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For energy-efficient drying of match splints, it is necessary to ensure the minimum
duration of the process, the efficiency of moisture extraction and the preservation of the
quality of the material. The filtration drying method was chosen for the research. In this
work, the influence of the following process parameters on the drying kinetics was
determined: the height of the stationary layer of the material (150 mm, 200 mm, 250 mm,
300 mm, and 350 mm), the temperature of the heat agent (40, 50, 60, 70, and 80°C) and
the velocity of the heat agent through the layer of dispersed material (0.18, 0.21, 0.23,
0.26, and 0.29 m/s). Kinetics of the filtration drying of match splints was studied. Obtained
dependences allowed determining the moisture content of the material in the process of
drying match splints in periods of complete and partial saturation of the heat agent with
moisture. The equation for determining the duration of drying in the first and second
conditional periods was derived. Correlation dependence between experimental data and
calculated values was given. The average relative error did not exceed 8.5%, which makes
it possible to use the obtained dependences for design calculations of drying installations.
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layer.
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Introduction

The use of energy in the world is increasing
every year. Energy production is projected to increase
to 926 exajoules by 2050, up from 675 exajoules in
2022. A third of all energy is used by the industrial
sector, and according to forecasts!, energy use by
industry will grow by 36% by 2050. In this regard,
the cost of energy continues to rise. In addition, a
significant part of energy is obtained from fossil fuels,
the reserves of which are limited. In addition, the use
of fossil fuels significantly increases the content of
carbon dioxide and other greenhouse gases in the
atmosphere, which negatively affects the environment.
[1]. Therefore, we can conclude about the importance
of saving energy.

Drying is one of the most energy-consuming
production processes; therefore the search for optimal

process parameters plays an important role in designing
energy-efficient production. One of these industries
is the match production. The main raw material for
the production of matches is aspen. The trunks of
this wood are soaked in hot water, cut into blanks
65 cm long, stripped of the bark and peeled into
veneers 2 millimeters thick and 3 meters long. The
prepared veneer is cut into match splints. The moisture
content of the match splints is approximately
1.6 kg H,O/kg d.m. Next, the match splints
are dried to a moisture content of less than
0.064 kg H,0O/kg d.m.

Drying of match splints is a complex
thermophysical and technological process, as it is
necessary to remove the bound internal moisture,
while ensuring the integrity of the match splints and
the minimum possible duration of the process.

! International Energy Outlook 2023. U.S. Energy Information Administration. October 11, 2023.
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Filtration drying is one of the high-intensity methods
that can provide all these conditions, so the research
of this process is an important task. Drying wet
materials is an energy-intensive process, and in some
cases, drying costs can amount to more than 50% of
the cost of the finished product. It is known that
more than 20,000 different wet materials are subjected
to drying in the industry, which differ in form,
structure, and the presence of external and bound
internal moisture. Therefore, to predict the drying
kinetics of these materials, many calculation
dependencies are proposed in the scientific literature,
which are mainly private and relate to specific wet
materials, their drying method, and the appropriate
technological equipment. At that time, semi-empirical
calculated dependences, which were obtained on the
basis of generalization of experimental studies, began
to be used to describe drying processes. This method
makes it possible to describe the drying process of a
specific material with sufficient accuracy.

Petrova et al. [2] used a mathematical model of
heat and mass transfer for colloidal capillary-porous
bodies, in particular beet particles. Their article presents
the results of experimental studies and develops a
mathematical model of heat-mass-moisture transfer
during convection drying. The results reported in this
article are of a private nature and can be used exclusively
for drying beet particles under the specified drying
parameters.

To describe the drying kinetics of plant materials,
dependences for particles of different geometric shapes,
such as a sphere, cylinder, and plate, were proposed
in ref. [3]. The equations describe the kinetic
dependences taking into account the particle size, the
initial and final moisture content of the material and
the mass conductivity coefficient. However, this way
of describing kinetics does not take into account the
specifics of the material.

Pinchevska et al. [4] reported the results of
experimental studies of the kinetics of oscillating drying
of wood blanks of common oak and red oak with the
aim of determining the regime parameters. Based on
the experimental research conducted, theoretical
equations were proposed describing the kinetics and
temperature variations during the heating and cooling
of these workpieces. To illustrate the dynamics of
changes in the physical and thermal properties of
wood during drying, the criterion equations of
Kirpichov, Kosovych, and Lykov were used.

Ovsiak and Dendiuk [5] have proposed a model
for the wood drying process, particularly for lumber,
using cellular automata with variable cell sizes.
According to the authors, this approach allows for the
simulation of changes in wood characteristics, taking

into account its unique geometry. Additionally, the
influence of various heat agent parameters on the
wood drying process has been studied.

Zhao and Cai [6] develop a comprehensive
mathematical model for 3D simulation of the
convective wood drying process. The mathematical
model is based on the Navier-Stokes equation. The
simulation allows for the visualization of pressure,
temperature, heat agent velocity, and material moisture
profiles.

In study [7], semi-empirical dependences for
the drying of barley brewer’s spent grain were obtained.
These dependencies specifically describe the kinetics
of filtration drying. However, barley brewer’s spent
grain, as a material, differ significantly from match
splints in their mechanical, physical, and chemical
properties, which means that the drying coefficients
obtained empirically describe the drying process of
match splints with a significant margin of error.

In study [8], the results of experimental studies
on the filtration drying of match splints are presented.
Kinetic curves of the process were obtained, and the
critical moisture content and the time for the mass
transfer front to reach the perforated partition under
various process conditions were determined. The impact
of the height of the stationary layer of match splints,
the temperature of the heat agent, and the velocity of
the heat agent through the stationary layer of material
on the drying rate were investigated. However, the
study does not provide predictive equations that would
enable estimating the drying process of match splints
and calculating the drying time to achieve a specified
final moisture content.

The purpose of the article is to summarize
experimental studies on the kinetics of filtration drying
and to develop predictive equations that would enable
the estimation of the drying process of match splints
and the determination of the time required to achieve
a specified final moisture content during the design of
the technological process.

Experimental

The experimental studies were conducted
according to established methods that are widely
described in the literature, including refs. [7—9].

Theory

Since match splints primarily contain the bound
internal moisture, drying occurs through internal
diffusion. Unlike convective drying, which is
characterized by the first and second drying periods,
filtration drying is characterized by periods of complete
and partial saturation of the heat agent with moisture
or the first and second conditional periods. The kinetic
curves exhibit a similar pattern, but their physical
meanings differ.

T.A. Kuzminchuk, V.M. Atamanyuk
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To describe the drying of match splints during
the period of complete saturation of the heat agent
with moisture, a system of differential equations for
material balance and drying kinetics is used [9,10],
which is valid within the range of 0<e<I1.

The solution to this system of equations can be
expressed as follows:

w¢ _
— =1-mre
e (1)
where w° and w;, are the running and initial values
of moisture content of material, respectively
(kg H,O/kg d.m.; n is the drying rate coefficient
during the period of complete saturation of the heat
agent with moisture; a is the kinetic drying coefficient,
which depends solely on the material’s structure and
not on the conditions, 1/m; and H is the height of
the stationary layer, m.

The obtained equation can be written as follows:

WC

1-—=
Wo _neaH

(2)

ne
T
The left side of the equation (2) can be denoted
as «y», and equation (2) can be logarithmically
transformed. Then we have:

In(y) = In(n)-aH. (3)

To determine the drying rate coefficient, n, and
the kinetic coefficient, a, a graphical dependence
In((1—w¢/w.%)/7) vs. H can be used. Via approximating
the graphical dependence In((1—w¢/w.¢)/1) vs. H by a
linear function, the coefficient a is determined from
the slope of the resulting line to the x-axis, and the
drying rate coefficient n is determined from the
intercept of the line with the y-axis. The approximation
lines describing different drying conditions are parallel
to each other [9]. Thus, the slope remains constant,
and the coefficient, a, is constant for match splints.

During the period of complete saturation, the
process depends on external conditions such as
temperature and the velocity of the heat agent.
Therefore, the kinetic coefficient n can generally be
represented as follows:

(4)

Substituting equation (4) into equation (1) yields
the calculated dependence for predicting the kinetics
of drying match splints during the period of complete
saturation of the heat agent with moisture. This
dependence allows for generalizing the filtration drying
process until the critical moisture content of the match

n=A-t"vj.

splints is reached:

WC

_:I—A.tm.vg.-c.e_
i

aH

(3)

The obtained equation is valid within the range
W, 2 W > we .

As demonstrated earlier [7,9], the values of A,
m and n are constants for a specific type of wet
material. These values can be determined from
experimental research by setting up a system of
equations with the parameters for drying match splints:

n=A-t" v,
n=A-t3 vy,

(6)

Ny =A-t3 vy,

By taking the logarithm of the system of
equations (6), we obtain:

Inn; =InA+m-Int; +n-Inv,

Inm, =InA+m-Int, +n-lnv,, (7)

Inn; =InA+m-Int; +n-Inv;.

To predict the drying kinetics of match splints
during the period of partial saturation of the heat
agent with moisture, the following dependence was
used [9]:

dw*
- kfwe-we) (8)
where the subscript «e» means equilibrium; and K is

the drying rate coefficient, measured in 1/s, which
can be expressed as follow:

K=%-N,

9)

where 7 is the relative drying coefficient,
kg H,O/kg d.m.; N is the drying rate during the
period of complete saturation of the heat agent with
moisture, kg H,0/(kg d.m.-s).

The drying rate N during the period of complete
saturation of the heat agent with moisture is determined
based on experimental data from the following
dependence:

— W(C) _Wgr

B (10)

TCI’

Substituting equation (9) into equation (8),
integrating, and then taking the logarithm of the
resulting equation, we obtain the following dependence:

Kinetics of the filtration drying of match splints



114

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 1, pp. 111-119

w®—wg
IUWZ—X'N'(T‘TM): (11)

cr €

where wS >w®>w, 1, <t<t,.

The drying rate coefficient K is determined by
representing the experimental data as a graphical
dependence In((w*—w¢,)/(W°,,—W,)) vs. (t—1,). By
approximating the experimental data with a linear
function, the coefficient K is obtained from the slope
of the line.

To determine the relative drying coefficient, y,
the experimental data were represented as a graphical
dependence K vs. N. The relative drying coefficient
was then obtained from the slope of the line.

Based on the above dependences, the kinetics of
filtration drying of wet match splints during the period
of partial saturation of the heat agent with moisture
can be described by the following equation:

_XN[T_
wt = (w‘ér —wg)- e

c c
Wo—Wer

(12)

]+wg.

The obtained equations (5) and (12) describe
the change in moisture content during the period of
complete saturation of the heat agent with moisture
and the period of partial saturation of the heat agent
with moisture. In addition, for calculating and
designing the filtration drying technology of match
splints, it is also important to know the duration of
the process.

The time for the mass transfer front to reach
the perforated partition (achieving the critical moisture
content) can be determined from dependence (5) as
follows:

C C
WO—W
Tor = g (13)

wg - A-t" v e”

The drying time during the period of partial
saturation of the heat agent with moisture can be
determined from equation (12) as follows:

c c
o we )] TV

0 cr c ¢
Wer = We (14)

=

N

The total time for filtration drying of match
splints will be the sum of the critical time and the
drying time during the period of partial saturation of
the heat agent with moisture.

To assess the adequacy of the obtained calculated

dependences, the relative error between the calculated
values and the experimentally obtained data was
determined:

Xe _Xt
X

A=

: (15)

(&

where X, are the experimentally obtained data; and
X, are the theoretically calculated values.

Results and discussion

In a previous study [8], using experimental data
on the drying of match splints under various process
conditions, the time for the mass transfer front to
reach the perforated partition and the moisture content
of the match splints at that moment were determined
using a graph-analytical method. The obtained data
make it possible to derive calculated dependencies
that describe the process of filtration drying of match
splints.

To generalize the kinetics of filtration drying
during the period of complete saturation of the heat
agent with moisture, it is necessary to determine the
drying rate coefficient n, which accounts for the
influence of the temperature and velocity of the heat
agent, and the kinetic coefficient a, which considers
the material’s structure. To achieve this, a graphical
dependence In((1—w¢/w.)/7) vs. H was constructed
under various process conditions (Fig. 1).

The coefficient a which is constant for match
splints, determined from the slope of the line, is
equal to 3.32 1/m. The values of the Kkinetic

coefficient n under different process conditions were

In ((1-w/wo)/t)

7.6
-8 — '\ 4
(S -
‘ l\\*’\ 9
-8'4_, \i\\\ /NS 28
\ ¢
-8‘8; N‘\\I\\‘ 3
] \‘ 1
012 016 02 024 028 032 036
H, m

Fig. 1. Graphical dependences used to determine the
coefficients a and n
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determined from the constructed dependences and
are presented in Table 1.

Analysis of the obtained data shows that the
value of the kinetic coefficient increases with the rise
in temperature and the velocity of the heat agent,
indicating an intensification of the process.

By solving the system of equations (7), the values
of the unknown coefficient A and the exponents m
and n were determined. These values are constant for
match splints: A=4.3-107°, m=0.862, and n=0.641.

Theoretically, the coefficient | can be determined
as:

n=4.3-107¢"86y064,

(16)

The obtained exponents demonstrate the influence
of temperature and the velocity of the heat agent on
the value of n. The data show that the impact of
temperature is more significant than the impact of
velocity, which confirms previous studies [8].

Dependence for predicting the drying intensity
of match splints during the period of complete
saturation of the heat agent with moisture has been
derived. The following equation allows for generalizing
the filtration drying process until the critical moisture
content of the match splints is reached:

c
W - — .
-1-43-10 5,[0.86\/8.641_.e 3.3197 H.

v (17)

To generalize the kinetics of filtration drying
of match splints during the period of partial
saturation of the heat agent with moisture, it is
necessary to determine the drying rate coefficient
K. For this purpose, a graphical dependence
In((we—w¢,)/(we,—w¢,) vs. (1—1,,) wWas constructed
(Figs. 2—4). The coefficient K was determined as
the slope of the lines.

To generalize the filtration drying of match
splints during the period of partial saturation, it is
also necessary to determine the drying rate during the

period of complete saturation N and the relative drying
coefficient y. The drying rate can be found using
dependence (10) or as the slope of the line
corresponding to the section of the period of complete
saturation with moisture on the dependence for
determining the critical moisture content [§].

The obtained data for the drying rate coefficient
and the drying rate under different process conditions
are given in Table 2. Based on Table 2, a graphical
dependence K vs. N has been constructed (Fig. 5).

The relative drying coefficient y is determined
as the slope of the line K vs. N. For match splints,

we found that y=2.46 kg H,O/kg d.m. Considering
the obtained values, dependence (12) can be expressed

In((we-wCe)/( Wecr- Wee))
1

0.5

0

-0.5

-3.5 II\\\\ffllll\\\\I!fllll\\\ff!llll\\\\ffl

0 1000 2000 3000 4000
T-Tcr

Fig. 2. Graphical dependence for determining the drying rate
coefficient at different heights of the stationary layer of match
splints: (1) H=150 mm; (2) H=200 mm; (3) H=250 mm;
(4) H=300 mm; and (5) H=350 mm

Table 1
The dependence of the kinetic coefficients n and a on the process parameters
Number of the line T,°C Vo, M/S a, I/m Inn n~104, 1/s
1 40 0.23 —7.82 4.03
2 60 0.18 —-7.63 4.88
3 50 0.23 —7.60 4.98
4 60 0.21 -7.59 5.06
5 60 0.23 3.3197 -7.47 5.71
6 60 0.26 —7.37 6.29
7 60 0.29 -7.32 6.65
8 70 0.23 -7.29 6.84
9 80 0.23 -7.17 7.72

Kinetics of the filtration drying of match splints
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as follows:

—2.46N[r— "o ;ng ]
w :(wgr—wg)-e +We.

The obtained dependence allows for the
generalization of the kinetics of filtration drying of
match splints during the period of partial saturation

(18)

In((we-wee)/( Wecr- Wle)
0.5

] T A A v e |

-4 H\H\\I!llllHHH\HI\K\HH\HHH‘H\HHH‘

0 1000 2000 3000
T-Tcer

4000 5000

Fig. 3. Graphical dependence for determining the drying rate

coefficient at different temperatures of the heat agent:
(1) T=80°C; (2) T=70°C; (3) T=60°C; (4) T=50°C;

and (5) T=40°C

of the heat agent with moisture.

Figure 6 shows the correlation between
experimental and calculated data.

As seen from Fig. 6, the obtained dependences
accurately describe the process of filtration drying of match
splints. The average relative error between the experimental
data and the calculated values using the proposed
dependences (17) and (18) does not exceed 8.5%.

In((we-wCe)/( Wecr- Wee))

0.5 —

O:

0.5—3

e

1.sé

2

-2.5—f

N

-3.5 :\I\I\I!I\‘\\\\III\I‘I\\\I\I\I‘I\I\I\I\l‘
0 1000 2000 3000 4000

T-Tcr

Fig. 4. Graphical dependence for determining the drying rate
coefficient at different velocities of the heat agent:
(1) v¢=0.29 m/s; (2) v,=0.26 m/s; (3) v,=0.23 m/s;
(4) vy=0.21 m/s; and (5) v,=0.18 m/s

Table 2
Dependence of K and N on the conditions of the filtration drying process for match splints
N-10° kg H,0/(kg d.m.-s) | K-10°, 1/s T,°C H, mm Vo, /s

0.25 0.68 40

0.31 0.80 50

0.39 1.08 60 0.23
0.47 1.40 70

0.58 2.06 80

0.30 0.92 250 0.18
0.35 1.04 0.20
0.39 1.08 0.23
0.41 1.11 0.26
0.46 1.23 60 0.29
0.57 1.40 150

0.49 1.12 200

0.39 1.08 250 0.23
0.34 0.90 300

0.31 0.79 350
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For equipment design, the duration of the
process is also crucial. Therefore, it is convenient to
present the obtained dependencies in terms of
determining the critical drying time and the drying
time during the period of partial saturation of the
heat agent with moisture. The critical drying time
can be determined based on dependence (17) in the
following way:

c c

T. = Wo —Wer

cr _ _ H "
W8 .43.10 5 ~t0'86 .V8464 e 3.3197-H

(19)

The drying time during the period of partial
saturation of the heat agent with moisture is determined
according to dependence (18):

e e wC—wg
2.46(w0 —wcr)—ln S S

e~ We (20)

Ty =
I 2.46-N

The total drying time for match splints can be
found as the sum of the values determined from
Egs. (19) and (20).

Conclusions

The process of filtration drying of match splints
was investigated under various conditions: different
heights of the stationary layer of match splints (150,
200, 250, 300, and 350 mm), different temperatures
of the heat agent (40, 50, 60, 70, and 80°C), and

K-10% 1/s
2.4 —

1.6

12

0.8 /

0 ' | | |

0.2 0.3 0.4 0.5 0.6
N-10%, kg H,O/kgd. m. - s

Fig. 5. Graphical dependence for determining the relative
drying coefficient y for match splints

different velocities of the heat agent passing through
the material layer (0.18, 0.21, 0.23, 0.26, and
0.29 m/s).

The obtained kinetic dependences describe both
the period of complete saturation and the period of
partial saturation of the heat agent with moisture (17)
and (18). Additionally, dependences for determining
the duration of the drying process in both periods
have been derived (19) and (20). The average relative
error does not exceed 8.5%, which is acceptable for
the design calculations of drying equipment.
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KIHETUKA ®UIBTPAIIIITHOTO CYIIITHHA
CIPHUKOBOI COJIOMKHM

T.A. Kyseminuyx, B.M. Amamaniox

s eHeproeeKTUBHOTO CYLIiHHS CIPHUKOBOI COJIOMKU
HEOOXiHO 3a0e3MeYnTH MiHiMaJbHY TPUBAJIICTL Tpolecy,
e(heKTHUBHICTb BUJIyYEHHSI BOJIOTM Ta 30€peXkKeHHSs SIKOCTi MaTe-
piany. dnsa mocnimkeHHs: oOpaHO MeTod (BiIbTpaliiiHOro cy-
miHHS. B Mexax pobotu Oyj10 BU3HAYEHO BIUIMB Pi3HUX Iapa-
METpIB TpoLecy Ha KiHeTUKY CYIIiHHSI: BUCOTU CTalliOHAPHOTO
urapy Marepiaiy (150 mwm, 200 mm, 250 mm, 300 mm, 350 mMm),
TeMmnepaTypu rterioBoro arenra (40, 50, 60, 70, 80°C) Ta
IIBUIKOCTI PyXy TEIUIOBOTO areHTta Kpi3b ILIap AUCIEPCHOTO
marepiany (0,18, 0,21, 0,23, 0,26, 0,29 m/c). BcraHoBieHo
KiHETUYHI 3aKOHOMipHOCTI (PiIbTpaLliiHOrO CYILIiHHSI CIpHUKO-
BOI coyioMKu. OepkaHO 3aJIeXKHOCTI, SIKi J03BOJISIIOTh BU3HA-
YUTH BOJIOTOBMICT Marepiajy B IpOLECi CYIIiHHSI CipHUKOBOL
COJJIOMKM B Tepiogax MOBHOrO Ta 4YaCTKOBOIO HACHYEHHS
TEIJIOBOTO areHTa Bosioroo. OTpMMaHO PiBHSIHHS JUISI BU3HA-
YEHHSI TPUBAJIOCTI CYUIiHHSI B MEPIIOMY Ta APYroMy YMOBHUX
nepionax. HaBeneHo KopessiliiiHy 3aJleskHICTb MiX eKCIepu-
MEHTAJIbHUMM JaHUMHU Ta PO3paxXyHKOBMMHU 3HaueHHsMU. Ce-
penHsl BiTHOCHA MoxubKa He nepeBuinye 8,5%, 110 1ae 3Mory
BUKOPUCTOBYBATH OEpPXKaHi 3aJIEXKHOCTI JUISI MPOEKTHUX PO3-
PaxyHKiB CYLIWJIbLHOIO OOJIaqHAHHSI.

KnrwouwoBi caoBa: cyuriHHs, ¢inbTpauiiiHe CyliHHS,
CipHUKOBa COJIOMKa, KiHeTMKa, BUPOOHMILTBO CipHUKIB,
cTalioHapHMI 111ap.
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For energy-efficient drying of match splints, it is necessary
to ensure the minimum duration of the process, the efficiency of
moisture extraction and the preservation of the quality of the
material. The filtration drying method was chosen for the research.
In this work, the influence of the following process parameters
on the drying kinetics was determined: the height of the stationary
layer of the material (150 mm, 200 mm, 250 mm, 300 mm,
and 350 mm), the temperature of the heat agent (40, 50, 60,
70, and 80°C) and the velocity of the heat agent through the
layer of dispersed material (0.18, 0.21, 0.23, 0.26, and
0.29 m/s). Kinetics of the filtration drying of match splints was
studied. Obtained dependences allowed determining the moisture
content of the material in the process of drying match splints in
periods of complete and partial saturation of the heat agent with
moisture. The equation for determining the duration of drying in
the first and second conditional periods was derived. Correlation
dependence between experimental data and calculated values was
given. The average relative error did not exceed 8.5%, which
makes it possible to use the obtained dependences for design
calculations of drying installations.

Keywords: drying; filtration drying; match splints; kinetics;
match production; stationary layer.
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