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Abstract. The work deals with the results of using the
cotton fiber as the purest and most natural cellulose, as
well as a raw material for the production of various
chemical products. The necessity of cotton fiber preparation
for its use in the chemical industry and expediency of its
drying via a filtration method has been substantiated. The
geometrical parameters of individual cotton villi, physical
and mechanical characteristics of the layer were
experimentally investigated. Under the action of pressure
drop the effect of the cotton fiber layer height on the
porosity, equivalent diameter, through which the heat
agent is filtered, the specific surface area and the pressure
loss were analytically determined. The experimental
results regarding the pressure loss in a layer of cotton fiber
during filtration drying are presented from the standpoint
of the internal problem of hydrodynamics.

The results of heat agent filtration through a cotton layer
at different weights and heights of the layer are presented
as a functional dependence AP = f{v,), and changes in the
layer porosity as & = f{vy). The generalization of the
experimental data is represented as a dimensionless
complex Eu = f(Re), and the dependence of the hydraulic
resistance coefficient as a function of the Reynolds
number & = f{Re). The results obtained in a dimensionless
form make it possible to predict the energy costs for
creating a pressure drop (under the same hydrodynamic
conditions) when designing a new drying equipment.

Keywords: hydrodynamics, filtration drying, criterion
dependencies, cotton fiber.

1. Introduction

In recent years, the number of studies on new
promising materials based on natural polymers as a
renewable raw material of plant origin has increased.
Cotton is a constantly renewable source of raw materials
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for the chemical industry. It consists of cellulose — a
natural linear polysaccharide [1-3]. Cellulose is one of the
most common natural polymers with a linear structure of
macromolecules, which contains three hydroxyl groups of
an alcoholic nature. Alcoholates, ethers and esters of
cellulose are obtained by its chemical modification. Methyl-,
ethyl-, carboxymethyl-, oxyethyl- and benzylcellulose are
widely used in chemical technology. Via their reaction with
nitric acid the mono-, di- and trinitrate celluloses (pyroxylin),
as well as acetates, acetobutyrates, acetopropionate and
cellulose tripropionates, efc. are obtained.

It is known [4-5] that the chemical treatment of
cotton pulp is generally difficult because this natural
polymer does not melt or dissolve in usual solvents due to
the presence of hydrogen bonds and partially crystalline
structure, but the physical properties of cellulose can be
significantly modified by derivatization. During the
cellulose hydrolysis, a light microcrystalline cellulose is
obtained, the degree of crystallinity of which is over 80 %,
and the average length of crystals is 7-10 nm. When
changing the cellulose derivatives properties it is possible
to significantly expand the area of its application in the
manufacture of modern protective coatings for the
controlled release of active substances, optical films,
liquid crystal displays (LCD), membranes, artificial glass,
cellophane, photographic and film films, linoleum,
arthrolic composites, means of individual absorption, efc.

According to its structure, the raw cotton is a
heterogeneous material, which consists of three main
components — the cotton fiber itself, the peel and the seed
kernel [6]. Cotton fiber has a developed capillary-porous
structure, which consists of cavities among fibrils,
interfibrillar pores, fiber channels and pores with a
diameter of several microns, so it is a hygroscopic
material, and its natural humidity can exceed 12 %. In
general, cotton is a colloidal capillary-porous body and
contains all types of moisture [7, 8]. To obtain a
qualitative raw material for the chemical industry, the
moisture content of cotton should be less than 8-9 %, and
for cellulose nitration its moisture content should not
exceed 0.5-1 %, hence a cotton fiber must be dried [9].

It is known that the moisture removal from the
material is accompanied by breaking its bond with the
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material, which consumes a significant amount of energy.
Currently, the drying drums of 2SB-10, SBT, SBO types
are used for drying cotton. The kiln gases used in drying
drums as a heat agent degrade the quality of raw material
and contaminate it with combustion products. In addition,
rotating drying drums are characterized by the high metal
and energy consumption.

Analysis of literature sources [7-8, 10] allows us to
conclude that there is no comprehensive and systematic
approach to the intensification of drying processes of
cotton fiber, taking into account that it is a thermolabile
material containing mainly bound moisture and, and the
drying process takes place in the second period.

Theoretical analysis and design of drying systems
are complicated by a number of factors, including the
simultaneous heat and mass transfer to the surface and
inside the material (there are over 18 different mechanisms
of moisture transfer). The change in the moisture content
and material temperature is determined by the heat and
mass transfer between the material surface, the environment
and an inner part of the dried material.

The filtration drying is one of the most intensive
methods of removing both free and bound moistures. Due
to the pressure drop, the heat agent is filtered through the
porous structure of the wet material, which is placed on
the perforated baffle in the direction of “wet material —
perforated baffle” [13]. The rate of the heat agent
movement in the pores and channels of the stationary
layer of wet material determines the thickness of the
boundary layer (hydrodynamic, thermal and diffusion)
and, accordingly, the values of heat and mass transfer
coefficients. In addition, the surface of heat and mass
transfer is the total surface of pores and channels through
which the heat agent is filtered. The filtration rate is
determined taking into account the process feasibility and
the fact that the increase in rate increases the pressure loss.
Moreover, the actual rate of the heat agent movement
relatively to the layer elements is much higher than in the
case of drying by any other methods (in a fluidized bed, in
pneumatic dryers, etc.). The large surfaces of heat and
mass transfer and the heat agent rate in the pores and
channels of the stationary layer provide high coefficients
of heat and mass transfer and, correspondingly, the
intensity of filtration drying.

At the same time, the total energy costs for the
filtration drying process consist of pressure loss in
the stationary layer and agent (air) heating to a predeter-
mined temperature. Taking all above mentioned into
consideration, it is important to establish the dependence
of the pressure loss in the wet cotton fiber layer on the
fictitious filtration rate of the heat agent, which is an
important factor determining the energy costs for hydro-
dynamics, intensity and cost-effectiveness of filtration

drying.
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The movement of the gas flow through the porous
structure of the material is a mixed problem of hydro-
dynamics which has no theoretical basis. To describe the
hydrodynamics of gas movement through the porous
structure of a material, the researchers use theoretical
dependencies of internal or external problem [14]. Taking
into account the dependence of heat agent rate on the
intensity of heat and mass transfer, in this work we
present the results of experimental studies regarding the
pressure loss in the cotton fiber layer in terms of the
internal problem of hydrodynamics.

2. Experimental

2.1. Objects and Research Methods

The object of the experimental studies was freshly
harvested cotton fiber. The chemical composition is:
95-98% of cellulose, about 1% of minerals, the rest is
natural waxes, fats and proteins. JSM-6490LV raster
electron microscope was used to determine the average
size of cotton villi. More than 100 samples of randomly
selected cotton villi were analyzed. The cotton fiber under
study (Fig. 1) consists of thin villi with a length of
25-45 mm, an average width of 24.8 um (170 mtex) and
an average thickness of 4.51 um. The cotton fiber density
is 1520 kg/m’.

2.2. Theory

As shown by the experiments, when applying the
pressure drop to provide proper filtration rate of the heat
agent, the stationary layer of cotton fiber changes its
height due to the small stiffness of the individual fibers
chaotically placed in the experimental container. The
result is a change in the equivalent diameter of the
channels through which the heat agent moves, as well as
the layer porosity and the actual rate. The change in the
actual rate of the gas stream (v) leads to the increase in
pressure loss (AP). The decrease in the fiber layer height
(H) increases a bulk density p; (analogue of bulk density
for dispersed materials). In other words: H = fAP);
d, = fIAP); ¢ = [AP); p1 = IAP); AP = f(v) For all that,
the weight of the fiber sample (G,) and the external
surface of all cotton fibers remain constant.

The pressure loss in the porous stationary layer is
determined on the basis of the known Darcy-Weissbach
dependence, since it takes into account all possible
variables related to the experiment [13, 14]:

2
Apz,ml‘i‘/’;

7 (D
where 4; is a coefficient of hydraulic friction; AP is a
pressure loss in the material layer, Pa; H is a layer height,
m; d, is the equivalent diameter of pores and channels
through which the heat agent is filtered, m; p is a heat
agent density, kg/m’; v is the actual rate of the heat agent
movement, n/s.
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Fig. 1. Images of individual villi of cotton fiber (magnification of x1000)

The equivalent diameter d, of pores and channels
through which the heat agent is filtered is determined by
the dependence (2):

d, = a (2)

here ¢ is a porosity of the layer, m’/m’; a is an active
specific surface of the layer, m”/n’;

As it was mentioned above, when applying the
pressure drop, the height of the layer is decreased, that
affects the change of equivalent diameter and the active
specific surface. The initial specific surface area of cotton
fiber ay depends on the initial height of the cotton fiber
layer and its volume:

_F
Hy-S

a9 3)
where Hjis the initial height of the cotton fiber layer, m; S
is the cross-sectional area of the experimental container,
m’.

To determine the initial specific surface area of all
cotton villi ay, it was assumed that N identical villi with an
average length of L, were in the experimental container.
Then the external surface of all particles can be
represented as:

F=2(a+b)-L,-N 4)
where a and b are the average width and thickness of the
cotton villus, respectively, m.

Knowing the density of cotton fiber p, and the
weight of the sample G,, we found the volume of cotton
fiber V-

v-Sv g, N (5)
Py
Then the number of villi N was determined:
G,
= 6
py-a: b- Lv ( )

The surface of all cotton villi was determined in
accordance with Eq. (7)
G,
F=2-(a+b)-L,- v 7
() Ly ™
The initial and running specific surfaces at the
initial and running heights of the cotton fiber were found
as the ratio of the total surface area of all villi to the
volume they occupy in the experimental container:
__F_2:(a+h)G, )
and the running specific surface of the cotton fiber was
represented in the form:
H,
a=ap '70 )
where ag and a are the initial and running specific surfaces
of the fiber layer, m*/m’; Hy is the initial height of the
fiber layer, m; H is the running height of the fiber layer,
depending on the pressure loss, m.

2-(a+b)-G,
pv'a'b

ao
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Considering the given dependencies, the specific
surface of the cotton fibers is written in the form:
_ 2:(@+b)-G, Hy _2-(a+h)-G, (10)
p,-a-b-S-Hy H p,-a-b-S-H
Let us express the weight of the cotton fiber sample
by its volume and density:

G, =V-p,=H,-S-p, (11)
where H, is the height of the cotton fiber layer with
density p,, m.

The running specific surface of the layer of cotton
fiber can be represented in the form:
,_2(@+b)-G, _2-(a+b)-H, S-p, _ H (1)
py-a-b-S-H py-a-b-S-H a-b H
and Eq. (2) can be written as:
de:4‘5]:2‘a‘b‘51‘H (13)
a (a+b) H
The pressure loss determined by Eq. (1) using Eq.
(13) can be represented as:

. . 2 . 2

AP:)L]‘H(G-Fb) H, pv :)L]‘(a-kb) H, pv (14)
2-a-b-H-g; 2 2-a-b-g; 2

It is known that the coefficient of hydraulic

resistance of the porous layer ¢ is defined as a part of the

rate pressure, i.e. Eq. (14) can be represented as:

2:(a+b) H

v

2 2
AP=¢ PO _ . PP
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g 2 (15)
(a+b)-H

_y axb)-Hy 16

c=% bz (16)

where vy is the fictitious filtration rate of the heat agent
vy =v-&, M/S.

2.3. Experimental Procedure

All experiments were performed with cor-
responding aliquots of cotton fiber. Taking into account
that the moisture content of natural cotton fiber is 0.08—
0.12 kg H,O/kg dry mat. and the moisture is mainly a
bound one, for the gas flow temperature 7 = 293 K and
relative humidity of air ¢ = 60 % its evaporation will be
negligible (the time of the experiment was 90-120 s, the
weight loss of the sample during the experiment was less
than 0.2 %). So, the influence of moisture evaporation on
the pressure loss was neglected.

Experimental studies of the cotton fiber layer
hydrodynamics were carried out at the experimental setup
shown in Fig. 2, according to the procedure given in [13].

The experimental unit consists of a container /
mounted on the receiver 2 and connected with a liquid-
packed vacuum pump 6 by pipes, rotameter 3, shutoff
valve 4 and control valve 5. The vacuum created by the
vacuum pump in the receiver and under the material layer
is measured by a vacuum meter 7.

1 7

11 11

Fig. 2. The experimental setup for studying the pressure loss in

the cotton fiber layer: experimental container (1), receiver (2),

rotameter (3), shutoff and control valves (4, 5), vacuum pump
(6) and vacuum meter (7)
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Fig. 3. Scheme of experimental container:
container support (1); insulating insert (2); perforated baffle (3);
layer of cotton fiber (4); measuring bar (5).
His the initial height of the cotton fiber aliquot, H is the
running height of the aliquot when pressure is changed
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The scheme of experimental container is represented
in Fig. 3. The support of container / is made of duralumin;
the cylindrical insert 2 and the perforated baffle 3 are
made of heat-insulating material (fluoroplast). The
measuring bar 5 located in the center of the container
allows to determine the height of the layer 4 when the
pressure drop is changed.

The experimental container / loaded with an
aliquot of cotton fiber was mounted on the receiver 2.
After the vacuum pump 6 was switched on, different
values of air flow rate through the layer of cotton fibers
were set by means of control valve 5. The flow rate was
measured by the rotameter 3, the pressure loss — by the
vacuum meter 7 and the change in the layer height — by
the measuring bar.

The measurements were carried out at 810 points.
Every experiment was performed at least three times before
obtaining stable data. A fresh sample of cotton was taken
for every experiment. The aliquot weight was determined
using the AXSIS-3000 electronic scales with an accuracy of
0.01 g. In every experiment the initial bulk density for
aliquots with the equal weight was the same. Initial data for
experimental studies are shown in the Table.

Volodymyr Atamanyuk et al.

Experimental results of the heat agent filtration
through a layer of cotton fiber of different weights are
presented in the form of functional dependence AP = f{vy)
and are shown in Fig. 4.The analysis of Fig. 4 shows that
the curves are parabolic, that is, the pressure loss in the
cotton fiber layer is affected by both viscous and inertial
components.

The change in the layer porosity depending on the
fictitious filtration rate of the heat agent ¢ = f{vy) is shown
in Fig. 5. The increase in the fictitious filtration rate leads
to the increase in the pressure loss, and consequently to
the increase in the layer porosity due to the decrease in its
height.

Approximating the experimental data with a degree
function, we obtain the following dependence for
determining the running porosity of the layer, depending
on the initial porosity &, and fictitious filtration rate:
00025

7
The comparison of experimental data and results
calculated according to Eq. (17) is shown in Fig. 6. As can
be seen from Fig. 6, the absolute value of the maximum
relative error between the experimentally determined and
theoretically calculated values does not exceed 5.6 %.

E=E&p-

Cotton fiber layer characteristics

Weight of the The initial porosity of The surface of all The height H, of the fiber The total length of all
sample G,, kg the layer &, m’/m’ cotton villi F, m* layer with the density p,, m cotton villi L, m
0.010 0.990 3.448 0.00101 58824
0.015 0.987 5.172 0.00151 88235
0.020 0.986 6.897 0.00201 117647
0.025 0.984 8.621 0.00252 147059
0.030 0.981 10.345 0.00302 176471
0.060 0.966 20.689 0.00604 352941
0.080 0.955 27.586 0.00806 470588
0.110 0.942 37.931 0.01108 647059
40 T % onm . 1.00 E
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Fig. 4. Pressure loss in the cotton fiber layer vs. the fictitious
filtration rate of the heat agent at different weights of the
sample

Fig. 5. Porosity of the cotton fiber layer vs. the fictitious
filtration rate of the heat agent (symbols are the same as for
Fig. 4)
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Fig. 6. Comparison of experimental and theoretically

calculated values of the cotton fiber layer porosity according to

Eq. (16) (the symbols are the same as for Fig. 4)
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Fig. 8. Hydraulic resistance coefficient of the cotton fiber vs.
the Reynolds number (symbols are the same
as for Fig. 4)

The generalization of the experimental data (Fig. 4)
was carried out in the form of dimensionless complexes:
dependence of the Euler number (Eu = AP/(p'v”)) on the
Reynolds number (Eu = fRe,) (Fig. 7), and the
dependence of the layer hydraulic resistance { = f{Re,) on
the Reynolds number (Fig. 8).

Approximation of the experimental data by a
degree function (Fig. 7) made it possible to obtain the
following dependence:

Eu =84000-Re, 18 (18)
where Re, is the equivalent value of the Reynolds number.
Re, =Y de P (19)
u
where u is the coefficient of dynamic viscosity of the gas
flow, Pa-s.

The coefficient of hydraulic resistance of the cotton
fiber layer was calculated according to Eq. (15) using the
experimental data given in Fig. 4. Approximation of the

APlhem', kPa
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Fig. 7. The dependence of the Euler number on the Reynolds
number (symbols are the same as for Fig. 4)
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Fig. 9. Comparison of experimental and theoretically
calculated pressure loss in a layer of cotton fiber (symbols are
the same as for Fig. 4)

experimental data by a degree function (Fig. 8) made it
possible to obtain the following dependence:
£=160000-Re, 16 (20)
The comparison of experimental data and results
calculated according to Eq. (18) is shown in Fig. 9. The
absolute value of the relative error does not exceed
14.2 %, which is explained by the complex structure and
spontaneous formation of the cotton fiber layer, as well as
the effect of the pressure drop on the layer height.

4. Conclusions

The obtained dimensionless dependence of the
Euler number on the Reynolds number allows to predict
the energy costs necessary to create the pressure drop
(under the same hydrodynamic conditions); it is suitable
during the design of new drying equipment. The
dependence of hydraulic resistance coefficient of the cotton
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fiber on the Reynolds number can be used when
technological parameters need to be changed, for
example, the height of the cotton fiber layer or the
filtration rate of the heat agent. The error between
theoretically calculated values and experimental data does
not exceed 14.2 %, which is quite acceptable for the
design of the new drying equipment.
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TIPOAUHAMIKA
®LIbTPALIIIMHOTO BUCYIIYBAHHSI
BABOBHU

Anomauin. Ilpueedeni pesynomamu wooo GUKOPUCHIAHHS
6OJIOKHA OABOBHU, SIK HAUOUILWL YUCMOT | HAMYPATLHOT Yenono3u,
CUPOBUHY OISl GUPOOHUYMBA PIZHOMAHIMHUX XIMIYHUX NPOOYKMIg.
O6tpynmosano HeoOXioHicmv ni020moeKu 0N0KHA 6agosHu Ot it
BUKOPUCMAHHSL ) XIMIYHILL NPOMUCTIOBOCME MA OOYbHICIb iT 8UCY-
wiyeannsi  Qpinempayivinum  memooom. Excnepumenmanvio dociui-
OXCEHO  2eOMEMPUYHI  NApaMempu  OKpeMux 60PCUHOK OaBoBHU,
izuxo-mexaniuni xapaxmepucmuxy wapy. AHAUMUYHO 6USHAYEHO
BNIIUE 3MIHU BUCOMU CIAYIOHAPHO2O WAy, N0 4AC MPUKIAOAHHS
nepenaody Muckie, Ha 3MiHy NOPI3HOCMI, eKGIBWIEHMHO2O Oiamempy
KaHQi6 8 wapi Kpizb SAKutl (itbmpyemocst menioguli azeHm, nunomy
NOBEPXHIO | @Mpamu MUCKy nio 4ac Qiiempayiitiozo 6UCYULY8aHHsL.
Tlpeocmasneno  pesyomamu — eKCHEPUMEHMATbHUX — OOCTIONHCEHD
empam mucky nio vac Qinbmpayitino2o UCYULy8anta, 3 MoYKu 30py
GHYMPIUHBOT 3a0ati 2iOPOOUHAMIKU.

Pesynomamu  excnepumenmanbHux — OOCHONCEHb U000
@inbmpysants meniogozo azenmy Kpize wiap 6a6oeHu 3a pizHoi macu
i pisHUX 6ucom wapy npeocmagieHi y Guensiol (YHKYIOHWILHOL
sanexcnocmi AP = f{vg) , a 3minu nopiznocmi wapy 60nokHa 6a606HuU
& = flvg). Y3acanvnenns excnepumenmanbHux OaHux 2iOpOOUHAMIKU
QinbmpysanHs Menio8o2o azeHmy Kpiso wiap 6as08HU NPOBEOEHO Y
euensioi  besposmipnux kommiexcie Eu = f(Re), a 3anexcnicmo
Koeghiyienmy 2iopagniunozco onopy wapy sxk @yuxyii wucia Peii-
nomwoca & = f(Re). Ompumani pezyivmamu 8 6e3po3mipHii ghopmi
0aroms 3M02y NPOSHO3Y8AMU eHEPeeMUYHI 3ampamu Ha CMEOPeHHs.
nepenaody muckie (3a 0OHAKOBUX 2IOPOOUHAMIUHUX YMOB) Ni0 udac
NPOEKNYBAHHA HOBO20 CYUUWILHO20 OONAOHAHHS.

Knrouoei cnosa: ziopoounamika, ginempayiiine 6ucy-
WYBAHHSL, KDUMEDPIATbHI 3AN1€ICHOCIE, BOLOKHO BAGOGHU.



