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Abstract: Vegetable fibers have inspired studies in academia and industry, because of their good
characteristics appropriated for many technological applications. Sisal fibers (Agave sisalana variety),
when extracted from the leaf, are wet and must be dried to reduce moisture content, minimizing
deterioration and degradation for long time. The control of the drying process plays an important role
to guarantee maximum quality of the fibers related to mechanical strength and color. In this sense,
this research aims to evaluate the drying of sisal fibers in an oven with mechanical air circulation.
For this purpose, a transient and 3D mathematical model has been developed to predict moisture
removal and heating of a fiber porous bed, and drying experiments were carried out at different
drying conditions. The advanced model considers bed porosity, fiber and bed moisture, simultaneous
heat and mass transfer, and heat transport due to conduction, convection and evaporation. Simulated
drying and heating curves and the hygroscopic equilibrium moisture content of the sisal fibers are
presented and compared with the experimental data, and good concordance was obtained. Results
of moisture content and temperature distribution within the fiber porous bed are presented and
discussed in details. It was observed that the moisture removal and temperature kinetics of the
sisal fibers were affected by the temperature and relative humidity of the drying air, being more
accentuated at higher temperature and lower relative humidity, and the drying process occurred in a
falling rate period.

Keywords: mass; heat; sisal fiber; experimental; simulation

1. Introduction

Vegetable fibers originate from plants and, basically, are composed of a solid skeleton
and pores filled with fluid. The major components of these materials are cellulose, hemicel-
lulose and lignin, with minor percentages of pectin, proteins, wax, inorganic salts and other
water-soluble substances. Based on the cultivation region, soil type and climatic conditions,
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the chemical composition of vegetable fibers present some differences in values [1]. In
Brazil, there are large varieties of vegetable fibers, for example: caroá, macambira, curauá,
pineapple leaf, jute, cotton, and sisal.

Sisal (Agave sisalana perrine) is a plant cultivated in semiarid regions, resistant to
aridity and strong solar irradiation. The leaf of sisal contains about 4% fiber, 1% film
(cuticle), 8% dry matter and 87% water. After the fiber is extracted, the rest of the materials
are processing waste, frequently used for different purposes, for example, as organic
fertilizer, animal feed and by the pharmaceutical industry [2,3].

The sisal fiber when extracted from the leaf is moist. Thus, these biological materials
must be dried, in order to avoid deterioration and to be used for most purposes. Green sisal
fibers have a color that varies from white to light yellow, but it soon becomes discolored,
turning a creamy-white or dark yellow, when submitted to intense heating for long time.
However, the sisal fiber processing is responsible for more than half a million direct
or indirect jobs, such as, activities of crop maintenance, harvesting, leaf cutting, fiber
shredding and processing [2]. After processing, the sisal fibers are commonly used in
different industrial sectors, such as in the automotive industry, replacing synthetic fibers,
and as reinforcement in polymer composite materials. The vast application field of these
fibers is due to their various advantages, such as low cost, low density, high specific strength
and stiffness, low abrasiveness to process equipment, biodegradability, nontoxicity and
nonpollution, significant reduction of environmental problems. Mainly they originate
from renewable sources and are found in many regions in the world [4–7]. Despite the
large advantages, these fibers are very susceptible to moisture and temperature actions,
which strongly affect their mechanical properties, mainly when used as reinforcement in
polymer composite.

Drying is a complex and coupled phenomenon of heat and mass transfer, momentum
and sometimes dimensional variations [8]. The drying process control of sisal fibers plays
an important role in obtaining the optimized drying conditions. The idea is to reduce
product losses and increase energy saving.

According to literature, sisal fiber drying is realized currently by putting the fibers
into the oven; however, the monitoring of the moisture and temperature transient behavior
along the process is a secondary goal. However, severe changes in the temperature and
moisture inside the fibers generate hydric-thermo-mechanical stresses which can cause
fiber deterioration, rupture and weakness in the material. Thus, to adequately control
drying process is important.

Unfortunately, few works about drying of sisal fibers have been reported in the
literature. These works, the majority is focused in experiments [9–12] while others are
dedicated to theoretical analysis by using analytical and numerical procedures [13–20].

Ferreira et al. [9] reported that the cellulose polysaccharide chains are more tightly
arranged after moisture removal during drying and, consequently, the microfibrils come
together in the dry state as a result of increased packaging. Besides, according to the
authors, fiber voids are significantly reduced as consequence of the drying process, and
cannot be completely reopened with rehumidification process. The minor water absorption
rate minimizes the fiber dimensional changes, resulting in larger fiber dimensional stability.

Santos et al. [10] evaluated the effects of convective drying (in oven) on the mechanical
properties of sisal fibers. In this research, they studied the moisture loss and heating
processes, and the effect of the drying air conditions on the mechanical properties of these
materials. According to the authors, air temperature ranging from 60 to 105 ◦C significantly
affected not the tensile mechanical properties, elongation at rupture and modulus of
elasticity of the sisal fibers, but caused discoloration.

Work by Ghosh [12] indicates that artificial drying of sisal fiber, after decortication and
squeezing to remove free water, currently is realized in dryers at air temperature ranging
from 100–110 ◦C. However, according to the author, sisal fiber can be dried at temperature
of around 180 ◦C, and inevitable problem such as discoloration can be minimized by
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adequately controlling drying time and temperature. In this way, it is possible to obtain
products with an acceptable quality level.

Diniz et al. [13], in their research related to the drying of sisal fibers, proposed lumped
mathematical models to predict the transient behavior of the average moisture content
and surface temperature, and also, the equilibrium moisture content of vegetable fiber as a
function of the drying air temperature and water vapor concentration in the fiber porous
bed. According to the authors, predicted results were in good fit with experimental data;
for all drying conditions used correlation coefficients greater than 0.99 were obtained, and
thus, was shown the potential of the proposed models to appropriately predict the drying
process of sisal fiber, and other related materials.

Nordon and David [17] studied the coupled diffusion of heat and moisture in hygro-
scopic textile materials. The authors presented a 1D-numerical solution of the governing
equations by finite differences, based on the “double scan” method for the nonlinear differ-
ential equations. The study was applied to wool, as an example of hygroscopic material
and showed that the moisture transfers from the air to the wool and from the wool to the
air are not symmetrical processes. According to the authors, the method does not predict
the physical problem adequately.

Haghi [18] studied the simultaneous heat and moisture transfer in porous systems.
For this purpose and based on the model reported by Nordon and David (1967) [17], the
authors developed a one-dimensional mathematical model and its numerical solution using
the finite difference method. The effects of operational parameters, such as temperature
and moisture in the dryer, the initial moisture content of the porous material and the mass
and heat transfer coefficients are examined using this model. The aim of this study was to
describe adequately the heat and mass transfer during convective drying. According to
the authors the proposed model can be used to predict transient variations in temperature
distribution and moisture content in fabrics with reasonable accuracy.

Xiao et al. [19] and Xiao et al. [20] reported studies about mass transfer (imbibition
process) in fibrous porous media using the fractal theory including surface roughness.
The global model is based on the capillary theory (Hagen–Poiseuille model and Kozeny-
Carman equation), assuming that the porous media is formed by a numbers of capillaries
tubes. According to the authors, the proposed model predicts adequately the physical
mechanisms of fluid transport inside fibrous porous media, and it contains no empirical
constant, as commonly required for different models.

As already mentioned in previous comments, different distributed models have been
reported in the literature applied to heat and/or mass transfer in fibrous porous media;
however, restricted to one-dimensional approaches, no works used the finite volume
technique for numerical solution of the governing equations. Then, in complement to
these studies, this work aims to study the drying of sisal fibers in an oven using a 3D
advanced mathematical modeling that considers the coupled phenomena of heat and mass
transport inside the material, including fiber bed porosity and sorption heat. Here, the
finite-volumes numerical method has been used to solve the governing equations. The
idea is to assist engineers, industrials and academics in a rigorous understanding of the
dominant mechanisms involved in the diffusion process occurring in the drying process.

2. Methodology
2.1. Mathematical Modeling
2.1.1. Geometry and the Physical Problem

In this paper, the physical problem consists in predicting the moisture and heat
transfer within a wet fibrous medium in the shape of a rectangular prism, as illustrated in
the Figure 1. The fibrous medium is formed by a series of rigid and nonreactive fibers. In
the drying process, hot air flows around the porous bed supplying heat to the wet fibers.
The physical effect is to evaporate water inside the fiber, to heat the fibers, and to remove
the water in the vapor phase. Water molecules in the vapor phase are free to move between
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the voids through the fiber bed, and to be absorbed or desorbed by the fibers. Volume
variations provoked by water removal and heating of the fiber are not considered.
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2.1.2. The Governing Equations
Vapor Diffusion Equation

To predict the water vapor concentration behavior inside the fiber bed along the
drying process, the following equation was considered:

[ε+ (1− ε)ρs σ]
∂C
∂t

=

[
∂

∂x

(
D

∂C
∂x

)
+

∂

∂y

(
D

∂C
∂y

)
+

∂

∂z

(
D

∂C
∂z

)]
+ (1− ε)ρs β

∂T
∂t

, (1)

where σ and β are constants from the equilibrium equation; ε is the porosity; ρs is the
fiber density; C is the water vapor concentration (interfibers); T is the temperature, and
t is the time. The parameter D = εD′ and D′ represents the vapor diffusion coefficient
within the fibrous medium. In Equation (1), it is clear the effect of heat transfer in the mass
transfer phenomenon.

In the model, the following initial and boundary conditions were adopted:

• Initial condition:

C(x, y, z, t = 0) = Co, (2)

• Boundary conditions:

−D
∂C
∂x

∣∣∣∣
x=R1

= hmx
(
C−Ceq

)
, ∀(x = R1, y, z, t > 0); (3)

−D
∂C
∂y

∣∣∣∣
y=R2

= hmy
(
C−Ceq

)
, ∀(x, y = R2, z, t > 0); (4)

−D
∂C
∂z

∣∣∣∣
z=R3

= hmz
(
C−Ceq

)
, ∀(x, y, z = R3, t > 0). (5)

Heat Conduction Equation

To predict the temperature of the fibers bed along the drying process, the following
energy equation was used:

ρ(cP + hsβ)
∂T
∂t

=

[
∂
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(
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∂
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, (6)

where cp is the specific heat; K is the thermal conductivity; hs is the enthalpy and, T is the
temperature. In Equation (6), it is considered that the energy of the wet air inside the fiber
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bed is negligible compared to the energy of the fibers. In Equation (6), the effect of mass
transfer in the heat transfer phenomenon is clear.

• Initial condition:

T(x, y, z, t = 0) = To. (7)

• Boundary conditions for heat transfer:

−K
∂T
∂x

∣∣∣∣
x=R1

= hcx
(
T− Teq

)
, ∀(x = R1, y, z, t > 0); (8)

−K
∂T
∂y

∣∣∣∣
y=R2

= hcy
(
T− Teq

)
, ∀(x, y = R2, z, t > 0); (9)

−K
∂T
∂z

∣∣∣∣
z=R3

= hcz
(
T− Teq

)
, ∀(x, y, z = R3, t > 0). (10)

Λ Equilibrium Equation

According to Crank [21], the following equilibrium equation was considered:

M = α+ σC− βT, (11)

where M is the moisture absorbed per unit mass of fiber (kgvapor/kgdry fiber), and α, σ and
β are constants, that can be obtained by fitting to experimental data.

From Equation (11), it is possible to obtain the following derivative:

∂M
∂t

= σ
∂C
∂t
− β∂T

∂t
(12)

The average value of the potential of interest can be determined as follows:

Φ =
1
V

∫
V

ΦdV, (13)

where Φ can be C, T or M (Equation (11)) and V is the volume of the fibrous medium.

2.2. Numerical Procedure

Equations (1) and (6) are highly nonlinear differential equations. Thus, exact solutions
of these equation isn´t possible. Thus, in this paper, these equations are solved using the
finite-volume method [22–24]. In the discretization process, the following assumptions
were adopted:

(a) The solid is homogeneous and isotropic;
(b) The only mechanism of water transport within the solid is diffusion;
(c) The thermophysical parameters are constant along the drying process;
(d) The diffusion coefficient is constant along the drying;
(e) Convective mass and heat transfer coefficients are constant along the drying.

Due to the geometric shape (rectangular prism), it is possible to numerically solve the
physical problem treated here using only one symmetrical part of the domain, as illustrated
in Figure 2. In Figure 3 is shown the computational domain utilized in the discretization
process of the governing equation.
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Based on the Figure 3, and integrating Equation (1) into volume and time, the following
linear algebraic equation is obtained for the internal control volumes P:

ApCP = AeCE + AwCW + AnCN + AsCS + AfCF + AbCB + B, (14)

where,

Ap = [ε+ (1− ε)ρs σ]
∆x∆y∆z

∆t
+ DC

e
∆y∆z
δxe

+ DC
w

∆y∆z
δxw

+ DC
n

∆x∆z
δyn

+ DC
s

∆x∆z
δys

+ DC
f

∆x∆y
δzf

+ DC
b

∆x∆y
δzb

, (15)

Ae = DC
e

∆y∆z
δxe

, (16)
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Aw = DC
w

∆y∆z
δxw

, (17)

An = DC
n

∆x∆z
δyn

, (18)

As = DC
s

∆x∆z
δys

, (19)

Af = DC
f

∆x∆y
δzf

, (20)

Ab = DC
b

∆x∆y
δzb

, (21)

B = [ε+ (1− ε)ρs σ]
∆x∆y∆z

∆t
C0

P + SC ∆x∆y∆z. (22)

For boundary volumes, the integration process of the governing equation is similar,
as described for the internal points. However, must be considered the existing boundary
conditions. For example, considering the symmetry condition, the mass fluxes in the west,
back and south faces are null, i.e., C′′w = 0, C′′b = 0 and C′′s = 0, as illustrated in Figure 4.
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δyn

, (27)

As = KT
s

∆x∆z
δys

, (28)

Af = KT
f

∆x∆y
δzf

, (29)

Ab = KT
b

∆x∆y
δzb

, (30)

B =
ρ(cP + hsβ) ∆x∆y∆z

∆t
T0

P + ST ∆x∆y∆z. (31)
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In the discretized form, Equation (6) applied to vapor concentration assumes the form:

C =
1
V

npx−1

∑
i=2

npy−1

∑
j=2

npz−1

∑
k=2

Cijk∆V′ijk , (32)

where,

V =
npx−1

∑
i=2

npy−1

∑
j=2

npz−1

∑
k=2

∆V′ijk , (33)

where i, j and k define the position nodal point, ∆V′ijk = ∆x∆y∆z is the volume of the
elemental volume, and npx-2, npy-2, and npz-2 are the number of control volumes in the x,
y, and z directions, respectively.

To solve iteratively (Gauss–Seidel method) the systems of algebraic equations origi-
nated from the Equations (14) and (23) as applied for all control-volume, a computational
code using Mathematica® software was developed. In the numerical treatment, the follow-
ing convergence criterion was used at each nodal point and process time:∣∣∣Φn+1 −Φn

∣∣∣ ≤ 10−8, (34)

where Φ can be C or T, and n represents the nth iteration at each time point. Simulations
were performed using a numerical mesh of 20 × 20 × 20 nodal points and ∆t = 20s, which
were obtained after a rigorous mesh and time step refining study.

2.3. Experimental Study

In this work, sisal fibers (Agave sisalana variety) were used in the drying experiments.
The wet fibers were obtained in a farm located close to the town of Pocinhos, State of
Paraiba, Brazil. The fibers were submitted to drying in oven with forced air circulation
at different operating conditions. In Figure 5 is shown the sisal fibers bed used in the
experiment. Table 1 summarizes information about the fiber and drying air.
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Table 1. Experimental conditions of air and sisal fiber.

Air Fibrous Medium Process Time

RH
(%)

T
(◦C)

v
(m/s)

2R1
(m)

2R2
(m)

2R3
(m)

Mo
(d.b.)

Meq
(d.b.)

To
(◦C)

Tf
(◦C)

t
(h)

17.52 50 0.05 0.1 0.05 0.1 0.11327 0.03837 29.8 46.3 7.7
11.04 60 0.06 0.1 0.05 0.1 0.11118 0.02606 29.8 56.6 6.7
6.89 70 0.07 0.1 0.05 0.1 0.11148 0.02015 31.5 67.3 5.7
4.19 80 0.08 0.1 0.05 0.1 0.11030 0.01390 29.6 76.3 5.0
3.28 90 0.09 0.1 0.05 0.1 0.11342 0.00525 30.4 87.4 4.7

In each drying experiments, the sample were withdraw from the oven periodically. In
each step, the mass of was evaluated using a digital electronic device (0.001 g precision),
and the surface temperature was measured using an infrared thermometer. These measure-
ments were taken every 5 min (about 30 min), after 10, 15, 20, 25 and 30 min time intervals.
After this period, the measurements were taken every 60 min until that constant mass was
reached. Following that, the sample was dried for 24 h at the same drying temperature, in
order to obtain the sample mass at the equilibrium condition, and then for a further 24 h
at 105 ◦C to obtain the dried sample mass. Furthermore, at every measurement instant,
temperature and relative humidity of the air outside of the oven were measured. This
information was used to calculate air relative humidity inside the oven. In each drying
experiments, air velocity inside the oven was measured using a hot wire anemometer.
Figure 5 illustrates the point where surface temperatures were taking.

2.4. Parameters Estimation
2.4.1. Transport Coefficients

In this research, the estimation of the mass diffusion coefficient and convective heat
and mass transfer coefficients was performed using the least square error technique. Devia-
tions between experimental and predicted values and variance were determined by [25]:

ERMQ =
n

∑
i=1

(
Φi, Num −Φi, Exp

)2, (35)

S 2
=

ERMQ
(n− n̂)

, (36)

where n is the number of experimental points, n̂ is the number of fitted parameters, and Φ
can be M or T.

The initial guess of the convective heat transfer coefficient was determined by common
correlations for the average Nusselt, Reynolds and Prandtl numbers [26], applied to air
flowing over a plane plate by:

h′cj =
Nuj × k

Rj
, (37)

where, Nuj = 0.664× Rej
1
2 × Pr

1
3 , Rej =

ρ×v×Rj
µ , k is the air thermal conductivity and

j = 1,2 and 3 (Figure 2), valid in the intervals 5× 105 < Re ≤ 1× 108.
The initial guess of the convective mass transfer coefficient applied to the air was

determined by common correlations for average Sherwood numbers and Schmidt, by [26]:

h′mj =
Shj ×DAB

Rj
, (38)

where, Shj = 0.664× Rej
1
2 × Sc

1
3 and DAB is the diffusivity of water vapor in the air.
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2.4.2. Equilibrium Equation

Considers the Equation (11) re-written in the form:

M = a1 + a2 × T, (39)

where a1 = α+ σ×C and a2 = −β.
With the values of Teq and Meq for each experimental condition, a linear fit of

Equation (39) to the experimental data was performed by the quasi-Newton method using
the Statistica® Software (convergence criterion 9.9 × 10−5). After this statistical procedure
the values of the parameters a1 and a2 were obtained.

On the other hand, considering the drying air as an ideal gas, the air density inside
the fibrous bed was calculated by:

ρair =
P

R× Tabs
, (40)

where P is the atmospheric pressure, ρair is the air density, R is the particular gas constant
(atmospheric air), and Tabs is the absolute temperature of the drying-air.

Then, from Equation (40), the equilibrium water vapor concentration between the
fibers, can be determined by:

Ceq = ρair ×AH, (41)

where AH is the air absolute humidity on the voids of the porous bed.

2.4.3. Estimation of the Fiber and Sample Parameters

The apparent density of the fiber bed was calculated by:

ρsample =
mfiber
Vsample

, (42)

where V = 2R1 × 2R2 × 2R3 is the volume of the fiber bed.
To obtain the bed porosity, the following equation was used:

ε = 1− Vfiber
Vsample

, (43)

where Vfiber = N × L × πd2

4 is the total volume of fibers, L and d, are the length and
diameter of the sisal fiber, respectively, and N represents the number of fibers (Figure 6).
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The parameters thermal conductivity and specific heat of the fiber bed were deter-
mined as follows:

ksample = (1− ε)× kfiber + ε× kair, (44)

and
cpsample = (1− ε)× cpfiber + ε× cpair (45)

Table 2 summarizes the geometrical data of the fiber and samples before drying [11,13–16].

Table 2. Geometrical parameters of the fibers and porous bed before drying for different drying conditions.

T
(◦C)

Fiber Length
(m)

* Fiber Diameter
(µm)

** Fiber Volume
(nm3)

Numbers of
Fibers/Sample

(—)

Vfiber
(m3)

Vsample

(m3)
ε

(—)

50 0.1 247 4.789 8539 40.895 × 10−6 5.00 × 10−4 0.918
60 0.1 247 4.789 8190 39.224 × 10−6 5.00 × 10−4 0.922
70 0.1 247 4.789 8490 40.660 × 10−6 5.00 × 10−4 0.919
80 0.1 247 4.789 8627 41.316 × 10−6 5.00 × 10−4 0.917
90 0.1 247 4.789 8869 42.475 × 10−6 5.00 × 10−4 0.915

* Santos [15], ** Calculated by equation.

2.5. Thermophysical Properties of the Materials
2.5.1. For Drying Air

Tables 3 and 4 present some drying air parameters at atmospheric pressure for each ex-
periments.

Table 3. Air parameters at atmospheric pressure for different drying conditions.

T
(◦C)

Parameter

ρair(
kg/m3) kair

(W/m·K)
µair(

N·s/m2) AHair
(kgvapor /kgdry air)

AHair, sat
(kgvapor /kgdry air)

50 1.0835 0.0269 19.054 × 10−6 0.01363 0.0863
60 1.0508 0.0276 19.509 × 10−6 0.01387 0.1524
70 1.0204 0.0283 19.966 × 10−6 0.01354 0.2765
80 0.9921 0.0290 20.427 × 10−6 0.01247 0.5464
90 0.9637 0.0296 20.847 × 10−6 0.01449 1.3990

DAB(
m2/s

) cp
(kJ/kg K)

hs
(kJ/kg)

Pr
(—)

Sc
(—)

50 28.06 × 10−6 1.0331 2382.90 0.73210 0.62671
60 29.60 × 10−6 1.0335 2358.34 0.73123 0.62726
70 31.17 × 10−6 1.0335 2333.26 0.73016 0.62774
80 32.78 × 10−6 1.0328 2307.62 0.72884 0.62818
90 34.42 × 10−6 1.0348 2281.39 0.72877 0.62855
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Table 4. Air dimensionless parameters at atmospheric pressure for different drying conditions.

Dimensionless
Parameter

T (◦C)

50 60 70 80 90

Rex 142.1625 134.6619 127.7713 121.4225 115.5627
Rey 71.0812 67.3309 63.8856 60.7112 57.7813
Rez 142.1625 134.6619 127.7713 121.4225 115.5627
Nux 7.13539 6.94186 6.75860 6.58460 6.42355
Nuy 5.04548 4.90864 4.77905 4.65601 4.54213
Nuz 7.13539 6.94186 6.75860 6.58460 6.42355
Shx 6.77511 6.59588 6.42655 6.26630 6.11445
Shy 4.79072 4.66399 4.54425 4.43094 4.32357
Shz 6.77511 6.59588 6.42655 6.26630 6.11445

2.5.2. For Water and Fiber

Table 5 presents some fibrous medium parameters for different drying experiments.

Table 5. Sisal fiber parameters and sample for different drying conditions [11,13–16].

T (◦C)
Parameter

Co
(kgvapor/m3)

Ceq
(kgvapor/m3)

ρsample
(kg/m3)

ρfiber
(kg/m3)

50 0.04146 0.01482 83.088 1450.00
60 0.04052 0.01458 74.960 1450.00
70 0.04125 0.01381 81.956 1450.00
80 0.04005 0.01439 85.138 1450.00
90 0.4174 0.01403 90.782 1450.00

cpsample
(J/kg·K)

cpfiber
(J/kg·K)

ksample
(W/m·K) kfiber (W/m·K)

50 960.8454 149.65 0.03017 0.067
60 964.2007 149.65 0.03067 0.067
70 961.6180 149.65 0.03141 0.067
80 959.8464 149.65 0.03209 0.067
90 959.6211 149.65 0.03278 0.067

3. Results and Discussion
3.1. Fiber Morphology

The scanning electron micrographs (SEM) of untreated sisal fibers in moist condition
are illustrated in Figure 7. Upon analyzing this figure, it can be verified that the arrange-
ment of this particular fiber is similar to other natural fibers. It can be seen a spongier aspect,
voids, rougher surface and a thin and compacted cellular arrangement. Furthermore, it
can be observed that parenchyma cells are widely distributed along the fiber. The fibers
presented diameters almost constant along the length and, minor differences between the
fibers mean diameter were observed.

3.2. Analysis of Equilibrium Equation

M = 0.044702 + 2.217337×C− 0.000784× T. (46)

Equation (46) predict the linear dependence of the moisture content with the temper-
ature and water vapor concentration, fundamental in predicting the coupling between
the Equations (1) and (6). A correlation coefficient R = 0.99 was obtained after the per-
formed linear regression. Most details about the statistical procedure can found in the
literature [11,13–16].
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3.3. Moisture Removal and Heat Transfer Analysis
3.3.1. Drying and Heating Kinetics

Figures 8 and 9 illustrate the predicted and experimental average moisture content (dry
basis) of the fiber sample as a function of time for the drying air temperature of 50 ◦C and
80 ◦C. Upon analyzing these figures, it can be seen that there is a good concordance between
the simulated and experimental of the average moisture content along the process for
every condition. Besides, it was verified that the average moisture content decreases with
time until to reach the hygroscopic equilibrium condition. Furthermore, the drying rate
increased and equilibrium moisture content decreased when higher drying air temperature
and lower air relative humidity were used in the experiment. Therefore, this physical
situation resulted in a short drying time.
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Figure 8. Transient behavior of the predicted and experimental average moisture content of the fiber
bed (T = 50 ◦C).
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Figure 9. Transient behavior of the predicted and experimental average moisture content of the fiber
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In Figures 10 and 11 are shown the comparison between the predicted and experi-
mental transient values of the temperature at the sample surface at 50 ◦C and 80 ◦C. Upon
analyzing these figures, it can be noted that there is good concordance between surface
temperature values in the first 4000 s of process followed by minor discrepancies for long
time. For example, in the drying at 50 ◦C and 27,400 s elapsed time difference, between
the predicted and experimental surface temperature data there is 2.8 ◦C difference, while
at 80 ◦C and 17,800 s elapsed time, the difference in these values is 4.5 ◦C. These discrep-
ancies may be attributed to minor errors in the temperature measurement procedure in
each the experiments or even by the accuracy in the device itself. Besides the differences
verified for long time may also be associated with the consideration of constant convective
heat coefficient and null dimensional variations along the process as established in the
mathematical modeling.
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Figure 10. Transient behavior of the predicted and experimental temperature at the surface of the
fiber sample (T = 50 ◦C).
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fiber sample (T = 80 ◦C).

Upon analyzing the Figures 7 and 8, it can be seen that the temperature at the surface
of the fibrous bed changed along the drying, reaching the thermal equilibrium condition
faster at the highest air temperature. The increases in the surface temperature of the fiber
with progress of drying indicates the moisture removal occurred on the falling drying rate
period, i.e., the water flux inside the fiber to its surface is less than the water flux removed
by the heated air at the surface. Furthermore, it was observed that the fiber temperature
increased as the drying rate decreased until the equilibrium condition. These phenomena
were cited in the literature [10,11,13–16].

3.3.2. Water Vapor Concentration and Temperature Distributions

In Figures 12 and 13 is illustrated the water vapor concentration field inside the fiber
bed, at the plans x = 0.025 m (R1/2) and y = 0.0125 m (R2/2), at the moments 200 s, 700 s,
5000 s and 8000 s of the drying process, respectively.

By analyzing the Figures 12 and 13, it is possible to see that water vapor concentration
presented the highest values in the center of the fiber bed at any time. Thus, moisture
flows from the center to surface. Besides, vapor concentration decreased at any position
and time, tending towards its equilibrium condition for long drying time. The regions
close to the edge dry faster than the others regions inside the porous bed, especially in the
vertex region.

Figures 14 and 15 show the distribution of temperature inside the fiber bed, analyzed
in the plans x = 0.025 m (R1/2) and y = 0.0125 m (R2/2), at the moments 200 s, 700 s, 5000 s
and 8000 s of the drying process, respectively.
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Figure 13. Water vapor concentration field (kgvapor/m3) in the zx plan at y = 0.0125 m (R2/2) (T = 
50°C). (a) t = 200 s, (b) t = 700 s, (c) t = 5000 s and (d) t = 8000 s. 
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Figure 13. Water vapor concentration field (kgvapor/m3) in the zx plan at y = 0.0125 m (R2/2) (T = 50◦C). (a) t = 200 s,
(b) t = 700 s, (c) t = 5000 s and (d) t = 8000 s.
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Figure 14. Temperature field (°C) in the zy plan at x = 0.025 m (R1/2) (T = 50°C). (a) t = 200 s, (b) 
t=700 s, (c) t = 5000 s and (d) t = 8000 s. 
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Figure 14. Temperature field (◦C) in the zy plan at x = 0.025 m (R1/2) (T = 50◦C). (a) t = 200 s, (b) t=700 s, (c) t = 5000 s and
(d) t = 8000 s.
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Figure 15. Temperature field (°C) in the plane zx at y = 0.0125 m (R2/2) (T = 50°C). (a) t = 200 s, (b) 
t=700 s, (c) t = 5000 s and (d) t = 8000 s. 
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Figure 15. Temperature field (◦C) in the plane zx at y = 0.0125 m (R2/2) (T = 50◦C). (a) t = 200 s, (b) t=700 s, (c) t = 5000 s
and (d) t = 8000 s.

Upon analyzing these Fs, it can be seen that the temperature has the lowest results
in the center of the fibrous medium along the process. The temperature also increased
in any position, tending to the thermal equilibrium condition for long drying time. This
behavior proved that heat flux occurs from the surface to the center of the porous sample.
Furthermore, it is observed that the maximum temperature occurred close to the edge,
especially in the vertex of the sample.

From already mentioned results, the regions close to the vertex dry and heat faster.
Therefore, these regions are most susceptible to higher moisture and temperature gradients,
which originate hydric and thermal stresses. Based on the intensity of these stresses, the
material can achieve unfavorable deformation and rupture levels, and poor quality for
a specific application. Under the industrial aspect these results are important to assist
engineers in making decision about how the material must be dried and the fiber distributed
in the bed, in order to minimize these effects.
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3.3.3. Estimation of Transport Coefficients (D, hm and hc)

During drying process, at the surface of the fiber sample different phenomena occur
simultaneously: heat and mass convection due to hot air flowing over the sample, and heat
and mass transfer due to the water evaporation. Analyzing the effects of convective heat
and mass transfer at the surface of the porous sample, boundary conditions of third kind
were considered in this research. Thus, two phenomena occur, simultaneously: moisture
flux at the surface that is proportional to the difference between the moisture content at the
surface of the fiber sample and the equilibrium moisture content on the air temperature,
and heat flux at the surface that is proportional to the difference between the temperature
at the surface of the fiber sample and the drying air temperature. For these situations,
the convective heat transfer coefficient (hc) and convective mass transfer coefficient (hm)
were obtained using the least square error technique. In this technique, the predicted and
experimental data of fiber average moisture content and surface temperature during drying
at different conditions are compared. The best values of these parameters correspond to
the lowest value of the variance statistical parameter.

As already described earlier, from these initial values of the convective heat and mass
transfer coefficients, an iterative mathematical procedure was performed to determine the
optimized values of these coefficients, including the mass diffusion coefficient. Tables 6
and 7 summarize the values of the parameters estimated, relative error and variance for all
experimental tests obtained after the statistical procedure.

Table 6. Estimated mass transport coefficients for different drying air conditions.

T
(oC)

Parameter

hmx
(m/s)

hmy
(m/s)

hmz
(m/s)

D
′(

m2/s
) ERMQM

(kg/kg)2
S2

M
(kg/kg)2

50 3.8022 × 10−4 5.3771 × 10−4 3.8022 × 10−4 0.612 × 10−6 0.0001576 1.1939 × 10−6

60 4.0436 × 10−4 20.2160 × 10−4 4.0436 × 10−4 1.012 × 10−6 0.0004562 4.0015 × 10−6

70 5.0622 × 10−4 21.6564 × 10−4 5.0622 × 10−4 1.612 × 10−6 0.0000722 7.5257 × 10−7

80 7.6108 × 10−4 7.7809 × 10−4 7.6108 × 10−4 2.212 × 10−6 0.0002573 3.0629 × 10−6

90 4.2089 × 10−4 5.9523 × 10−4 4.2089 × 10−4 2.312 × 10−6 0.0003805 4.8164 × 10−6

Table 7. Estimated heat transport coefficients for different drying air conditions.

T
(oC)

Parameters

hcx
(W/m2K)

hcy

(W/m2 · K)
hcz

(W/m2 ·K)
α

(m2/s) ERMQT (◦C)2 S2
T

(◦C)2

50 4.2208 5.9692 4.2208 3.7789 × 10−7 989.6026 7.4406
60 4.9768 7.0382 4.9768 4.2430 × 10−7 1516.8398 13.1899
70 5.5389 7.8332 5.5389 3.9856 × 10−7 967.74872 9.9768
80 5.1463 7.2780 5.1463 3.9270 × 10−7 1324.2250 15.5791
90 6.6552 9.4119 6.6552 3.7627 × 10−7 1273.6510 15.9206

After analysis of the Tables 5 and 6, small errors and variances can be seen, proving
that the all mathematical procedures used in estimating the transport coefficients are
appropriate. Further, we verified that both convective heat and mass transfer coefficient
have small values typical of natural convections, due to small values of the air velocity
inside the oven, and tend to increase when air drying temperature is increased. Some
oscillatory behavior was verified in the convective mass transfer coefficient that can be
attributed, for example, to the fact that the effects of dimensional variations due to heating
(dilation) and moisture removal (shrinkage) were not considered, and the assumptions
of constant fiber bed porosity and equilibrium equation has linear behavior during the
drying process.
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Particularly, the mass diffusion coefficient (D) was obtained by multiplying the vapor
diffusion coefficient within the fibrous bed by the bed porosity, as already mentioned
before, i.e. D = εD’. Upon analyzing of the Table 6, we verified that major mass diffusion
coefficients are found when higher air temperature was used. Furthermore, since the
porosity of the medium presented minor variation in the experiments (0.915 < ε < 0.922),
the drying of the fibrous bed presented similar behavior than the drying of individual
fibers, which can be confirmed from the value of the parameter D′ which is less than the
parameter DAB (Table 3) for all experimental tests, at least an order of magnitude. Therefore,
we state that the water vapor flux within the fibrous bed in less than in the air outside the
porous sample [27,28].

Finally, it is well known that the drying process requires high energy consumption
and is responsible for high pollutant emissions in the atmosphere due to the use of different
fuels for drying-air heating. Thus, it is important to control drying systems in laboratory or
industrial scales, minimizing both energy consumption and environmental impact.

In this research, we develop macroscopic and advanced heat and mass transfer equa-
tions applicable for capillary-porous bodies with parallelepiped configuration. Both the
model and the finite-volume method used herein demonstrated great potential, being
accurate and efficient to be applied in many practical physical problems such as:

a. Diffusion processes of wetting, drying, heating and cooling, whether coupled or separate;
b. Coupled diffusion processes of liquid, vapor and heat in different porous bodies;
c. It is possible to study different diffusion problems assuming variable or constant

thermophysical properties, and equilibrium or convective boundary conditions;
d. Under numerical aspects it is possible to use uniform or nonuniform grids, and to

consider changes in the dimensions (dilation and shrinkage) of the bodies in the
transient simulations.

e. The finite volume method is unconditionally stable even when applied to solving
nonlinear partial differential equations;

f. No restriction about the nature of the porous body bed (fruits, grains, vegetables,
textiles, etc.) is required when it is considered as continuum media;

g. Good estimation of process time to dry the product, contributing to reduction in
energy consumption and increase in productivity of dried porous bodies;

h. Rigorous checkup and understanding of the effect of process variables on product
quality during drying.

Despite the advantages presented above, some limitations of the modeling can be cited:

(a) Chemical transformation, thermal and structure inside the porous body that, in
general, are responsible to provoke no uniform distribution of void are not considered;

(b) Inadequacy to be applied in drying processes where high air-drying temperature and
effects of pressure are important;

(c) Mass diffusion is the only moisture migration mechanism, and gravity, capillarity,
and filtration effects, for example, are not considered;

(d) It is necessary to use estimated parameters after fitting nonlinear regression or other
techniques for this purpose.

4. Conclusions

From the predicted results, it can be concluded that:

(a) The proposed mathematical model proved to be useful for describing the drying
process of sisal fibers, considering the good agreement between the predicted and
experimental data of average moisture content and surface temperature of the sisal
fibers obtained in all drying conditions;

(b) Despite the highly nonlinear character of the governing equations that represent the
mathematical model, the finite-volume method proved to be useful to solve the cited
equations and to assist in predicting the phenomenon of heat and mass transfer within
the porous sample;
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(c) Drying of sisal fibers occurred at a falling drying rate period;
(d) The largest water vapor concentration and temperature gradients are located in the

regions near the vertex of the fiber porous bed. Then, these regions are more suitable
to deformation and hydric and thermal effects, which are responsible for reducing
product quality after drying process.

Finally, in continuation of this research, the authors strongly recommend studying
drying problems occurring with dimensional variations of the bed and intermittent drying
that is a technique useful in minimizing energy consumption.
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Abbreviations

Ab Coefficient of the discretized linear equation —-
Ae Coefficient of the discretized linear equation —-
Af Coefficient of the discretized linear equation —-
An Coefficient of the discretized linear equation —-
Ap Coefficient of the discretized linear equation —-
As Coefficient of the discretized linear equation —-
Aw Coefficient of the discretized linear equation —-
AHair Air absolute humidity kgvapor /kgdry air
AHair, sat Air absolute humidity at the saturation kgvapor /kgdry air
B Source term —-
C Water vapor concentration kgvapor/m3

C” Specific water vapor concentration kgvapor/m3/m2

Ceq Equilibrium water vapor concentration kgvapor/m3

Co Initial water vapor concentration kgvapor/m3

C Average water vapor concentration kgvapor/m3

CB Water vapor concentration in the nodal point B kgvapor/m3

CE Water vapor concentration in the nodal point E kgvapor/m3

CF Water vapor concentration in the nodal point F kgvapor/m3

CN Water vapor concentration in the nodal point N kgvapor/m3

CP Water vapor concentration in the nodal point P kgvapor/m3

cp Specific heat; J/kg·K
C0

P Old water vapor concentration in the nodal point P kgvapor/m3

CS Water vapor concentration in the nodal point S kgvapor/m3
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CW Water vapor concentration in the nodal point W kgvapor/m3

DAB Diffusivity of water vapor in the air m2/s
DC

e Water vapor diffusion coefficient in the x-direction m2/s
DC

f Water vapor diffusion coefficient in the z-direction m2/s
DC

n Water vapor diffusion coefficient in the y-direction m2/s
DC

b Water vapor diffusion coefficient in the z-direction m2/s
DC

s Water vapor diffusion coefficient in the y-direction m2/s
DC

w Water vapor diffusion coefficient in the x-direction m2/s
D Water vapor diffusion coefficient m2/s
d Fiber diameter m
ERMQ Deviations between experimental and predicted values —-
hs Enthalpy J/kg
h′cj Convective heat transfer coefficient W/m2·K
h′mj Convective mass transfer coefficient applied to the air m/s
hcx Convective heat transfer coefficient W/m2·K
hcy Convective heat transfer coefficient W/m2·K
hcz Convective heat transfer coefficient W/m2·K
hmx Convective mass transfer coefficient m/s
hmy Convective mass transfer coefficient m/s
hmz Convective mass transfer coefficient m/s
K Thermal conductivity; W/m·K
k Air thermal conductivity W/m·K
KT

b Thermal conductivity in the z-direction W/m·K
KT

b Thermal conductivity in the y-direction W/m·K
KT

e Thermal conductivity in the x-direction W/m·K
KT

f Thermal conductivity in the z-direction W/m·K
KT

n Thermal conductivity in the y-direction W/m·K
KT

w Thermal conductivity in the x-direction W/m·K
L Fiber length m
M Moisture content kgvapor/kgdry fiber
Meq Equilibrium moisture content kgvapor/kgdry fiber
n Number of experimental points —-
n ˆ Number of fitted parameters —-

Nuj Average Nusselt number —-
P Atmospheric pressure Pa
Pr Average Prandtl number —-
R1 Half-length of the bed in the x-direction m
R2 Half-length of the bed in the y-direction m
R3 Half-length of the bed in the z-direction m
RH Relative humidity —-
R Particular gas constant (atmospheric air) J/mol/K
Rej Average Reynolds number —-
Sc Average Schmidt number —-
S2 Variance —-
Shj Average Sherwood number —-
SC Source term —-
ST Source term —-
t Time. s
T Temperature, oC
TB Temperature in the nodal point B oC

Temperature in the nodal point E oC
Temperature in the nodal point F oC

TN Temperature in the nodal point N oC
Temperature in the nodal point P oC
Old temperature in the nodal point P oC

TS Temperature in the nodal point S oC
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TW Temperature in the nodal point W oC
Tabs Absolute temperature of the drying-air oC
Teq Equilibrium temperature ◦C
Tf Final temperature ◦C
To Initial temperature ◦C
To Initial temperature ◦C
V Volume of the fiber bed m3

v Air velocity m/s
x Cartesian coordinate m
w, e, n, s, f, t Faces of the control-volume —-
W, E, N, S, F, T, P Nodal points —-
y Cartesian coordinate m
z Cartesian coordinate m
α Constant of the equilibrium equation kgvapor/kgdry fiber
β Constant of the equilibrium equation kgvapor/kgdry fiber/oC
δxw Distance between nodal points in the x-direction m
δyn Distance between nodal points in the y-direction m
δys Distance between nodal points in the y-direction m
δzb Distance between nodal points in the z-direction m
δzf Distance between nodal points in the z-direction m
δxe Distance between nodal points in the x-direction m
∆t Time step s
∆V′ijk Volume of the elemental volume, m3

∆x Length of the control-volume in the x-direction m
∆y Length of the control-volume in the y-direction m
∆z Length of the control-volume in the z-direction m
ε Bed porosity —
µ Air viscosity N·s/m2

ρs Dry solid density kg/m3

σ Constant of the equilibrium equation m3/kgdry fiber
Φ Potential of interest —
Φ Average value of the potential of interest —-
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