polypropylene fiber which
is reported by Li and Planete [25] are listed in the appendix.

To generate a solution to the above-mentioned equations, we need to
specify an initial condition and boundary conditions at the fiber surfaces
of the humidity, moisture content, and temperature. Initially, a fiber is
equilibrated to a given atmosphere of temperature (7,,) and humidity
(Cho and H,,), the temperature and moisture content being uniform
throughout the fabric at known values :

T, (l’, O) = Tuo » (25)

Co(x,0) =Cy , (2.6)
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Cy(x,7,0) = f(Ha,Tp ). (2.7)

The fiber then undergoes a step change to a different atmosphere.
Its boundaries are exposed to an air stream of a new moisture concen-
tration Cy, and temperature T,;,. Considering the convective nature of
the boundary air layers, the boundary conditions can be described by
the following equations :

0C,

Dae —- - he (Co — Cap) (2.8)
DL = he(CaCu). (2.9)
K’eg—z: =TT, (2.11)
K’g‘g—: = h (T Ty). (2.11)

These conditions show that the thermal and moisture fluxes across
the boundaries are proportional to the differences in the temperature
and moisture concentration between the surrounding medium and the
fabric surface respectively.

Equations(2.1) and (2.2) are solved by a finite-difference method by
using the Crank-Nicolson scheme, and equation (2.3) is solved by using
an implicit-difference scheme, together with specification of the initial
condition of equations (2.5) - (2.7), the boundary conditions of equations
(2.8) - (2.11), and the fiber properties. Details of the solution method
have been reported previously by Li and Luo [23].
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Before carpet is conveyed into drying oven, most of the water is typi-
cally vacuum extracted. After vacuum extraction, the moisture regain is
about 50-60% , indicating that there is still a significant amount of water
inside the carpet. This water is usually removed with heat in industrial
manufacturing processes. As a general rule, the water is distributed in
larger pores.

It seems reasonable to anticipate that many of these pores are formed
within the pile yarns throughout the thickness of the carpet. The lo-
cation of this water is of interest to people in the carpet industry. The
carpet surface characteristics can be studied using topographical param-
eter measurement.

3 Water accommodated by the pores within
the yarns

Carpet surfaces are widely different in practice. These can be mathe-
matically described by the composition of the deterministic and random
components of irregularities in the given Cartesian coordinate system :

h(z,y) = S(x,y) + ((z,y), (3.1)

where S(z,y) is the deterministic function of the surface (x,y) coordi-
nates and ((x,y) is the homogeneous random normal field.

The parameters of carpet surface irregularities can be measured over
the whole surface (the topographic parameters) characterize more posi-
tively the functional properties of surface than the h profile parameters.
In the meantime, surface deviations are functions of two coordinates
(x,y) and therefore the profile evaluation gives incomplete information
about the surface.

For surface irregularity parameter measurement it is necessary to
determine the actual value of the parameter and to know the accuracy
of the measurements. In this case the analogue mean value can be
taken for the actual value of the parameter, and the measurement error
can be determined by the systematic and random components. The
series of the surface topographic parameters can be represented as an
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averaging operator of the generalized transformation Gh(z,y) of the
surface coordinates on the given rectangular area of the surface Ly x Lo
with sides L, and Ly [35]:

Ly Lo
1

P= / / G{h(z,y)}dzdy. (3.2)

Since there is a random component on the measured surface, the topo-
graphic parameter measured can have a random value, which should be
characterized by the mathematical expectation E(P;) and the variance
D(P;). Therefore, one of the problems in measuring the topographic
parameter is the determination of its probability characteristics, i.e. the
mathematical expectation E(P;) and the variance D(Ps). It is known
that the mathematical expectation of the parameters given by equation
(3.2) can be derived by integration of the mathematical expectation
E(G) of the transformation G{h(z,y)} in equation (3.2) by the z and y
variables. As an example of the application E(G) of the transformation
G{h(z,y)} in equation (3.2) by the x and y variables. As an example
of the application of measuring methods of the topographic parameters
the P, = R, parameter is used. This is the arithmetic mean deviation
of the surface coordinates the mean plane.

B(Ru) = 1 | [ BQh(.)dzdy, (33)

where |h(z,y)| is the absolute value of the h(z,y) surface coordinate.
This expression can also be extended for the h(x,y) surface :

1/2 . 2
Bt = () oo [——{S o)

+S(w,y)¢{s<x’y)},

021/2

(3.4)

where
z

02) = iz [ expl-t

0
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is the Laplace function. The generalized transformation G{h (z,y)} is
the random field which has the correlation function [35] defined as

K¢ (x1,22,y1,y2) = TO TOG(hl)G(hQ)f (h1, ho)dhidhy—
oo T (3.5)

E{G(h)H{G(h2)},

where hy = h(x1,23), hg = h(x9,1,) are the coordinates of the surface
at the (x1,y1) and (9, y2) points, f (hy, hy) distribution density expands
into a series in terms of Hermite polynomials. The correlation function
(3.5) can be represented as [35] :

KG (-1'17 T2, Y1, y2) =

S Co (21,1) Co (31 + Toys + 7) 102
n=1

n!

Cn (xla yl) =

' (3.7)
W_f G (oh)H, (h — g) exp {_W}dh

1 = X2 — X1, T2 = Y2 — Yo,

o is the r.m.s. deviation of the random component ((z,y) and p (11, 7
is the correlation coefficient of the random components ((z,y),h =
h(z,y),S = S(x,y). For the generalized transformation G = {h (z,y)}
|h (x,y)|, which determines the R,s parameter, the coefficients C,, in
equation (3.7) are written as follows after the transformation :
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coaf )

II 20 o21/2

9\ /2
On (:Elvyl) = (ﬁ) 0 €XP

o 252} 2 [ S

g

Ci (w1,91) = (3)1/25@1,;62)@@ [_M

202

(s <x,y>}2] y

(3.8)

where H,,(z) are Hermite polynomials. The variance of the parameter Pg
is determined by integration of the correlation function K¢ (21, 22,91, y2)
of the generalized transformation G{h(z,y)} using the variables xy, x5,

Y1, Y2:

Ly L1 Lo
1
D (Ps) = m///KG (21, 22, Y1, Y2) dv1dxody, dys. (3.9)
12
00 0

Calculation of the integral in equation (3.9) involves considerable dif-
ficulties; therefore, in the general case, formula (3.9) in not suitable
for calculations. However, having S (x,y) > o and S (z,y) < o offers
simplified evaluations of the variance. Thus, having S (z,y) > o from
equation (3.8),

Ci=o, C,=0 (n=2,3,..). (3.10)

The correlation function of the transformation G{h(x,y)} from equation
(3.6) is reported approximately as

K¢ (11,72) = 0?p(11,72) . (3.11)

By using S (z,y) < o from equation (3.8) we obtain
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Ol ~ O,
o\ 1/2
C, ~ (ﬁ) oH, 5(0).

The correlation function of the transformation G{h(x,y)} from equation

(3.6) is
7'1,7'2 ZC T17T2 } . (312)

In both cases the correlation function K¢ (71, 72) is a function of only
two variables 7, and 7. Thus, for the above-mentioned approximations,
D (Pg) can be calculated by using the formula:

Ly Ly

(1 - —) (1 - 2—22) K¢ (11, 7) dridr.  (3.13)

The following notation is now used :

SK,

c = m/ KG (Tl,TQ) dTldTg (314)
0 0

with Ly x Ly > Sk, equation (3.13) may be written approximately;

LiLy

Here K¢ (0,0) is the variance of G{h(z,y)}. It is not possible to carry
out analogue measurements of the topographic parameter P,. Therefore
the analogue-discrete and discrete methods are the only ones that can
be used to measure the topographic parameters. With the analogue-
discrete measurements the averaging operator is:
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Py = NLQZ/G{h iNy,y)}dy (3.16)

where A; is the sampling is the sampling interval between the profiles
and Nj is the number of profiles. The evaluation of the parameter in
equation (3.2) in the general case is shifted therefore together with the
task of determining the parameter probability characteristics, i.e. for
its mathematical expectation and variance it is necessary to determine
the shift in the value of the evaluation of equation (3.16) with respect
to that of equation (3.2). We can regard the probability characteristics
of the evaluation (3.16) for that particular transformation as

G{h(iA1,y)} = [h (iA1,y)] (3.17)

A

R,s represents the analogue-discrete evaluation of the topographic pa-
rameter R,s (cf.(3.3)). The mathematical expectation of the transfor-
mation (3.17) will be determined by the expression in equation (3.4)
with S (z,y) = S(iAy,y). The mathematical expectation of the R,,
parameter is identically:

B (Ru) = 57 LZZ / E{h(i1,y)[}dy. (3.18)

_10

The integrals in equation (18) are not taken into account, but if the
deterministic component S (iAy,y) is linearized with a small error using
the y argument on the terminal number of intervals length of which is
A, then it is possible to obtain an exact expression for the evaluation

E (ﬁias> of the topographic parameter R,;. For this, we expand the

deterministic component S (A, y) in its Taylor series by using the y
argument up to the linear terms at the point j =1,2,....n

aS (iAh .]AQ)

(y — Ay). (3.19)
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By substituting equation (3.19) into equation (3.18) and taking into
account equation (3.4), we obtain:

A 1 1 Ni n jh2 o
b(R)- |

i=1j= 1(] 1)As

2\"? (auy + @")2
3= (ﬁ) o exp {—% + (3.20)
oy + Bij
(ijy + Bij) @ (W)] dy,
where
85 (ZADJAQ)
Q= ————==

oy ’
(3.21)
aS (2A17JA2)

517' =S (ZAbjAz) - y

A

The integrals in both components of expression (3.20) can be tabu-
lated [36]. Then after transformation we obtain:

) n A,C 1
E (Rus) = N1 T zl P {( Tt ZCDZ-J) O (A;C) + r},

B;;,C 1
=(——- 20D;; | @ (B;;C) +
(%‘ 4Bij@ij+ J) (ByC)+

H1/2 CXp ( CQAsz) +

Ckijﬂl/Q

exp (—C?B?) |
(3.22)

where
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Aij = aijAr + Bij,
Bz] — Q’U ( )Al + 51]7

B 1
o 2g1/27

202
Dy = — .
J Hl/zOlij

The ®(z) and exp(—z?) and the standard calculation program for
the ®(z) and exp (—2?%) functions can be used to calculate E <Ras> on
the computer. Formula (3.22) shows that the mathematical expectation
of the parameter R,; depends on the characteristic of the 95 (iA;) /0y,
the deterministic component S (iA;,%y) and the random component o?.
With the definite relationship between the deterministic and the random
components, the approximate evaluation of E (R,s) can be obtained.

Thus, having S (z,y) < o and linearizing equation (3.4) we obtain:

E (Ras) (iAy,y)|d 2
(R N1L2Z/|Szl Iy (32
By using S (z,y) < o and linearizing equation (3.4);

1/2 T 2
E(h(,9)]) ~ (%) o+ % (3.24)

L1 Lo
(2)1/2 1 S (z,y)Ydxdy.  (3.25)
E(Ru) ~ (2 a+—// vy dady. (3
( ) I LlLQO' (21—1)1/2 /) { ( Y Yy

To analyze the E (R,s) dependence on S/o and to determine what
relationship with S/o is needed in order to make formulae (3.23) and
(3.25) applicable to the determination of the mathematical expectation
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E (R,s), calculations were carried out using formulae (3.22), (3.23) and
(3.25). The mathematical models of the composition surface and the
experimental calculation of the parameter

' N1 N;
Ras = Z Z |hz_]| (326)
i=1 j=1

where h;; is the deviation of the h(z,y) surface from the mean plane
at the discrete points. The random component was modeled with the
help of the random number generator. The deterministic component
was designated by formula (3.19).

4 Continuum approach

It was shown by Ilic and Turner [22] that a theory based on a continuum
approach led to the following equations of motion governing the drying
of a slab of material:

¢ Total mass:

0
ot (¢Sgpg + ¢Swpw) + V. (Xgpgvg + Xwpw Vi) = 0. (4.1)
o Total liquid:

0

5 (0Sgpgn + OSwpw) + V. (2gpg Vg + Xwpw Vi) = 0. (4.2)

o Total enthalpy:

0

& (¢Sgpgvhgv + ¢Sgpgahga + @ngpgahga + OSw pw hw +

Sw
(1= ¢)pshs — dpw bf AhW(S)dS) + (4.3)

V. (Xgpg’u‘/gvhgv + Xgpga‘/gahga + XWPWVWhW) -

V.(KgXg+ KwXw + Kg(1 - X))VT) + ¢
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Here ¢ is the internal microwave power dissipated per unit volume.
In equation (4.3) the effects of viscous dissipation and compressional
work have been omitted.

The equations (4.1-4.3) are augmented with the usual thermody-
namic relations and the following relations:

> Flux expressions are given as follows:

— Gas fluz:
KKy(Sw)p
XypVy = ——L—2IIVP, — p,g]. 4.3a
9Pg Vg 1y (T) [V Py — pgg] (4.3a)
— Liquid flux:
KKw(S
XupuViy = ~ LW G (b, pr(S. 1)) ~ .
pw (T)
(4.3b)
— Vapor flux:
XpD(TaP)MaMU PU
X opooVow = XoypgoVy — —22 g V(q>.
gPgvVyg gPgv¥yg M2 P,
(4.3¢)
— Air flux:
XgpgaVga = XgpgVy = XgpgVigo: (4.3d)

> Relative humidity (Kelvin effect):

Py 20(T)M,
M%ﬂ_%ﬂyﬂ%WMWM»

where P,,(T) is the saturated vapor pressure given by the Clausius-
Clapeyron equation.

> Differential heat of sorption:

Jd(Inv)
_ 2
Ahw = R,T o7
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> Enthalpy-Temperature relations:

hyo = Cpo(T — Tr),

hgo = hY, + Cpy (T —Tr),

vap
hw = Cow (T —Tr) ,

hy = Co(T — Th).

The expressions for K,, Ky are those given by Turner and Ilic [22],
and iy, pw have had functional fits according to the data by Holman
[21]. The diffusivity D (T, P,) given by Quintard and Puiggali [33] and
the latent heat of evaporation given by,

hyap (T') = hgy — hw.

After some mathematical manipulations, the one-dimensional system
of three non-linear coupled partial differential equations which model the
drying process in a thermal equilibrium environment are given by :

0Sw . (3_T
W17 g T W2y
0 0Sw oT oT OP

LK Kl + Km 29 4 K|
oz |y Thmgy Thngy Thngy T 91]

(4.4)
250

0Sw or o0 or
a1 +aTQE—a—Z (K 82) + @ (Sw,T) -

0
UapaZ

05 oT 0P,
opwh [Ks Yo Kp— 4+ Kp—2 57

SIS 2|+ (15)

OSw oT P, ﬂ oT
gr2

[Qﬁpwcpw (Ks2 57 + KTQaZ + KP2a—Z + 57
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a 83 +a aT-I—a @i_
Pl —~~+ 8T PQa P3 at —
9 d B 9 (46)
S T P,
97 | Koy + Krgy + Kpagy 4 Kol

The capacity coefficients agi, ar1, a1 and the kinetic coefficients
Kg1, K1, Kp1, K4 all depend on the independent variables: Satura-
tion Sy, Temperature 7" and total pressure ;. The boundary conditions
are written in one dimension as:

o At z=0 (Drying surface):

0Sw or OP, KoMy ( Py Pyvo
Kgi——- 57 —I-KTlaz-i-KPl 57 I+ Ky = Ropw ( T T ) (4.7a)
oT OSw oT oP,
K68—2 - ¢pWhVap (KS o7 + KTa—Z + KPa—Zg + Kgr) = Q (T - TO) )
(4.7b)
P,=P, (4.7¢)
o At z=L (Impermeable surface):
OSw oT 0P,
Ko — 57 +KT1aZ+KP1 97 -f-Kng 0, (4.8a)
oT OSw oT oP,
K.— — K + Kr—+ Kp—2 4+ K = 4.
57 ¢PWhVap< S, TaZ+ Y + gr) 0, (4.8b)
oS oT
(Kg1 — Kg) G—ZW + (K11 — K7) 8_Z+
op, (4.8¢)
(KPI KP3> (Kgrl - KgrB) = 0.

0z
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o Initially:

T (z,0) =T, (4.92)
P, (2.0) = P, (4.9b)
oP.

57 — Y- (4.9¢)

The numerical solution technique to be employed to solve the resulting
system of three non-linear partial differential equations involves integra-
tion over the (z/,7) control volume are discussed in detail by Patankar
[31]. The equations are non-dimensionalised via the scaling

Y =z/L, T=at/L?
Q(ZI,T)Z(T—Tl)/AT, P(ZI,T):PQ/PQ,
where o = (K(1 — ¢) + K,0) / (1 — ¢) psCps and AT = (Ty — T7).
All other non-dimensional parameters and functions are basically

those tabulated in [22].
To ensure accurate results the following balances can be performed;

o Total water:

L

d
E/ (@Swpuw + S4pgu)dz = K (Pgvo = Pyv) -

0

o Total Enthalpy:

L

d
EI (6Sypgahga + OSgpguhge + OSwpuwhw~+
0

(1 - ¢>pshs - prwsquhw(S)dsdz) =
0

QLo —T) + Knhgo (Pgoo — Pgv) + hga (Cngpgavga)Z:o + Plbs-
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5 Concluding remarks

The primary parameter monitored during the drying tests was moisture
content, which may be calculated as a ratio of wet weight minus the final
dry weight over the final dry weight. The weights include the weight
of the entire sample, tufts, and backing. Weight loss during drying is
predominately due to water evaporation. Although other materials such
as finish may be driven off during drying, the associated weight loss is
insignificant compared to that of water. Thus, the determination of
moisture content is simple yet accurate.

For most industrial carpet tile operations, the target moisture con-
tent is set so that the weight of moisture on the tiles is approximately
5% of the weight of the face yarns. Whilst for convective drying there
are definite constant rate and falling rate periods, when microwaves are
added the use of the words constant and falling rate may no longer apply.

In hot air drying the constant rate period is the period of drying
before the drying front recedes below the outer boundary. During this
period the convective heat transfer can be used for evaporation only,
resulting in a constant surface temperature and drying rate.

As the material begins to dry out, there is a liquid flux up to what
can confidently be explained as the position of evaporation front and
then there is no movement of liquid from that point to the surface.

Higher fluxes of liquid to the drying surfance from the interior of
fiber is expected. A good dryer design should take advantage of this
fature and optimize exess water removal from the drying surface. This
phenomenon highlights the importance of careful consideration of air
flow rates over the drying surface so that any exess liguid formation at
the dring surface can be eliminated.

Other important conclusions can further summarized by the following
observations on the carpet surfaces irreqularities:

e [f the deterministic component is a piecewise linear function and
the random component is a homogeneous normal field, then the
mathematical expectation of the parameter R, increases with in-
creasing S/o.

o If S/o is less than 1 when F (R,) is calculated the influence of
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the deterministic component can be ignored and the error is less
than 10%.

e When S/ is less than 3, formula (3.25) can be used to calculate
E (R,s)with an error of less than 10%.

e If S/o is greater than 4, E'(R,s) can be evaluated with an error
of less than 10% by using the deterministic component (formula
3.23).

e Formula (3.22) holds for the whole range of S/o changes.

e Full agreement with the theoretical expression can be demon-
strated by the experimental calculations using formula (3.26).

The theoretical dependence of the mathematical expectation of the
parameter R,, has been determined for the case when the determinis-
tic component S (z,y) can be linearized on the separate sections. The
dependence of the evaluation bias in the parameter R,, on the rela-
tionship between the random and deterministic components can been
determined.

Appendix A. Physical Characteristics [28]

Wool:

> Diffusion coefficient of water vapor in fiber, (m*S—1)
- 1st stage :

Dy = (1.04 + 68.20W, — 1342.59W2)107", ¢ <540 s. (A1)

> Diffusion coefficient of water vapor in fiber, (m2S—1)
- 2nd stage :

D = 1.6164{1 — exp [—~18.163 exp(—28.0W,)]}10~, ¢ > 540 s.
(A2)
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Diffusion coefficient in the air:

v

D, = 2.5¢7°. (A3)

Volumetric heat capacity of fiber, (kJm ™ K)

v

C, = 373.3 + 4661.0W, 4 4.221T. (A4)

> Thermal conductivity of fiber :

K = (38.49 — 0.720W, + 0.113W7 — 0.002W2) 107, (A5)

> Heat of sorption, (kJkg™!)

A = 1602.5exp (—11.72W,) 4 2522.0. (A6)
Cotton:

Diffusion coefficient of water vapor in fiber, (m?S—1)
- 1st stage :

v

Dy = (0.8481 + 50.6W, — 1100W7?) 10", ¢ <540 s. (A7)

> Diffusion coefficient of water vapor in fiber, (m?S—!)

- 2nd stage :
Dy = 2.5{1 — exp [-3.5385 exp (—45W,)]}107 ™, ¢ > 540 s.
(A8)
> Diffusion coefficient in the air:
D, = 2.5¢7°. (A9)

> Volumetric heat capacity of fiber, (kJm™ K)

¢ _ (16630 +4184.0W,) (A10)
(1+ W,)1610.9
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> Thermal conductivity of fiber:

K = (44.1 +63.0W) 1072,
> Heat of sorption: (kJkg™!)

A =1030.9 exp (—22.39W,) + 2522.0.

Porous Acrylic Fiber:

v

Diffusion coefficient of water vapor in fiber, (m?S—1)
- 1st stage :

Dy = (1.12 — 410W, — 8200W7) 107", ¢ < 540s.

> Diffusion coefficient of water vapor in fiber: (m?S~1)
- 2nd stage :
D; = (6.23)107", > 540s.

> Diffusion coefficient in the air :

D, = 2.5¢7°.

> Volumetric heat capacity of fiber: (kJm>K)

C, = 1610.9.

> Thermal conductivity of fiber, (kWm™1K~!):

K =288 x 1073

v

Heat of sorption, (kJkg™!):

A=2522.

Polypropylene Fiber:

A.K.Haghi

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

(A17)

(A18)
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v

Diffusion coefficient of water vapor in fiber, (m?S—1)

- Ist stage:
Dy =13e"" ¢ < 540s. (A19)

> Diffusion coefficient of water vapor in fiber, (m?S—1!)

- 2nd stage:
Dy =13, t>540s. (A20)

> Diffusion coefficient in the air:

D, = 2.5¢7°. (A21)
> Volumetric heat capacity of fiber, (kJm 3 K)

C, = 1715.0. (A22)

> Thermal conductivity of fiber, (kWm ™1 K~1):

K =51.80 107 (A23)

> Heat of sorption, (kJkg™!)

A=2522. (A24)

Appendix B. Kinetic coefficients

— KKy 0P, (1— Sw) DM, My OP,y,
K, = — K=K ,
o 05y S T RST T UMRT 95w

(Cy — Cya) (1 — Sw) DM, My 0P,y

Ko =K
s2 = fs+ Cow pw MRT 85y’
K 1— " P

fop KEwOPe (1= Siw) DM My O,y

powMRT oT
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(Cov — Cpa) (1 — Sw) DM My 0P,y

Ky =K
T2 = Kot Cowpw MRT ar
KK
K,=—%

Ol

KK,My P,y 0P,y (1 — Sw) DM, My P,y

Ky =K,+ _ .
dugpw MRT 9T pwRTMP,
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Faktori koji uticu na transport voda-para kroz

vlakna
(kratak prikaz)

UDK 532.526; 533.15

Ovaj kratki prikaz je posvecen istrazivackim rezultatima dobijenim
iz ponasanja tepiha pri susenju. Pre svega, prikazane su matematicke
relacije koje mogu da budu iskoriS¢ene za opis mehanizma isuSivanja
vlage iz tepiha. Zatim je diskutovan uticaj znacajnih parametara na
proces suSenja i formulisane su matematicke relacije koje ilustruju opseg
njihove primene. Medjutim, ostali su neki izazovi koji treba da se
prevazidju inovacijama, istrazivackim naporima i modernom tehnikom
posebno u proizvodnji kontrolnih uredjaja.



