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Chapter 13

A THEORETICAL APPROACH FOR PREDICTION
OF YARN STRENGTH IN TEXTILE INDUSTRY

A.Shams-Nateri and A.K.Haghi”
University of Guilan, P. O. Box 3756, Rasht, Iran

ABSTRACT

This paper describes advance techniques that can be used to predict ring spun yarn
strength from HVI/FMT measured properties of cotton fibers such as span length, bundle
strength, fineness, uniformity ratio and maturity of cotton fibers. Neural networks, neuro-
fuzzy, multiple-linear regression techniques and Sitra’s expressions were used to predict
yarn strength from cotton fibers properties. The results of intelligence system were better
than multiple-linear regression techniques and Sitra’s expressions. The best results were
obtained by neuro-fuzzy method.

Keywords: Cotton, Fiber, Yarn, Relationship, Regression, Neural Network, Neuro-fuzzy

INTRODUCTION

One of the most important production processes in the textile industry is the spinning
process, which started with cotton fiber. Yarn has been produced in rotor or ring spinning
machine. The quality of the resulting yarns is very important in determining their application
possibilities. The two most important characteristics of yarn are its tenacity and elongation.
Prediction formulae to related fiber properties to yarn quality have been an interesting field of
work for several research workers for more than three decades [1, 2].

Sitra was developed expressions for prediction yarn strength from fiber properties in the
year 1989[3]. In the prediction expressions fiber properties measured with conventional
instrument. In next step, they establish prediction expressions for strength of spun yarns from
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cotton fiber properties using HVI test system. The following expression was derived for yarn
Lea CSP under good working condition for carded count:

Lea -CSP =280 x ,/FQI + 700 —13C (1)

In addition, And for combed count:
Lea-CSP=(280x.,/FQI +700-13C) x (1+1WE) (2

Where FQI is fiber quality index and arrived from the following formula:

LxSxm
FQI = — >~ —
Q = ©)

Where

L: 50% span length (mm)

S: Bundle strength ( g/tex)

F: Fineness (micronnaire value)

m: Maturity

C: Yarn count (Ne)

W: Percentage waste extracted during combing

If the maturity coefficient values are not readily available, as a rough approximation the
yarn CSP values may be arrived from the following formula:

Lea-CSP =250 /L?S +590-13C (@)

For yarn strength, RKm value defined as:

_ Single Yarn strength (5)
Tex Count of Yarm

RKm

RKm value can be predicted from CSP value by following formula:

Lea.CSP
== (6)

RKm
150

Chellamani et al. reported a similar relationship between fiber properties and yarn
strength [4]. The relationship between the yarn strength and fiber properties was studied and a
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Fiber Quality Index was derived to overcome inconsistencies within the basic fiber properties.
Then, it was used to predict the strength of the yarn and significant correlations were
obtained.

This work reports a new method for prediction ring spun yarn strength from cotton fiber
properties by intelligence system such as neural network and neuro-fuzzy methods.

NEURAL NETWORK

Recently, many researches have utilized a parallel processing structure that has a large
number of simple processing structures that has a large number of simple processing with
many interconnections between them [5-8]. The use of these processors is much simpler and
faster than one central processing unit (CPU). Because of recent advantages in VLSI
technology, the neural network has emerged as a new technology and has found wide
application in many areas (as well).

In this work, the multi-layer perceptron was used to process data by using the modified
back-propagation algorithm. This algorithm attempt to minimize an error function @ by
modification of network connection weights and bias. The parameters of & are the weights of
network and its value is error measure.

In each iteration an input vector is presented to the network and propagated forward to
determine the output signal. The output vector is then compared with the target vector
resulting an error signal, which is backed propagated through the network in order to adjust
the weights and bias. This learning process is repeated until the network respond for each
input vector with an output vector that is sufficiently close to the desired one. The general
formula for the output of each unit in the network (except for the input units) is given by:

= N : b,
y|,| (0 Za)u,l X yj,l—l+ il (7)

j=1

Where j runs over all nodes of (I-1)th layer and wjj; is the strength of the coupling between
unit 1 in 1" layer and unit j in the previous layer, ;. is the activation of j"" unit in (I-1)" layer,
and by, is the bias for unit I in 1™ layer. o(.) Is the nonlinear activation function which can be
log-sigmoid (logistic sigmoid), hard limiting, etc., but usually the log-sigmoid function is
used, p(s)=1/91+¢€").

At each iteration, the values of the weights are modified in the direction in which the
error function should decrease most rapidly. The direction and magnitude of the modification
is given by the gradient of the error function with proportionality commonly referred to as the
learning rate or step size. The formula is, [8]:

" =0 +Aoj

ij (8)
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; og"
(().n_il = a)n —
i~ %77 o] )

n
Where a)ij is the interconnection weight between the i unit in any layer and " unit in the

previous layer in the n" iteration. ¢ " is the error function of network at the n™ iteration, and 7
is the learning rate.

The computation of partial derivatives is described in what follows in some detail. In the
general back-propagation method, @ is defined as the sum of the squared error for all output
nodes:

NQ

6= -l =Jo-T[ - ) o) 10)

i=1

where Ny is the number of the output nodes. Therefore, the partial derivative of the sum of the
squared error, Ey , with respect to w is given by:

E E
> :a zanXGX =2xExOx(1-0)xY'
oW 80  oX oW (11)

Where w is the weights between the last hidden layer and the output layer.
Since, the original back-propagation method converges slowly, the new method used to
speed convergence. In this method, the new function @ is designed that is given by [9,10]:

[on™0" o
4., =(1-T)" x[log, (5) - log, (1—s)]+z {Ioge (s)—ms +@%++}

= r J |
R
r i
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To minimize where followed to:

op _3p 0 X

- = sign(E)JE|" xY"
OW 00 oX oW an(E)/E]

(13)

The approach of this algorithm is much faster than the other ones designed and provided
the better performance

ANFIS

The fuzzy inference system (FIS) is a popular computing framework based on the
concepts of fuzzy set theory, fuzzy IF/THEN rule and fuzzy reasoning to transform an input
space into an output space. The basic structure of fuzzy inference system consists of three
conceptual components:

1. Arrule base

2. Database or dictionary which defines the membership functions used in the fuzzy
rules

3. Reasoning mechanism, which performs the inference procedure upon the rule and a
given condition to derive a reasonable output or conclusion.

A fuzzy system can be created to match any set input/output data. This can be done with
an adaptive neuro-fuzzy inference system (ANFIS). ANFIS is about taking a fuzzy inference
system and training it with a backpropagation algorithm, well known in the artificial neural
network (ANN) theory, based on some collection of input/output data[11,12,13,14].

ANFIS consist of a Takagi Sugeno FIS and has a five layered as shown in figure 1. The
first hidden layer is for fuzzification of the input and T-norm operators are positioned in the
second hidden layer to compute the rule antecedent part. The third hidden layer normalizes
the rule strengths followed by the fourth hidden layer where the resultant parameters of the
rule are determined. Output layer computes the overall input as the summation of all
incoming signals. ANFIS uses backpropagation learning algorithm to determine premise
parameters (to learn the parameters related to membership functions) and least mean square
estimation to determine the consequent parameters. A step in the learning procedure has two
parts: In the first part, the input data are propagated, and the best consequent parameters are
estimated by an iterative least mean square method, while the premise parameters are
assumed to be fixed for the current cycle during the training set. In the second part, the
patterns are propagated again, and in this epoch, backpropagation is used to modify the
argument parameters, while the resulting parameters remain fixed. This method is then
repeated. The fuzzy inference system is known by numerous other names, such as fuzzy-rule-
based system, fuzzy expert system, fuzzy model, fuzzy associative memory, fuzzy logic
controller and simply fuzzy system [15, 16, and 17].
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Figure 1. Structure of ANFIS.

In this work, 22 variety quality cotton fibers samples were selected for making relation
between cotton fibers properties and yarn quality. The cotton fiber properties such as spun
length, fiber bundle strength, maturity; micronnaire was measured by HVI/FMT system. Ring
spun yarn was spun in Rieter spinning system and their quality was measured. The properties

EXPERIMENTAL

of cotton fiber and quality of spun yarn are shown in tables 1.

Table 1. Cotton fibers Properties and yarns quality

Yarns quality Cotton fibers properties
Sa,r\lnple Count 50% span . . Maturity Fiber bundle
0. (Ne) RKm length (mm) Micronnair ratio Strength
(g/tex)
1 41 14 14 2.69 0.46 20.21
2 39 16.95 13.54 4.6 0.86 23.38
3 40.2 16.56 13.83 4.04 0.82 18.47
4 40.2 17.6 13.76 3.79 0.87 17.99
5 395 14.57 11.57 3.79 0.88 20.88
6 39.8 15.37 13.03 3.47 0.75 2111
7 40.6 16.24 13.48 4.53 0.86 22.86
8 40 14.47 13.38 3.39 0.66 16.65
9 40.7 17 13.17 3.34 0.66 16.28
10 40 16.3 14.77 3.69 0.81 19.77
11 39.9 15.4 13.78 3.55 0.82 18.86
12 39 15.8 12.6 321 0.72 19.58
13 39.2 15.7 14.37 5.19 0.9 18.54
14 40 15.07 13.38 3.61 0.72 18.58
15 29.8 16.04 133 3.04 0.54 19.99
16 24 13.9 13.97 3.58 0.66 19.26
17 29.5 14.78 13.41 3.06 0.6 19.42
18 29.3 15.96 13.26 3.33 0.63 19.36
19 38.8 15.47 13.72 3.48 0.69 19.64
20 40.4 14.36 14.76 3.56 0.76 20.2
21 40.6 14.43 13.82 3.84 0.64 19.69
22 28.9 16.7 14.72 431 0.86 20.4
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RESULTS AND DISCUSSIONS

At first, the relationship between fiber properties and strength of spun yarn was study by
using Sitra's expression (Equation 1). The predicted value of yarn RKm for various samples is
given in table 2. in second method, two multiple linear regressions was used to correlate yarn
strength to cotton fiber properties. In first method of regression, Lea CSP of yarn was
calculated from 50% span length (L), Bundle strength(S), Fineness ( F), Maturity(M) of
cotton fibers and yarn count (C) by Equation 14:

RKm=9.73+0.229x L -0.08xF +3.7xM —0.027x S +0.0249xC  (14)

In second method, RKm value of yarn was calculated from fiber quality index (FQI) and
yarn count (C) by equation 15:

RKm =12 + 0.0527 x C + 0.0308 x FQI (15)

In neural network technique, network has two input nods, one output nod and two hidden
layers respectively with 4 and 2 nods. Two input nods referred to fiber quality index (FQI)
and yarn count and one output nod referred to yarns strength. Neural network training was
continued over 1000 epochs by back propagation algorithm. After training, the neural
network was tested with all sample. The results of yarns strength prediction are given in
tables 2 and 3.

In neuro-fuzzy method, ANFIS system applied to prediction yarns strength from cotton
fibers properties. ANFIS system was designed with two input, 81 IF-THEN rule and one
output (figure 2 ). Two input nods referred to fiber quality index (FQI) and yarn counts. One
output nod referred to spun yarn strength. First input had three Gaussian shape membership
function and second input had four Gaussian shape membership function. Network was
trained by back-propagation algorithm. After training, the ANFIS was tested with all samples.
The predicted results are shown in tables 2 and 3.

input (3) anfis

/ 12 rubas

—’ ONE QUTRUT

inputa {4)

Figure 2. The ANFIS system structure.
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Table 2. Actual and predicted RKm value of ring spun yarns

Sample Actual Regression Riﬁ;ﬁi‘gn Sitra nggfl\jzlk Neuro-fuzzy
No. Value Method | Method Method
I Method
1 14 14.90 15.65 14.76 13.88 14.00
2 16.95 15.98 15.88 16.31 16.83 16.95
3 16.56 16.11 15.72 15.29 16.66 16.56
4 17.6 16.31 15.87 15.92 16.96 17.60
5 14.57 15.75 15.81 15.89 15.87 14.57
6 15.37 15.63 15.93 16.28 15.38 15.41
7 16.24 16.03 15.94 16.09 16.25 16.24
8 14.47 15.51 15.44 14.16 14.46 14.47
9 17 15.49 15.45 13.96 17.02 17.00
10 16.3 16.28 16.08 16.81 16.31 16.30
11 15.4 16.12 15.95 16.34 15.3 15.36
12 15.8 15.47 15.76 15.84 15.21 15.78
13 15.7 16.41 15.49 14.62 15.75 15.70
14 15.07 15.66 15.64 15.01 14.99 15.07
15 16.04 14.73 15.03 15.58 16.12 16.05
16 13.9 15.16 14.79 16.40 13.92 13.90
17 14.78 14.99 15.13 16.12 14.84 14.78
18 15.96 15.04 15.04 15.80 15.96 15.95
19 15.47 15.58 15.69 15.61 15.2 15.48
20 14.36 16.10 16.09 16.72 14.37 14.00
21 14.43 15.43 15.54 14.39 14.41 16.95
22 16.7 16.11 15.37 17.28 16.73 16.56

Table 3. The absolute error of yarns strength prediction

No. Methods Mean SD Max Min
1 Sitra 5.960 5.551 17.986 0.253
2 Regression 5.594 3.449 12.047 0.253
3 Regression 5.108 3.205 12.117 0.123
4 Neural network 1.069 2.043 8.922 0
5 Neuro-fuzzy 0.984 3.721 17.464 0

CONCLUSIONS

In this chapter, Intelligence System was used to prediction ring spun yarns strength from
cotton fiber properties and compared with conventional method. The ring spun strength was
predicted from HVI/FMT measured properties of cotton fibers such as span length, bundle
strength, fineness, uniformity ratio and maturity. The fiber quality index (FQI) was defined
from 50% span length, Bundle strength , Fineness (micronnaire value), Maturity of cotton
fibers. The FQI, as a quality parameter of cotton fiber, was used in making relationship
between yarns strength and cotton fibers properties. Several methods such as neural networks,
neuro-fuzzy and multiple-linear regression techniques and Sitra’s expressions were used to
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predict yarns strength. The results conclusively prove the superiority of intelligence system
over multiple-linear regression techniques and Sitra’s expressions. The best results was
achieved by neuro-fuzzy method.
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Chapter 14

TECHNOLOGICAL ADVANCES
IN GEOTEXTILES

A.H. Tehrani and A. K. Haghi”
University of Guilan, P. O. Box 3756, Rasht, Iran

ABSTRACT

According to the need and ascendant approach of technical textiles and the absence
of its technical application as respect to the construction industry, this chapter is intended
to provide a comprehensive and critical review on geotextiles. This should be of value to
those interested in civil, chemical, textile and polymer engineering.

1. ABRASION RESISTANCE OF THERMALLY
BONDED 3D NONWOVEN FABRICS

Employing the established standard Martindale abrasion method, the abrasion resistance
of the three-dimensional nonwoven filter sample produced using the recently developed air
laid web formation process and through-air thermal bonding process and the commercially
available polypropylene (PP)/polyester (PET) (sheath/core) bi-component staple fiber as raw
material, has been evaluated. Results obtained indicated that there are two failure forms for
the thermally bonded nonwoven samples during the abrasion testing, the peeling of the fiber
PP sheath and the pilling forming and breaking off. The process parameters, including the
bonding temperature, dwell time and hot air velocity and fabric weight clearly affect the
abrasion resistance of the thermally bonded nonwoven filter samples. These effects could be
correlated with the thermal oxidative degradation of the fiber PP sheath during the thermal
bonding process and the compactness of the resulting samples.

- Corresponding author e-mail: Haghi@Guilan.ac.ir
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Figure 1. SEM images showing the development of the peeling and wearing away of the PP sheath of
the bi-component fiber during the abrasion testing for the thermally bonded nonwoven samples: (a)
BT4, surface wear and lifting, the inset shows the details of fiber peeling; (b) AD1, broken fragments of
fibers, surface peeling and breakdown of fibers; (c) 11, fiber failure by multiple splitting or breakage;
(d) DT3, peeling away of large pieces.

Technological advances (figures 1-4) in the textile industry have resulted in an ongoing
demand for cost-effective processing techniques and textiles. In the past 40 years, nonwoven
techniques and products have been developing and growing at a phenomenal rate,
corresponding to such a demand [1-6]. The most significant feature of nonwoven fabrics, and
also the one that contributes most to their economical appeal, is that the fabrics are usually
made directly from raw materials in a continuous production line, thus partially or completely
eliminating conventional textile operations, such as carding, roving, and spinning, weaving or
knitting. The simplicity of fabric formation, coupled with high productivity, allows
nonwovens to compete favorably with woven’s and knits on a performance per cost basis in
many industrial applications, from simple low cost replacements for more expensive textiles
to high-quality textiles and many functions that could never be filled by regular textiles.

Figure 2. SEM images show (a) the early stage of pill development; (b) the fiber entanglement, splitting
and well-developed pill during the abrasion testing for the thermally bonded nonwoven sample DT3.
The insets in both images present the details under higher magnification.
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Over the past few decades, the overwhelming majority of the research is related to the
manufacture and use of nonwovens as essentially two-dimensional (2D) sheet structures. In
many applications where three-dimensional (3D) fibrous web structures are needed, they have
to be constructed from the flat sheet fabrics. If 3D nonwoven shell structures are produced in
a single process, directly from fibers, the packaging, freight and labor costs and the cost of
wastage inevitably generated during panel cutting can be saved possibly up to 70% of the
production cost.

B5-87-za84

Figure 3. SEM images showing the cracks on the fiber surface of the thermally bonded nonwoven
sample: (@) BT1 and (b) BT4.

200prm B00E Bo-p1-2004

Figure 4. SEM images taken from the cross sections of the thermally bonded nonwoven samples: (a)
1V1 produced using the hot air velocity 1.5 m/s and (b) 1'V3produced using the hot air velocity 4 m/s.

It can also shorten the process and save equipment investment, space and energy.
However, 3D shell structure nonwovens are still at the very beginning stage of development.
Major difficulties for manufacturing of 3D shell structure nonwovens (figure 5) arise in web
formation and web solidification. This is because it is much more difficult to manipulate and
control the fiber distribution and bonding of a 3D shell structure web than do those of a 2D
web, aiming to achieve nearly uniform and orientation random fiber distribution, and, hence,
uniformity and isotropic properties of the final product[7-11]. Up to date, there have been
only a few reports on the production of 3D nonwoven structures. Recently, a pilot process to
air-form 3D nonwoven fabrics, using the air laid web formation process and through-air
bonding technique, has been developed. Samples of the hats prepared using this process have
been proved to be remarkably even and strong, and are about to be commercialized by the
only chef’s hat producer in the UK who previously sponsored the research work. The
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principles of this process were promising and further studied in the present work for a variety
of other products, especially filters, finger-shaped towel and garment interlinings, e.g., bra
cups.
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Figure 5. Cumulative mass losses of nonwoven fabrics produced using different hot air velocities and
Cumulative mass losses of nonwoven fabrics with and different fabric area densities.

As the conclusion the abrasion resistance of the 3D nonwoven filter samples, produced
using the air laid web formation process and through air thermal bonding process, has been
evaluated using the established standard Martindale abrasion method. The effects of the
bonding temperature, dwell time, air velocity and fabric weight on the abrasion resistance
were considered and the following conclusions can be drawn:

1. SEM examination reveals that there are two failure forms for the thermally bonded
nonwoven samples during the abrasion tests, the peeling of the fiber PP sheath, and
the pilling forming and breaking off.

2. The abrasion resistance of the thermally bonded nonwoven fabrics decreases with
increasing the thermal bonding temperature. This can be attributed to the fact that
more mechanical defects, such as cracks, may be formed resulting from a higher
lever of the thermal oxidative degradation and a higher amount shrinkage of the PP
sheath of the fiber at a higher bonding temperature.
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3. The abrasion resistance of the nonwoven fabrics increases up to a maximum, and,
then, decreases with further increasing the dwell time. The poor abrasion resistance
of a nonwoven fabric produced using a shorter dwell time can be ascribed to the
under-bonding between the fibers. The poor abrasion resistance of a nonwoven fabric
produced using a longer dwell time may be due to a higher lever of the thermal
oxidative degradation of the PP sheath, resulting in the peeling and multiple splitting
of the PP sheath more serious.

4. The abrasion resistance of the thermally bonded nonwoven samples is also
significantly affected by the hot air velocity and the fabric weight. It increases with
the increasing both the hot air velocity and the nonwoven fabric weight. This can be
due to the fact that the thermally bonded nonwoven samples become more compact
with the increasing both the hot air velocity and the fabric weight, hence leading to
the higher abrasion resistance.

5. The effects of the bonding temperature, dwell time, air velocity and fabric weight on
the abrasion resistance indicate that the various process parameters are all critical for
achieving the most abrasion-resistant fabric.

2. INTERNAL DEFORMATION BEHAVIOR
OF GEOSYNTHETIC-REINFORCED SoIL WALLS

Local deformation of geosynthetics, such as Geogrids, and nonwoven and woven
geotextiles, was measured to analyze the stability of geosynthetic-reinforced soil (GRS)
structures. To analyze the deformation behavior of geosynthetics applied to a reinforced soil
structure, the tensile load—elongation properties of the geosynthetic and local deformation
measurement data are required. However, local deformation of nonwoven geotextile
(NWGT), which is permeable, is difficult to measure with strain gauges. This study proposes
a new, more convenient, method to measure the deformation behavior of NWGTSs using a
strain gauge and examines its suitability via laboratory tests and field trials on two GRS
walls. A wide-width tensile test, conducted under a confining pressure of 70 kPa, showed that
local deformation of NWGT, measured with strain gauges of type AE-11-S80N-120-EL, was
similar to total deformation measured with linear variable deformation transformer (LVDT).
In field trials, NWGT showed a larger deformation range than woven geotextile or Geogrids.
However, the deformation patterns of the three materials were similar. The strain gauges
attached to NWGT in the walls worked normally for 16 months. Therefore, the method
proposed in this study for measuring NWGT deformation using a strain gauge was effective
and valuable. Pore water pressure in the GRS wall can be ignored since the backfill remains
unsaturated regardless of rainfall. However, it should be noted for design purposes that
horizontal earth pressures at the wall face are greater at the bottom and top of the wall than at
rest.

Reinforced walls have been the subject of considerable research, and a number of recent
papers have examined different aspects of their design and behavior Owing to the increasing
need for clayey soil (CL) as backfill in reinforced soil walls, nonwoven geotextiles (NWGTS)
with drainage capability have received attention. NWGTs have the merit of high drainage
capability and low cost, but also have a drawback of low tensile stiffness and higher
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deformability than Geogrids or woven geotextiles. To analyze the deformation behaviors of
reinforcements, load—elongation properties and local deformation measurement data are
needed; however, measuring local deformations of GRS walls in the field is problematic. It is
suggested using silicon to attach strain gauges to the woven geotextile.

Strain gauges can be attached directly to woven geotextiles and Geogrids (however, it is
not easy to measure deformation of NWGTSs by direct attachment of strain gauges because the
gauges separate from the surface of NWGTs to which they are attached as NWGTSs are
elongated by a tensile force. A method of attaching strain gauges to the surface of NWGT
composed of a core layer of knitted textile and needle-punched double layer of NWGT, by
using gauge cement (Kyowa, EC-30). This study examines an easy method, using an
adhesive, to attach strain gauges to NWGTSs, and the applicability of the technique via
laboratory and field tests. To analyze deformation behavior of reinforcements within GRS
walls, two 5-m walls were constructed on a weak, shallow-layered foundation and fitted with
a compound arrangement of NWGTs/woven geotextiles and nonwoven/Geogrids.
Deformation behavior inside the GRS walls was analyzed using data collected from four
earth-pressure gauges, four pore-water pressure gauges, and 124 strain gauges attached to
NWGTs and woven geotextiles and Geogrids reinforcements over a period of about 1.5 years.

As a conclusion a laboratory wide-width tensile test conducted under a confining pressure
of 70 kPa showed that the pattern of local deformation on NWGT measured with strain
gauges resembled that of the total deformation measured with LVDT. In GRS walls, NWGT
showed a larger deformation range than the woven geotextile or Geogrids. However,
deformation patterns of these three reinforcement materials were similar and the strain gauges
attached to the geosynthetics functioned normally for 16 months. Therefore, the method of
measuring a NWGT deformation by using a strain gauge, as suggested by this study, was
effective. The backfill material probably remained unsaturated regardless of rainfall because
there were no signs of drainage through NWGT from the backfill, and the pore water
pressures throughout the measurement period showed negative values. Therefore, pore water
pressures in the wall can be ignored. However, horizontal earth pressures at the wall face
were larger at the bottom and top of the wall than earth pressures at rest. Therefore, when a
GRS wall with a flexible wall face is constructed on a shallow, weak foundation, as in this
study, precautions must be taken during the design and construction of the wall, since the
horizontal earth pressure can be larger than earth pressure at rest at the bottom of the wall.

3. COMPARATIVE STUDY BETWEEN NEEDLE PUNCH
NONWOVEN GEOTEXTILE STRUCTURES MADE
FROM FLAX AND POLYESTER FIBERS

Geotextiles are widely used in civil and geotechnical engineering applications. In this
study, a comparison is made between the properties of the needle punched nonwoven
geotextiles produced from polyester and flax fibers. The properties of geotextiles including
density, pore size and permeability have been investigated. It has been found that large
inherent variation in flax fiber length and fineness can result in loss of tensile strength and
cause large variation in smallest detected pore diameter. Nevertheless, flax fiber-based
geotextiles have a great potential in various civil engineering applications as they are found to
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be less anisotropic, more compact and have produced an “‘open structure’’. Furthermore, the
influence of process parameters, namely feed rate, stroke frequency and depth of needle
penetration, on the properties of the geotextiles has been observed. Geotextiles are woven,
knitted or nonwoven structures, widely used in civil engineering applications and are a core
member of geosynthetic family. Recently, there has been an ever-increasing interest in
nonwoven geotextiles as these structures are simple, flexible and can be produced at a lower
cost. It is essential that the geotextile structures should be able to fulfill more than one
function, i.e. separation, drainage and filtration. The design of a geotextile accounts for soil-
geotextile interaction, internal stability of the soil, isotropic characteristics of the geotextile
structure and flow conditions, i.e. seepage velocities and hydraulic gradients.

Comparison of tensile properties of geotextiles produced from flax and
polyester fibres

Sample Tensile strength in @ Tensile strength in TXKMD/TMD
D machine direction cross-machine direction
(TMD) (N30 mm) (TXMD) (M50 mm)

Polyester Flax Polyester Flax Polyester Flax
3l 107.05 5820 164 88 3.0 1.54 1.43
2 168,08 75.20 2ET.O 1182 1.71 1.57
3 156,44 43 .80 220.56 522 1.41 119
(34 241.90 9000 IR6.TR 91.0 1.60 092
5 139.32 7068 22548 6R.56 1.62 0.97
G 197 48 o0 824 348.32 1248 1.76 1.25
a7 16782 57 .40 248 .54 6E .8 1.48 1.20
R 284.48 104,16 45592 1354 160 1.30
G9 2EQ10 113.04 4678 148.1 1.62 1.31
Gl 147.04 55.80 227.04 652 1.54 1.17
Gl 234.24 7680 34422 114.4 1.47 1.49
12 116,40 RS .40 208 .94 134.6 180 1.58
Gl3 25334 8460 3RBTGO 9391 1.53 1.11
Gl4 128.08 9192 198.72 113.06 1.55 1.23
Gls 224.62 B304 367.02 119.57 1.63 1.44

However, the selection of fiber and fabric types is of paramount importance for any
geotextile-based application. The advantages of natural fibers are robust, superior
strength/durability properties, good drape ability and biodegradability/ environment
friendliness but these fibers are biocompatible. Nevertheless, several researchers have
reported the use of natural fibers including jute, coir, wood and bamboo in various
applications such as soil erosion control, vertical drains, road bases, bank protection and slope
stabilization.

Therefore, the overall objective of the present work is to compare and analyze the
properties of needle punched nonwoven geotextiles produced from flax and polyester fibers
under the similar process conditions. Fifteen samples of needle punched nonwoven geotextile
structures were produced from each polyester and flax fiber by employing a central composite
experimental design as shown in table 1. The fineness and length of fiber samples were
normalized to 6 dtex and 60 mm, respectively. However, the coefficients of variation in
fineness and length of the flax fiber were found to be 25.35% and 26.85%, respectively. The
needle punched nonwoven geotextile structures were produced by initially opening the staple
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fiber bale by carding and subsequently orientated to cross-machine direction using a cross-
lapper to form a web of required area density. Following the production of the needle
punched nonwoven fabrics, standard tests were performed on the fabrics to determine their
area density (ASTM D3776, 1996), thickness (ASTMD5729, 1995), the pore size (ASTM
E1294, 1999), and water permeability (EN 1SO 11058, 1999).

Comparison of dimensional properties of geotextiles produced from flax and polyester fibres

Sample 1D Fabric weight (g/m") Fabric thickness {mm) Fabric density (g/cm’)
Polyester Flax Polyester/Hax Folyester Flax Polyester/tax Polyester Flax Polyester/Hax

Gl 284.2 128.3 222 332 Lot 200 0.08 56 00773 111
G2 407.6 170.4 239 446 208 214 0.0514 00819 112
G3 261.6 SLE 279 254 117 251 0.0850 0.0E04 111
G4 3722 165.0 2.26 a7 259 146 0.0587 0050 111
GS 250.6 7.8 22 27 1.32 2.05 0.0962 0.0637 1.51
G6 366.2 l66.4 22 3.55 191 .86 0.1032 00872 118
G7 236.1 12E 209 237 1.25 1.9 0.0906 0086 115
G2 3391 1726 1.95 3.00 1.99 1.51 0.1130 00903 1.25
Go 363.9 188.4 1.93 s 215 1.79% 0.0045 00874 108
Glo a7 930 246 248 0.90 251 0.0022 00842 098
Gll 263.7 128.0 2.06 285 1.48 1.93 0.0925 00864 107
Gl2 2063 145.0 204 347 1.74 1.99 0.0854 00835 1.02
Gl3 303.6 1.0 215 277 1.86 (Y 0.1006 0.0757 145
Gl4 3124 153.2 A 36l 1.00 1.81 0.0865 0.0767 113
Gls 307.6 138.4 12 3% 1.83 1.78 00044 0.0755 1.25

As a conclusion a comparison is made between the properties of the needle punched
nonwoven geotextiles produced from flax and polyester fibers using the same experimental
matrix. Polyester fiber-based geotextiles are found to be dense corresponding to the flax fiber-
based geotextiles due to high elastic recovery of polyester fiber. Although the fibers in the
nonwoven structure were preferentially orientated in the cross-machine direction, the flax
fiber-based geotextiles resulted in loss of tensile strength in the cross-machine direction
(sample IDs G4 and G5) due to large inherent variation in length and fineness of the flax
fiber. This has also led to the large variation in the smallest detected pore diameter in flax
fiber geotextiles in comparison to the polyester fiber-based geotextiles. Nevertheless, flax-
based geotextiles are found to be more compact and less anisotropic in nature. In addition,
flax fiber geotextiles have produced an ‘‘open structure’” at a lower FR, moderate SF and
depth of NP (sample ID G10).

4. DYNAMIC STUDIES OF POLYPROPYLENE NONWOVENS IN
ENVIRONMENTAL SCANNING ELECTRON MICROSCOPE

Environmental scanning electron microscopy (ESEM) provides new tools to examine the
dynamic behavior of various materials under different conditions. The dynamic experiments
of water wetting, oil sorption and loading deformation of polypropylene (PP) nonwovens in
the ESEM were studied in this paper. Water wetting tests were performed by controlling the
temperature of the specimens and chamber pressure in favor of water condensation at 100%
relative humidity. The wetting by oil was made using a micro-injector to add oil droplets onto
specimens being observed. The ESEM observations revealed the contrast in the wetting
behavior of the PP nonwovens towards water and oil. Tensile testing experiments were
performed in the ESEM using a tensile stage. The dynamic studies gave new insight into
microscopic behavior of PP nonwovens.
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Figure 6. Wetting of needle punched polypropylene nonwoven by water.

The nonwoven industry is one of the fastest growing industries in the world [1].
Technological innovation and commercial development have been driving the industry into a
sophisticated and diverse market with versatile products for a wide spectrum of applications
in many industries, such as agricultural, automotive, building and construction, medical and
hygiene, packaging, protective clothing, sportswear, transport, defense, leisure and safety.

One of the most important factors fuelling the growth of nonwovens is the development
and application of man-made fibers, dominated by polyolefins [2].

For these increasing applications, nonwoven products are specially engineered to create
the structure that gives the product its characteristic properties. The characterization of a
nonwoven material under varying or dynamic conditions is of importance in understanding
how the particular structure of the material is engineered, and, therefore, how it relates to the
properties of the product.

Microscopy technology has provided the tools for the observation, analysis, and
explanation of phenomena occurring at a micrometer scale of textile materials [3]. Scanning
electron microscopes (SEMs) have long been important instruments in these studies.
However, the high vacuum and the imaging process in SEMs impose special requirements for
specimen preparation. Specimens that are not naturally conductive must be coated with a thin
layer of a conductive material to bleed off any charge on the specimens imposed by the
incident electron beam. One major disadvantage of the SEM is that it is normally not possible
to examine wet specimens or dynamic processes of specimens in a wet state. Environmental
scanning electron microscopy (ESEM) is a newer development in microscope technology,
which is specifically suited to dynamic experimentation on the micron scale [4].

Figure 7. Oil adsorption of needle punched nonwoven.
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The Philips XL30 ESEM was used for the dynamic experiments of water wetting, oil
sorption and tensile deformation of polypropylene (PP) nonwovens in this study.

Figure 8. Loading deformation of needle punched nonwoven: (a) before tensile deformation; (b)
deformation at 50% strain; (c) deformation at 100% strain and (d) deformation at 150% strain

CONCLUSION

As a conclusion this study has explored the use of the ESEM for the examination and
observation of PP nonwovens under varying conditions. The ability of the ESEM to follow
dynamic events under a variety of conditions gives new insight into the dynamic wetting of
water on fiber surface, the oil sorption in nonwovens and the tensile behavior of nonwoven
materials. Direct observations of water droplets on the PP nonwovens reveal the high contact
angles, indicating the hydrophobic properties of the fibers. The oil contact angles are lower
than 201, indicating the affinity of PP fibers for oil. The ESEM studies also show the oil
sorption on individual fibers, fiber intersections and fibrous pores in the PP nonwovens. The
tensile testing in the ESEM gives some further evidence on the dynamic process of fiber
orientation, rearrangement and breakdown in the PP nonwovens. ESEM provides a new and
powerful approach to imaging of textile materials in connection with such applications as
filtration, medical and hygiene, composites and biomedical products. The potential of use of
ESEM in textile research and development is promising and significant.
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Chapter 15

SOME ASPECTS OF HEAT FLOW DURING
DRYING OF POROUS STRUCTURES

A. K. Haghi”
University of Guilan, P. O.Box 3756, Rasht, Iran

ABSTRACT

In The first part of this chapter a detailed study on different aspects of heat flow in
porous structures is presented. In the second part, a mathematical model was developed
for optimization of heat and mass transfer in capillary porous media during drying
process to predict the drying constants.

1.1. INTRODUCTION

For Heat flow analysis of wet porous materials, the liquid is water and the gas is air.
Evaporation or condensation occurs at the interface between the water and air so that the air is
mixed with water vapor. A flow of the mixture of air and vapor may be caused by external
forces, for instance, by an imposed pressure difference. The vapor will also move relative to
the gas by diffusion from regions where the partial pressure of the vapor is higher to those
where it is lower.

Heat flow in porous media is the study of energy movement in the form of heat which
occurs in many types of processes. The transfer of heat in porous media occurs from the high
to the low temperature regions. Therefore a temperature gradient has to exist between the two
regions for heat transfer to happen. It can be done by conduction (within one porous solid or
between two porous solids in contact), by convection (between two fluids or a fluid and a
porous solid in direct contact with the fluid), by radiation (transmission by electromagnetic
waves through space) or by combination of the above three methods.

The general equation for heat transfer in porous media is:

- Haghi@Guilan.ac.ir
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(rate of | | rate of generation| _ | rate ol | _ [rate ol accumulation |
\ heat in| of heat ) \ heat out | ' ol heat )

When a wet porous material is subjected to thermal drying two processes occur
simultaneously, namely:

a. Transfer of heat to raise the wet porous media temperature and to evaporate the
moisture content.

b. Transfer of mass in the form of internal moisture to the surface of the porous material
and its subsequent evaporation.

The rate at which drying is accomplished is governed by the rate at which these two
processes proceed. Heat is a form of energy that can across the boundary of a system. Heat
can, therefore, be defined as “the form of energy that is transferred between a system and its
surroundings as a result of a temperature difference”. There can only be a transfer of energy
across the boundary in the form of heat if there is a temperature difference between the
system and its surroundings. Conversely, if the system and surroundings are at the same
temperature there is no heat transfer across the boundary.

Strictly speaking, the term *““heat™ is a name given to the particular form of energy
crossing the boundary. However, heat is more usually referred to in thermodynamics through
the term “heat transfer”, which is consistent with the ability of heat to raise or lower the
energy within a system.

There are three modes of heat flow in porous media:

e convection
e conduction
e radiation

All three are different. Convection relies on movement of a fluid in porous material.
Conduction relies on transfer of energy between molecules within a porous solid or fluid.
Radiation is a form of electromagnetic energy transmission and is independent of any
substance between the emitter and receiver of such energy. However, all three modes of heat
flow rely on a temperature difference for the transfer of energy to take place.

The greater the temperature difference the more rapidly will the heat be transferred.
Conversely, the lower the temperature difference, the slower will be the rate at which heat is
transferred. When discussing the modes of heat transfer it is the rate of heat transfer Q that
defines the characteristics rather than the quantity of heat.

As it was mentioned earlier, there are three modes of heat flow in porous structures,
convection, conduction and radiation. Although two, or even all three, modes of heat flow
may be combined in any particular thermodynamic situation, the three are quite different and
will be introduced separately.

The coupled heat and liquid moisture transport of porous material has wide industrial
applications. Heat transfer mechanisms in porous textiles include conduction by the solid
material of fibers, conduction by intervening air, radiation, and convection. Meanwhile, liquid
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and moisture transfer mechanisms include vapor diffusion in the void space and moisture
sorption by the fiber, evaporation, and capillary effects. Water vapor moves through porous
textiles as a result of water vapor concentration differences. Fibers absorb water vapor due to
their internal chemical compositions and structures. The flow of liquid moisture through the
textiles is caused by fiber-liquid molecular attraction at the surface of fiber materials, which is
determined mainly by surface tension and effective capillary pore distribution and pathways.
Evaporation and/or condensation take place, depending on the temperature and moisture
distributions. The heat transfer process is coupled with the moisture transfer processes with
phase changes such as moisture sorption/desorption and evaporation/condensation.

1.2. HEAT FLOW AND DRYING OF POROUS STRUCTURES

All three of the mechanisms by which heat is transferred- conduction, radiation and
convection, may enter into drying. The relative importance of the mechanisms varies from
one drying process to another and very often one mode of heat transfer predominates to such
extent that it governs the overall process.

As an example, in air drying the rate of heat transfer is given by:

q= hs A(Ta _Ts) (l.l)

Where q is the heat transfer rate in Js*, h. is the surface heat-transfer coefficient in Jm?s™

S
oc A is the area through which heat flow is taking place, m?, T, is the air temperature and
Tsis the temperature of the surface which is drying, °C.

To take another example, in a cylindrical dryer where moist material is spread over the
surface of a heated cylinder, heat transfer occurs by conduction from the cylinder to the
porous media, so that the equation is

q=UAT, -T,) (2.2)

Where U is the overall heat-transfer coefficient, T; is the cylinder temperature (usually very
close to that of the steam), Ts is the surface temperature of textile and A is the area of the
drying surface on the cylinder. The value of U can be estimated from the conductivity of the
cylinder material and of the layer of porous solid.

Mass transfer in the drying of a wet porous material will depend on two mechanisms:
movement of moisture within the porous material which will be a function of the internal
physical nature of the solid and its moisture content; and the movement of water vapour from
the material surface as a result of water vapour from the material surface as a result of
external conditions of temperature, air humidity and flow, area of exposed surface and
supernatant pressure.

Some porous materials such as textiles exposed to a hot air stream may be cooled
evaporatively by bleeding water through its surface. Water vapour may condense out of damp
air onto cool surfaces. Heat will flow through an air-water mixture in these situations, but
water vapour will diffuse or convect through air as well. This sort of transport of one
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substance relative to another called mass transfer. The moisture content, X, is described as the

ratio of the amount of water in the materials, m,,,, to the dry weight of material, M/ -

m
X =—H% (1.3)
m

material

There are large differences in quality between different porous materials depending on
structure and type of material. A porous material such as textiles can be hydrophilic or
hydrophobic. The hydrophilic fibres can absorb water, while hydrophobic fibers do not. A
textile that transports water through its porous structures without absorbing moisture is
preferable to use as a first layer. Mass transfer during drying depends on the transport within
the fiber and from the textile surface, as well as on how the textile absorbs water, all of which
will affect the drying process .

As the critical moisture content or the falling drying rate period is reached, the drying rate
is less affected by external factors such as air velocity. Instead, the internal factors due to
moisture transport in the material will have a larger impact. Moisture is transported in textile
during drying through

» capillary flow of unbound water
*  movement of bound water and
*  vapour transfer

Unbound water in a porous media such as textile will be transported primarily by
capillary flow .

As water is transported out of the porous material, air will be replacing the water in the
pores. This will leave isolated areas of moisture where the capillary flow continues .

Moisture in a porous structure can be transferred in liquid and gaseous phases. Several
modes of moisture transport can be distinguished:

« transport by liquid diffusion

» transport by vapour diffusion

« transport by effusion (Knudsen-type diffusion)
« transport by thermodiffusion

» transport by capillary forces

» transport by osmotic pressure and

« transport due to pressure gradient.

1.3. CONVECTION HEAT FLOW IN POROUS MEDIA

A very common method of removing water from porous structures is convective drying.
Concevtion is a mode of heat transfer that takes place as a result of motion within a fluid. If
the fluid, starts at a constant temperature and the surface is suddenly increased in temperature
to above that of the fluid, there will be convective heat transfer from the surface to the fluid as
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a result of the temperature difference. Under these conditions the temperature difference
causing the heat transfer can be defined as:

AT = surface temperature-mean fluid temperature

Using this definition of the temperature difference, the rate of heat transfer due to
convection can be evaluated using Newton’s law of cooling:

Q = h AAT (L4)

where A is the heat transfer surface area and h, is the coefficient of heat transfer from the
surface to the fluid, referred to as the “convective heat transfer coefficient”.

The units of the convective heat transfer coefficient can be determined from the units of
other variables:

Q =h AAT

15
W = (h,)m*K (5)

so the units of h, are W / m°K_.

The relationships given in equations (1.4 and 1.5) are also true for the situation where a
surface is being heated due to the fluid having higher temperature than the surface. However,
in this case the direction of heat transfer is from the fluid to the surface and the temperature
difference will now be

AT =mean fluid temperature-surface temperature

The relative temperatures of the surface and fluid determine the direction of heat transfer
and the rate at which heat transfer take place.
As given in previous equations, the rate of heat transfer is not only determined by the

temperature difference but also by the convective heat transfer coefficient h_. This is not a
constant but varies quite widely depending on the properties of the fluid and the behaviour of
the flow. The value of h, must depend on the thermal capacity of the fluid particle

considered, i.e. me for the particle. So the higher the density and Cp of the fluid the better
the convective heat transfer.

Two common heat transfer fluids are air and water, due to their widespread availability.
Water is approximately 800 times more dense than air and also has a higher value of Cp. If
the argument given above is valid then water has a higher thermal capacity than air and

should have a better convective heat transfer performance. This is borne out in practice
because typical values of convective heat transfer coefficients are as follows:
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Fluid r%@V/mzK)

water 500-10000

air 5-100

The variation in the values reflects the variation in the behaviour of the flow, particularly
the flow velocity, with the higher values of h_ resulting from higher flow velocities over the

surface.
When a fluid is in forced or natural convective motion along a surface, the rate of heat
transfer between the solid and the fluid is expressed by the following equation:

q=hA[T, -T,) (1.6)

The coefficient h is dependent on the system geometry, the fluid properties and velocity
and the temperature gradient. Most of the resistance to heat transfer happens in the stationary
layer of fluid present at the surface of the solid, therefore the coefficient h is often called film
coefficient.

Correlations for predicting film coefficient h are semi empirical and use dimensionless
numbers which describe the physical properties of the fluid, the type of flow, the temperature
difference and the geometry of the system.

The Reynolds Number characterizes the flow properties (laminar or turbulent). L is the
characteristic length: length for a plate, diameter for cylinder or sphere.

N, = aad (L.7)
Y7,

The Prandtl Number characterizes the physical properties of the fluid for the viscous
layer near the wall.

_ K

N
Pr k

(1.8)

The Nusselt Number relates the heat transfer coefficient h to the thermal conductivity k of
the fluid.

hL
Ny =— 1.9
Nu k ( )

The Grashof Number characterizes the physical properties of the fluid for natural
convection.
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L*Apg  L*p°gpBAT
NGr: 2 = 2

P H

(1.10)

1.4. CONDUCTION HEAT FLOW IN POROUS MATERIALS

If a fluid could be kept stationary there would be no convection taking place. However, it
would still be possible to transfer heat by means of conduction. Conduction depends on the
transfer of energy from one molecule to another within the heat transfer medium and, in this
sense, thermal conduction is analogous to electrical conduction.

Conduction can occur within both porous solids and fluids. The rate of heat transfer
depends on a physical property of the particular porous solid of fluid, termed its thermal
conductivity k, and the temperature gradient across the porous medium. The thermal
conductivity is defined as the measure of the rate of heat transfer across a unit width of
porous material, for a unit cross-sectional area and for a unit difference in temperature.

From the definition of thermal conductivity k it can be shown that the rate of heat transfer
is given by the relationship:

_ KAAT
X

Q (1.12)

where AT is the temperature difference T, —T,, defined by the temperature on the either

side of the porous solid. The units of thermal conductivity can be determined from the units
of the other variables:

Q =KAAT / x
, (1.13)
W = (k)m“°K/m
s the unit of k are W /m?K /m, expressed as W/mK.

Fourier's Law can be integrated through a flat wall of constant cross section A for the
case of steady-state heat transfer when the thermal conductivity of the wall k is constant.

Area A

PG

I3 TE'




238 A. K. Haghi

X T,
q > ~ 2 q ~ k
Z){dX——kIdT %K—E(Tl—Tz) (114)

T

At any position x between x; and x,, the temperature T varies linearly with the distance:

q
~ = T,-T .
A X_Xl(l ) (1.15)

1.5. RADIATION HEAT FLow IN POROUS SOLIDS

The third mode of heat flow, radiation, does not depend on any medium for its
transmission. In fact, it takes place most freely when there is a perfect vacuum between the
emitter and the receiver of such energy. This is proved daily by the transfer of energy from
the sun to the earth across the intervening space.

Radiation is a form of electromagnetic energy transmission and takes place between all
matters providing that it is at a temperature above absolute zero. Infra-red radiation form just
part of the overall electromagnetic spectrum. Radiation is energy emitted by the electrons
vibrating in the molecules at the surface of a porous body. The amount of energy that can be
transferred depends on the absolute temperature of the porous body and the radiant properties
of the surface.

A porous body that has a surface that will absorb all the radiant energy it receives is an
ideal radiator, termed a "black body". Such a porous body will not only absorb radiation at a
maximum level but will also emit radiation at a maximum level. However, in practice, porous
bodies do not have the surface characteristics of a black body and will always absorb, or emit,
radiant energy at a lower level than a black body.

It is possible to define how much of the radiant energy will be absorbed, or emitted, by a
particular surface by the use of a correction factor, known as the "emissivity" and given the
symbol . The emmisivity of a surface is the measure of the actual amount of radiant energy
that can be absorbed, compared to a black body. Similarly, the emissivity defines the radiant
energy emitted from a surface compared to a black body. A black body would, therefore, by
definition, have an emissivity ¢ of 1.

Since World War 11, there have been major developments in the use of microwaves for
heating applications. After this time it was realized that microwaves had the potential to
provide rapid, energy-efficient heating of materials. These main applications of microwave
heating today include food processing, wood drying, plastic and rubber treating as well as
curing and preheating of ceramics. Broadly speaking, microwave radiation is the term
associated with any electromagnetic radiation in the microwave frequency range of 300 MHz-
300 Ghz. Domestic and industrial microwave ovens generally operate at a frequency of 2.45
Ghz corresponding to a wavelength of 12.2 cm. However, not all materials can be heated
rapidly by microwaves. Porous materials may be classified into three groups, i.e. conductors
insulators and absorbers. Porous materials that absorb microwave radiation are called
dielectrics, thus, microwave heating is also referred to as dielectric heating. Dielectrics have
two important properties:
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» They have very few charge carriers. When an external electric field is applied there is
very little change carried through the material matrix.

e The molecules or atoms comprising the dielectric exhibit a dipole movement
distance.

An example of this is the stereochemistry of covalent bonds in a water molecule, giving
the water molecule a dipole movement. Water is the typical case of non-symmetric molecule.
Dipoles may be a natural feature of the dielectric or they may be induced. Distortion of the
electron cloud around non-polar molecules or atoms through the presence of an external
electric field can induce a temporary dipole movement. This movement generates friction
inside the dielectric and the energy is dissipated subsequently as heat.

The interaction of dielectric materials with electromagnetic radiation in the microwave
range results in energy absorbance. The ability of a material to absorb energy while in a
microwave cavity is related to the loss tangent of the material.

This depends on the relaxation times of the molecules in the material, which, in turn,
depends on the nature of the functional groups and the volume of the molecule. Generally, the
dielectric properties of a material are related to temperature, moisture content, density and
material geometry.

An important characteristic of microwave heating is the phenomenon of “hot spot”
formation, whereby regions of very high temperature form due to non-uniform heating. This
thermal instability arises because of the non-linear dependence of the electromagnetic and
thermal properties of material on temperature. The formation of standing waves within the
microwave cavity results in some regions being exposed to higher energy than others. This
result in an increased rate of heating in these higher energy areas due to the non-linear
dependence. Cavity design is an important factor in the control, or the utilization of this “hot
spots” phenomenon.

Microwave energy is extremely efficient in the selective heating of materials as no
energy is wasted in “bulk heating” the sample. This is a clear advantage that microwave
heating has over conventional methods. Microwave heating processes are currently
undergoing investigation for application in a number of fields where the advantages of
microwave energy may lead to significant savings in energy consumption, process time and
environmental remediation.

Compared with conventional heating techniques, microwave heating has the following
additional advantages:

» higher heating rates;

* no direct contact between the heating source and the heated material;
» selective heating may be achieved,;

» greater control of the heating or drying process;

* reduced equipment size and waste.

As mentioned earlier, radiation is a term applied to many processes which involve energy
transfer by electromagnetic wave (x rays, light, gamma rays ...). It obeys the same laws as
light, travels in straight lines and can be transmitted through space and vacuum. It is an
important mode of heat transfer encountered where large temperature difference occurs
between two surfaces such as in furnaces, radiant driers and baking ovens.
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The thermal energy of the hot source is converted into the energy of electromagnetic
waves. These waves travel through space into straight lines and strike a cold surface. The
waves that strike the cold body are absorbed by that body and converted back to thermal
energy or heat. When thermal radiations falls upon a body, part is absorbed by the body in the
form of heat, part is reflected back into space and in some case part can be transmitted
through the body.

The basic equation for heat transfer by radiation from a body at temperature T is:

q=AsoT?’ (1.16)

where € is the emissivity of the body. e = 1 for a perfect black body while real bodies which
are gray bodies have ane < 1

1.6. POROSITY AND PORE SIZE DISTRIBUTION IN A BODY

Porosity refers to volume fraction of void spaces. This void space can be actual space
filled with air or space filled with both water and air. Many different definitions of porosity
are possible. For non-hygroscopic materials, porosity does not change with change in
moisture content. For hygroscopic materials, porosity changes with moisture content.
However, such changes during processing are complex due to consideration of bound water
and are typically not included in computations.

The distinction between porous and capillary-porous is based on the presence and size of
the pores. Porous materials are sometimes defined as those having pore diameter greater than
or equal to 10" m and capillary-porous as one having diameter less than 107 m. Porous and
capillary porous materials were defined as those having a clearly recognizable pore space.

In non-hygroscopic materials, the pore space is filled with liquid if the material is
completely saturated and with air if it is completely dry. The amount of physically bound
water is negligible. Such a material does not shrink during heating. In non-hygroscopic
materials, vapour pressure is a function of temperature only. Examples of non-hygroscopic
capillary-porous materials are sand, polymer particles and some ceramics. Transport materials
in non-hygroscopic materials do not cause any additional complications as in hygroscopic
materials.

In hygroscopic materials, there is large amount of physically bound water and the
material often shrinks during heating. In hygroscopic materials there is a level of moisture
saturation below which the internal vapour pressure is a function of saturation and
temperature. These relationships are called equilibrium moisture isotherms. Above this
moisture saturation, the vapour pressure is a function of temperature only and independent of
the moisture level. Thus, above certain moisture level, all materials behave non-hygroscopic.

Transport of water in hygroscopic materials can be complex. The unbound water can be
in funicular and pendular states. This bound water is removed by progressive vaporization
below the surface of the solid, which is accompanied by diffusion of water vapour through the
solid.

Examples of porous materials are to be found in everyday life. Soil, porous or fissured
rocks, ceramics, fibrous aggregates, sand filters, snow layers and a piece of sugar or bread are
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but just a few. All of these materials have properties in common that intuitively lead us to
classify them into a single denomination: porous media.

Indeed, one recognizes a common feature to all these examples. All are described as
“solids” with “holes”, i.e. presenting connected void spaces, distributed - randomly or quite
homogeneously - within a solid matrix. Fluid flows can occur within the porous medium, so
that we add one essential feature: this void space consists of a complex tridimensional
network of interconnected small empty volumes called “pores”, with several continuous paths
linking up the porous matrix spatial extension, to enable flow across the sample.

If we consider a porous medium that is not consolidated, it is possible to derive the
particle-size distribution of the constitutive solid grains. The problem is obvious when
dealing with spherical shaped particles, but raises the question of what is meant by particle
size in the case of an irregular shaped particle. In both cases, a first intuitive approach is to
start with a sieve analysis. It consists to sort the constitutive solid particles among various
sieves, each one having a calibrated mesh size. The most common type of sieve is a woven
cloth of stainless steel or other metal, with wire diameter and tightness of weave controlled to
produced roughly rectangular openings of known, uniform size. By shaking adequately the
raw granular material, the solid grains are progressively falling through the stacked sieves of
decreasing mesh sizes, i.e. a sieve column. We finally get separation of the grains as function
of their particle- size distribution that is also denoted by the porous medium granulometry.
This method can be implemented for dry granular samples. The sieve analysis is a very
simple and inexpensive separation method, but the reported granulometry depends very much
on the shape of the particles and the duration of the laboratory test, since the sieve will let in
theory pass any particle with a smallest cross-section smaller than the nominal mesh opening.
For example, one gets very different figure while comparing long thin particles to spherical
particles of the same weight.

The definition of a porous medium can be based on the objective of describing flow in
porous media. A porous medium is a heterogeneous system consisting of a rigid and
stationary solid matrix and fluid filled voids. The solid matrix or phase is always continuous
and fully connected. A phase is considered a homogeneous portion of a system, which is
separated from other such portions by a definitive boundary, called an interface. The size of
the voids or pores is large enough such that the contained fluids can be treated as a
continuum. On the other hand, they are small enough that the interface between different
fluids is not significantly affected by gravity.

The topology of the solid phase determines if the porous medium is permeable, i.e. if
fluid can flow through it, and the geometry determines the resistance to flown and therefore
the permeability. The most important influence of the geometry on the permeability is
through the interfacial or surface area between the solid phase and the fluid phase. The
topology and geometry also determine if a porous medium is isotropic, i.e. all parameters are
independent of orientation or anisotropic if the parameters depend on orientation. In multi-
phase flow the geometry and surface characteristics of the solid phase determine the fluid
distribution in the pores, as does the interaction between the fluids. A porous medium is
homogeneous if its average properties are independent of location, and heterogeneous if they
depend on location. An example of a porous medium is sand. Sand is an unconsolidated
porous medium, and the grains have predominantly point contact. Because of the irregular
and angular nature of sand grains, many wedge-like crevices are present. An important
quantitative aspect is the surface area of the sand grains exposed to the fluid. It determines the
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amount of water which can be held by capillary forces against the action of gravity and
influences the degree of permeability.

The fluid phase occupying the voids can be heterogeneous in itself, consisting of any
number of miscible or immiscible fluids. If a specific fluid phase is connected, continuous
flow is possible. If the specific fluid phase is not connected, it can still have bulk movement
in ganglia or drops. For single-phase flow the movement of a Newtonian fluid is described.
For two-phase immiscible flow, a viscous Newtonian wetting liquid together with a non-
viscous gas are described. In practice these would be water and air.

1.7. PORE-SIZE DISTRIBUTION IN POROUS STRUCTURE

A detailed description of the complex tri-dimensional network of pores is obviously
impossible to derive. For consolidated porous media, the determination of a pore-size
distribution is nevertheless useful. For those particular media, it is indeed impossible to
handle any particle-size distribution analysis.

One approach to define a pore size is in the following way: the pore diameter o at a
given point within the pore space is the diameter of the largest sphere that contains this point,
while still remaining entirely within the pore space. To each point of the pore space such a
“diameter” can be attached rigorously, and the pore-size distribution can be derived by

introducing the pore-size density function 9(5 ) defined as the fraction of the total void space

that has a pore diameter comprised betweend and S + do . This distribution is normalized
by the relation:

[olsrs =1 (1.17)
0
A porous structure should be:

* A material medium made of heterogeneous or multiphase matter. At least one of the
considered phases is not solid. The solid phase is usually called the solid matrix. The
space within the porous medium domain that is not part of the solid matrix is named
void space or pore space. It is filled by gaseous and/or liquid phases.

* The solid phase should be distributed throughout the porous medium to draw a
network of pores, whose characteristic size can vary greatly. Some of the pores
comprising the void space must enable the flow across the solid matrix, so that they
should then be interconnected.

« The interconnected pore space is often denoted as the effective pore space, while
unconnected pores may be considered from the hydrodynamic point of view as part
of the solid matrix, since those pores are ineffective as far as flow through the porous
medium is concerned. They are dead-end pores or blind pores, that contain stagnant
fluid and no flow occurs through them.
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A porous material is a set of pores embedded in a matrix of mostly solid material. The
pores are the voids in the material itself. Pores can be isolated or interconnected. Furthermore,
a pore can contain a fluid or a vapor, but it can also be empty. If the pore is completely filled
with the fluid, it will be called saturated and if it is partially filled, it will be called non-
saturated. So the porous material is primarily characterized by the content of its voids and not
by the properties of the material itself. Figure 1 gives a sketch of a porous material.

v water
air + vapor

pore space
solid matrix

Figure 1.1. A 2D sketch of a non-saturated porous material.

If the pores are not interconnected very well, the relaxation-time distribution of an
NMR(Nuclear Magnetic Resonance) spin-echo measurement can be interpreted in terms of a
pore-size distribution (PSD). For magnetically doped materials like clay and .red-clay this so-
called relaxometry technique gives a pore-size distribution between 100 nm and 100 um,
which is also the range of the majority of the pores in these materials. NMR (Nuclear
Magnetic Resonance) can be used for spectroscopy, because different nuclei resonate at
different frequencies and can therefore be distinguished from each other. Not only nuclei, but
also different isotopes can be distinguished. Since also the surrounding of the nucleus has an
effect on the exact resonance frequency, NMR spectroscopy is also used to distinguish
specific molecules. By manipulating the spatial dependence of the magnetic field strength and
the frequency of the RF excitation, the NMR sensitive region can be varied. This enables a
noninvasive measurement of the spatial distribution of a certain nucleus and is called NMR
Imaging (MRI).

In many NMR experiments it was noticed that liquids confined in porous materials
exhibit properties that are very different from those of the bulk fluid. The so-called
longitudinal (T1) and transverse (T2) relaxation time of bulk water, e.g., are on the order of
seconds, whereas for water in a porous material these times can be on the order of
milliseconds. The measurement of T1 and T2 in an NMR experiment is often called NMR
relaxometry. The transverse relaxation time is more sensitive to local magnetic field gradients
inside the porous material than the longitudinal relaxation time. This sensitivity can be used
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to measure the self-di.usion coe.cient of the liquid. The interpretation of the measured self-
diffusion coefficient of a confined liquid is often called NMR diffusometry.

Nuclear Magnetic Resonance is based on the following principle. When a nucleus is
placed in a static magnetic field, the nuclear spin _I will start to presses around this field,

since the magnetic moment g of the nucleus is related to the nuclear spin I (figure 2).

X

Figure 1.2. Larmor precession of a nuclear magnetic moment in a magnetic field.

The frequency of this precession motion is called the Larmor frequency:

4
=B 1.18
g 0 (1.18)

fi

where B, is the magnitude of the static magnetic field, which is usually taken aligned with

the z-axis, f, isthe Larmor frequency and y is the gyromagnetic ratio of the nucleus.

The NMR resonance condition (Eq. 1.18) states that the Larmor frequency depends
linearly on the magnetic field. Normally one starts to assume that the magnetic field in the
porous material is equal to the magnetic field generated by the experimental setup. This can
be either the magnetic field emerging from a permanent magnet, an electromagnet, or a
superconducting magnet. Frequently, an extra magnetic field gradient is added to the main
magnetic field. This magnetic field gradient is used to discriminate spins at a certain position
from spins at other positions. It is the basic principle of NMR Imaging (MRI). However, the
magnetic field inside the porous sample can deviate largely from the magnetic field applied
externally.

Because the magnetic susceptibility of the porous material differs from that of the
surrounding air, the magnetic field inside the porous sample will deviate from the magnetic
field that is present in the sample chamber or insert. Apart from this, the magnetic field in the
pores of the material may differ from that in the bulk matrix. Consider two media with a
different susceptibility. If the magnetic susceptibility of the sphere is larger (figure 3 on the
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left) than that of the environment, the magnetic field inside this sphere is larger than the
external magnetic field and the sphere is called paramagnetic. If, on the other hand, the
susceptibility of the sphere is smaller (figure 3 on the right) than that of the environment, the
magnetic field inside the sphere is smaller than the external magnetic field and the sphere is
called diamagnetic.

Figure 1.3. Disturbance of homogeneous magnetic field B0 by an object with different susceptibility.

Plotted are the magnetic field lines. On the left: a paramagnetic sphere; on the right: a diamagnetic
sphere.

The amount of water in a porous body such as the textiles at the EMC is defined as bound
water and it is absorbed by the textile fibers. When the textile is unable to absorb more water,
all excess water is defined as unbound moisture. The unbound moisture is often found as a
continuous liquid within the porous material.

Drying of porous media is accomplished by vaporizing the water and to do this the latent
heat of vaporization must be supplied. There are, thus, two important process-controlling
factors that enter into the process of drying:

(@) transfer of heat to provide the necessary latent heat of vaporization,

(b) movement of water or water vapour through textiles and then away from it to effect
separation of water.

1.8. BAsic FLOw RELATIONS IN POROUS BoDY

The motion of a fluid is described by the basic hydrodynamic equations, the continuity
equation

d,p+V (pu)=0 (1.19)

which expresses the conservation of mass, and the momentum equation
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3, (pu)+V(pu)=-Vp+V.r+pg (1.20)

which expresses the conservation of momentum. Here p is the fluid density, u the fluid

velocity, p the hydrostatic pressure, 7 the fluid stress tensor, and g the acceleration due to
external forces including e.qg. the effect of gravity on the fluid.
The equation for energy conservation can be written as

p%%+p®m)=v&VTyHb (1.21)

where T is temperature, k the coefficient of thermal conductivity of the fluid, @ the viscous
dissipation function, and the density of thermal energy U = l](p,T) is often approximated

such that dU ~ ¢,dT , where C, is the specific heat.

At low Reynolds numbers, the most important relation describing fluid transport through
porous media is Darcy’s law

q=-Xvp (1.22)
7

where q is the volumetric fluid flow through the (homogeneous) medium and k is the
permeability coefficient that measures the conductivity to fluid flow of the porous material.

1.9. TRANSPORT MECHANISMS IN POROUS MEDIA

The study of flow systems which compose of a porous medium and a homogenous fluid
has attracted much attention since they occur in a wide range of the industrial and
environmental applications. Examples of practical applications are: flow past porous scaffolds
in bioreactors, drying process, electronic cooling, ceramic processing, and overland flow
during rainfall, and ground-water pollution.

In the single-domain approach, the composite region is considered as a continuum and
one set of general governing equations is applied for the whole domain. The explicit
formulation of boundary conditions is avoided at the interface and the transitions of the
properties between the fluid and porous medium are achieved by certain artifacts. Although
this method is relatively easier to implement, the flow behavior at the interface may not be
simulated properly, depending on how the code is structured.

In the two-domain approach, two sets of governing equations are applied to describe the
flow in the two regions and additional boundary conditions are applied at the interface to
close the two set of equations. This method is more reliable since it tries to simulate the flow
behavior at the interface. Hence, in the present study, the two-domain approach, and the
implementation of the interface boundary conditions, will be considered.

Fluid flow in a porous medium is a common phenomenon in nature, and in many fields of
science and engineering. Important everyday flow phenomena include transport of water in
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living plants and trees, and fertilizers or wastes in soil. Moreover, there is a wide variety of
technical processes that involve fluid dynamics in various branches of process industry. The
importance of improving our understanding of such processes arises from the high amount of
energy consumed by them. In oil recovery, for example, a typical problem is the amount of
unrecovered oil left in oil reservoirs by traditional recovery techniques. In many cases the
porous structure of the medium and the related fluid flow are very complex, and detailed
studies of these flows pose demanding tasks even in the case of stationary single-fluid flow.
In experimental and theoretical work on fluid flow in porous materials it is typically relevant
to find correlations between material characteristics, such as porosity and specific surface
area, and flow properties. The most important phenomenological law governing the flow
properties, first discovered by Darcy, defines the permeability as conductivity to fluid flow of
the porous material. Permeability is given by the coefficient of linear response of the fluid to
a non-zero pressure gradient in terms of the flux induced.

Some of the material properties that affect the permeability, e.g. tortuosity, are difficult to
determine accurately with experimental techniques, which have been, for a long time, the
only practical way to study many fluid-dynamical problems. Improvement of computers and
the subsequent development of methods of computational fluid dynamics (CFD) have
gradually made it possible to directly solve many complex fluid-dynamical problems. Flow is
determined by its velocity and pressure fields, and the CFD methods typically solve these in a
discrete computational grid generated in the fluid phases of the system. Traditionally CFD has
concentrated on finding solution to differential continuum equations that govern the fluid
flow. The results of many conventional methods are sensitive to grid generation which most
often can be the main effort in the application. A successfully generated grid is typically an
irregular mesh including knotty details that follow the expected streamlines.

Transport in a porous media can be due to several different mechanisms. Three of these
mechanisms are often considered most dominant: molecular diffusion, capillary diffusion, and
convection (Darcy flow).

The Darcy law has been derived as follows: we consider a macroscopic porous medium
which has a cross section A and overall length L, and we impose an oriented fluid flow rate

Q , to flow through it .When a steady state is reached, the induced hydrostatic pressure

gradient ﬁp is related to(j by the vectorial formula :

Fluid dynamics (also called fluid mechanics) is the study of moving (deformable) matter,
and includes liquids and gases, plasmas and, to some extent, plastic solids. From a ’fluid-
mechanical’ point of view, matter can, in a broad sense, be considered to consist of fluid and
solid, in a one-fluid system the difference between these two states being that a solid can
resist shear stress by a static deformation, but a fluid can not . Notice also that
thermodynamically a distinction between the gas and liquid states of matter cannot be made if
temperature is above that of the so-called critical point, and below that temperature the only
essential differences between these two phases are their differing equilibrium densities and
compressibility.

K (= V.- K (A -
:—.(Vp—pf.g)c> Vi :—{—p—pf.g] (1.23)
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where @ is the acceleration of the gravity field, p, and x, are respectively the specific
mass and the dynamic viscosity of fluid, v, the filtration velocity over the cross section A.

Formula (1.23) defines a second order symmetrical tensor K, the permeability. It takes into
account the macroscopic influence of the porous structure from the “resistance to the flow”
point of view. The more permeable a porous medium is, the less it will resist to an imposed
flow. The permeability is an intrinsic property of the porous matrix, based only on

geometrical considerations, and is expressed in [m?]. The tensorial character of K reflects
the porous matrix anisotropy.

At the surface of the textile, two processes occur simultaneously in drying: heat transfer
from the air to the drying surface and mass transfer from the drying surface to the surrounding
air. The energy transfer between a surface and a fluid moving over the surface is traditionally
described by convection. The unbound moisture on the surface of the material is first
vaporised during the constant drying rate period.

Heat transfer by convection is described as

O('j—? =hAT, -T) (1.24)

where dQ/dt is the rate of heat transfer, h[W / mzK] is the average heat transfer coefficient

for the entire surface, A. Tg is the temperature of the material surface and T, is the air

temperature. The temperature on the surface is close to the wet bulb temperature of the air
when unbound water is evaporated .
A similar equation describes the convective mass transfer. The total molar transfer rate of

water vapour from a surface, dN, /dt [kmol/s], is determined by

dN,

dt = I’Tm A(CV,A _CV,S) (1-25)

where ﬁm [m/s] is the average convection mass transfer coefficient for the entire surface,
C,.a is the molar concentration of water vapour in the surrounding air and C, ¢ is the molar

concentration on the surface of the solid with the units of [kmol/m3]. During the constant
drying rate period the drying rate is controlled by the heat and/or mass transfer coefficients,
the area exposed to the drying medium, and the difference in temperature and relative
humidity between the drying air and the wet surface of the material (Bejan et al. 2004).

The average convection coefficients depend on the surface geometry of the material and
the flow conditions. The heat transfer coefficient, h , can be determined by the average

Nusselt number, Nu :

u=-— = f(Re,Pr) (1.26)
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where Kk, is the heat conductivity for the air and L is the characteristic length ofthe surface of

interest. NUu shows the ratio of the heat transfer that depends on convection to the heat
transfer that depends on conduction in the boundary layer. The Nusselt number is a function
of the Reynold number,Re, and the Prantdl- number,Pr. Pr is the relation between the
thickness of the thermal and the velocity boundary layers. If Pr=1, the thickness of the
thermal and velocity boundary layers are equal. For air Pr=0.7. To determine the mass

transfer coefficient, Hm , the average Sherwood-number, Sh is used:

Sh= b _ f (Re, Sc) (1.27)

AS

where D4 is the diffusion coefficient. Sh is a function of the Reynold number, Re, and the

Schmidt number, Sc, which is the relation between the thickness of the concentration and the
velocity boundary layers.

1.10. MOLECULAR DIFFUSION IN POROUS STRUCTURES

Water vapour in the porous media can move by molecular or Fickian diffusion if the
pores are large enough. Molecular diffusion is described by Fick's law

J = —D@ (1.28)
OX

Where D is the molecular diffusivity.

Flow in porous media plays an important role in many areas of science and engineering.
Examples of the application of porous media flow phenomena are as diverse as flow in
human lungs or flow due to solidification in the mushy zone of liquid metals.

Flow in porous media is difficult to be accurately modeled quantitatively. Richards
equation can give good results, but needs constitutive relations. These are usually empirically
based and require extensive calibration. The parameters needed in the calibration are amongst
others: capillary pressure and pressure gradient, volumetric flow, liquid content, irreducible
liquid content, and temperature. In practice it is usually too demanding to measure all these
parameters.

The description of the behavior of fluids in porous media is based on knowledge gained
in studying these fluids in pure form. Flow and transport phenomena are described analogous
to the movement of pure fluids without the presence of a porous medium. The presence of a
permeable solid influences these phenomena significantly. The individual description of the
movement of the fluid phases and their interaction with the solid phase is modeled by an up-
scaled porous media flow equation. The concept of up-scaling from small to large scales is
widely used in physics. Statistical physics translates the description of individual molecules
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into a continuum description of different phases, which in turn is translated by volume
averaging into a continuum porous medium description.

2. CASE STUDY

A mathematical model was developed for optimization of heat and mass transfer in
capillary porous media during drying process to predict the drying constants. The modeling
equations verified the experimental results and proved to be an important tool in predicting
the drying rate under different drying conditions. The importance of heat and mass transfer in
capillary porous materials like wood has increased in the last few decades due to its wide
industrial as well as research applications. In order to reduce moisture content in woods to a
level low enough, to prevent undesirable biochemical reactions and microbiological growth,
prolonged drying time and high temperature must often be used. In practice, several different
techniques are used; natural drying, vacuum drying, convectional convective drying, high
temperature convective drying, and more recently microwave drying [1].

Several physical mechanisms contribute to moisture migration during the process. For a
porous solid matrix, with free water, bound water, vapor, and air, moisture transport through
the matrix can be in the form of either diffusion or capillary flow driven by individual or
combined effects of moisture, temperature and pressure gradients. The predominant
mechanisms that control moisture transfer depend on the hygroscopic nature and properties of
the materials, as well as the heating conditions and the way heat is supplied. In this regard,
there is a need to assess the effects of the heat and mass transfer within the wood on the
transfer in the fluid adjacent to it.

There are three stages of drying: In the first stage when both surface and core MC are
greater than the FSP. Moisture movement is by capillary flow. Drying rate is evaporation
controlled. In the second stage when surface MC is less than the FSP and core MC is greater
than the FSP. Drying is by capillary flow in the core and by bound water diffusion near the
surface as fiber saturation line recedes into wood, resistance to drying increases. Drying rate
is controlled by bound water diffusion and finally in the third stage when both surface and
core MC is less than the FSP. Drying is entirely by diffusion. As the MC gradient between
surface and core becomes less, resistance to drying increases and drying rate decreases.

For wood, model developments have been based on either a mechanistic approach with
the transfer phenomena derived from Fick’s and Fourier’s laws, or on the principles of
thermodynamics and entropy production. These models may be divided into three categories:
(a) diffusion models [2], (b) models based on transport properties [3,4] and (c) models based
on both the transport properties and the physiological properties of wood related to drying
[5,6].

Drying adds value to timber but also costs money. Working out the complete cost of
drying is a complex process. Timber drying is a critical and costly part of timber processing.
Comparing the cost and effectiveness of drying systems and technology is an important
exercise, before drying systems are commissioned or are upgraded. Reduction in drying time
and energy consumption offers the wood industries a great potential for economic benefit. But
the reduction in drying time often results in an increase in drying related defects such as
checks, splits and warp.
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In previous work drying curves were fitted to four drying models and the goodness of fit
of each model (Correlation Coefficient and Standard Error) was evaluated [7]. The main aim
of this work is to find out a model for drying time and to predict the required time for drying
samples to desired moisture content. In the second part the forecast time is compared with the
theoretical approach. The predicted values by the theoretical model are compared with
experimental data taken under actual drying conditions to demonstrate the efficiency of the
predictive model.

A software tool “Trend Analysis” for analysis the time series was applied. Trend analysis
fits a general trend model to time series data and provides forecasts. S-curve is best fitted to
our drying case. The S-curve model fits the Pearl-Reed logistic trend model. This accounts for
the case where the series follows an S-shaped curve. The model is:

10°
b, +bp! 1)

This tool is useful when we have dried the wood to moisture content not near to 30% and
then predict the time needed to dry it completely.

Minitab computes three measures of accuracy of the fitted model: MAPE, MAD, and
MSD for each of the simple forecasting and smoothing methods. For all three measures, the
smaller the value, the better the fit of the model. These statistics are used to compare the fits
of the different methods.

Mean Absolute Deviation (MAD) measures the accuracy of fitted time series values. It
expresses accuracy in the same units as the data, which helps conceptualize the amount of
error:

Z|yt - yt|
MAD :‘:1T (2.2)

Where Y, equals the actual value at time Y, equals the fitted value, and n equals the number

of observations.
Mean Absolute Percentage Error (MAPE) measures the accuracy of fitted time series
values. It expresses accuracy as a percentage.

(yt _yt)
Z Yi

MAPE = x100 (y, #0) (2.3)

Where Yy, equals the actual value at time )7t equals the fitted value, and n equals the number
of observations.
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MSD stands for Mean Squared Deviation. MSD is always computed using the same
denominator, n, regardless of the model, so we can compare MSD values across models.
MSD is a more sensitive measure of an unusually large forecast error than MAD.

n 2
Z|yt - 9t|
MSD =% (2.4)

Where Y, equals the actual value, t equals the forecast value, and n equals the number of
forecasts.

2.1. GOVERNING EQUATIONS

Heat and mass transfer in a body take place simultaneously during the drying process.
The time required to go from an initial moisture content,U ,, to a certain value U is given
in[8]:

-4 202 _
(__ 16x10°S's] Log| .1 Uy -V, 2.5)
(42D,S? + 4% D,S?) U -U

eq

14}, can be defined as:

1
Hiy = 1 (2.6)
7+7
7* B

Where B, is the dimensionless constant called the “bio-criterion “of the sample:

B = AR (2.7)
DI

Where R, is half of the length of the rod, | is any of the two coordinates x,y, S, x Sy is the

width and thickness of sample, ¢, is the coefficient of moisture exchange(m/s), D, is the

moisture diffusion coefficient( m? /s) which can vary in each of the different directions for the
wood sample.
The value I'; is determined as:
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_— 2B} 2.8)
= 2(Rp2 2 '
ﬂ|1(B| +B, +ﬂ|1)
and an average dimensionless moisture content Ez is:
_ U-u
E,=—% (2.9)
UO _Ueq
U, is the equilibrium moisture content of the wood.
Another theoretical approach is presented by [9]:
65S° ‘D U,-U
t=— |1+ 7 = |jog——* (2.10)
D10 205 u-u,

Where D is the average diffusion coefficient and S is the average length of the dimensions
of specimens.

2.2. EXPERIMENTAL

Experimental material was obtained from two types of wood species, Guilan spruce and
pine. The wood specimens were selected from Guilan region which is located in the north of
Iran. The experiments were performed in a programmable domestic microwave drying system
(Deawoo, KOC-1B4Kk) with a maximum power output of 1000 W at 2450MHz. Samples were
dried in four methods: convection drying (150°C), microwave drying (270 W), infrared
drying (100% power) and combination of microwave and convection drying. The dryer was
run without the sample placed in, for about 30 min to set the desired drying conditions before
each drying experiment. Throughout the experimental run the sample weights were
continuously recorded at predetermined time intervals until wood reached to 30% of its
moisture content.

2.3. RESULTS AND DISCUSSION

Figure 1-8 show the graphs moisture content variation against drying time, the model and
the forecasted time for the four methods of drying on pine and Guilan spruce. Drying time is
estimated to a moisture content of 14%. Results are relatively in a good agreement with
drying curves. Just in some cases in heating up period this model didn’t fit the experimental
data closely. Heat is transferred by convection from heated air to the product to raise the
temperatures of both the solid and moisture that is present. Moisture transfer occurs as the
moisture travels to the evaporative surface of the product and then into the circulating air as
water vapor. The heat and moisture transfer rates are therefore related to the velocity and
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temperature of the circulating drying air. Moreover, the momentum transfer may take place
simultaneously coupled with heat and moisture transfer. Convective drying at intermediate
temperatures has proved to be very effective from the economical point of view, thanks to the
short drying time, the reduced sizes of the Kkilns, and the better control of the energy
consumption and the possibility of a good integration in the production line.

Infrared energy is transferred from the heating element to the product surface without
heating the surrounding air. When infrared radiation is used to heat or dry moist materials, the
radiation impinges the exposed material, penetrates it and the energy of radiation converts
into heat. Since the material is heated intensely, the temperature gradient in the material
reduces within a short period the depth of penetration of radiation depends upon the property
of the material and wavelength of radiation. Further by application of intermittent radiation,
wherein the period of heating the material is followed by cooling, intense displacement of
moisture from core towards surface can be achieved.
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Figure 2.1. Moisture content vs. time for pine, (Convection drying).
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Figure 2.2. Moisture content vs. time for pine, (Infrared drying).
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Figure 2.3. Moisture content vs. time for pine, (Microwave drying).

Microwave drying generate heat from within the grains by rapid movement of polar
molecules causing molecular friction and help in faster and more uniform heating than does
conventional heating. It should be pointed out that by variation of drying conditions (i.e. air
temperature, humidity and air velocity) within a lumber stack, it is expected that the drying
rate and the moisture content distribution varies as well [10].
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Figure 2.4. Moisture content vs. time for pine, (Combined dryer).
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Figure 2.5. Moisture content vs. time for spruce, (Convection drying).
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Figure 2.6. Moisture content vs. time for spruce, (Microwave drying).
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Figure 2.7. Moisture content vs. time for Spruce, (Infrared drying).
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Figure 2.8. Moisture content vs. time for spruce, (Combined dryer).
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The method of drying, type of samples, Mean Absolute Deviation, Mean Absolute
Percentage Error, Mean Squared Deviation of these models used for moisture content change
with time are presented in table 2.1.

Table 2.1. Results of fitness

Type of Drying MAPE MAD MSD
Samples methods

Convection | 0.341876 | 0.221418 | 0.080966
pine Microwave | 1.08315 0.86600 2.08191
Infrared 1.07610 0.83372 2.51506
Combined 1.26813 1.00335 3.72067

Convection | 1.61692 1.16996 4.21973
spruce Microwave | 4.8156 3.3411 33.2286
Infrared 0.638023 | 0.420579 | 0.342695
Combined 2.46335 1.63377 9.40387

It is clear that the MAPE, MAD, MSD values of this model were changed between 0.34-
4.8, 0.22-1.63 and 0.08-33.22 respectively. As it can be seen for pine samples the convection
method has a better fitness to the model and for spruce infrared drying model fitted the
experimental data properly.

The estimated values are based on data from [11] and can be conveniently used for
theoretical approach are shown in table 2.2,

It was assumed that the diffusion coefficient bellow FSP can be represented by [11]:

-5280  Bu
D=Ae T gl® (2.11)

Where T is the temperature in Kelvin, u is percent moisture content, A and B are
experimentally determined.

Drying time is calculated from theoretical approach and evaluated model. Results show
that real time had best agreement with which was obtained from equation (10) while there
was a significant difference between real time and the one obtained from equation (5). Some
authors have assumed that the diffusion coefficient depends strongly on moisture content [12-
14] while others have taken the diffusion coefficient as constant [15-18]. Also, different
boundary conditions have been assumed by different authors [19-22]. But Liu. et al concluded
that the diffusion coefficient is a function of time, position, moisture content, and moisture
gradient, which is at variance with assumptions in the literature that the diffusion coefficient
is either a constant or a function of moisture content only [23].The difference in drying time
may be due to the fact that diffusion coefficient was assumed to be the same in tangential and
radial direction. So this assumption can’t be used for equation (5). The same calculation can
be done for other drying methods to predict the drying time.
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Table 2.2. Set of data selected for this study

Specifications value Reference
S, 2.9cm [11]
Sy 10.2cm [11]

u, 82.5% [11]

16.2% 11
ueq 0 [11]

a 19% [11]

T 316.15K [11]

o 0.787x10°cm/s [11]

D 8.711x10%cm/s Equation(11)
/Bx 1.3099 Equation(7)
IB 4.6072 Equation(7)

y
1, 0.925 Equation(6)
A, 1.2676 Equation(6)
rx 0.99 Equation(8)
ry 0.985 Equation(8)

A 11.7cm?/s [11]

B 3.14cm?/s [11]

t 213hr Equation(5)

t 557.32hr Equation(10)

t 420hr Trend

analysis
t (real time) 550hr [11]

2.4. CONCLUSION

Selection of the optimum operating conditions to obtain good quality dried products
requires knowledge of the effect of the process parameters on the rate of internal-external
mass transfer. High temperature heat treatment of wood is a complex process involving
simultaneous heat, mass and momentum transfer phenomena and the effective models are
necessary for process design, optimization, energy integration, and control.

Infrared heating offers many advantages over conventional drying under similar drying
conditions. These results in high rate of heat transfer compared to conventional drying and the
product is more uniformly heated rendering better quality characteristics. Microwave drying
offers a number of advantages such as rapid heating, selective heating and self-limiting
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reactions which in turn can lead to improved quality and product properties, reduced
processing time, and energy consumption and labor savings.

For pine samples the convection method has accurate result to the model and for spruce
infrared drying model fitted the experimental data properly, thus their model was found to be
adequate in predicting drying time of wood samples under different drying methods. The
principle reason for drying wood at higher temperatures is because the rate of diffusion
increases with the temperature. Water molecules generally diffuse from a region of high
moisture content to a region of low moisture content, which reduces the moisture gradient and
equalizes the moisture content. Diffusion plays an important role in the drying of lumber, at
all moisture content with impermeable timbers and in permeable timber wherever the
moisture content is too low for hydrodynamic flow of water through the lumens. Diffusion
coefficient is influenced by the drying temperature, density and moisture content of timber.
Other factors affecting the diffusion coefficient that are yet to be quantified are the species
(specific gravity) and the growth ring orientation.
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