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The paper discusses the results of computer simulations of the hydrodynamics involved
in the movement of a thermal agent through a stationary layer of dried coffee production
waste. Before the simulation, the parameters of the porous zone were established, including
the porosity of the material layer under study (¢=0.4 m*/m?) and the values of the viscous
resistance coefficient (1/a) as well as the inertial resistance coefficient (C,). The ANSYS
Fluent 2022 R2 software package was used for computer modeling, with the k- SST
model of turbulence. The research involved analyzing the height range of the dried coffee
production waste layer, specifically within the range of H=80 to 120 mm with a 10 mm
increment, and H=90 to 110 mm with a 5 mm increment, as well as different flow rates
of the thermal agent in the range of w,=0.79+1.75 m/s. The average relative errors of
modeling the hydraulic resistance of the material layer under study in comparison with
experimental values are as follows: 8.92% for the height range of H=80 to 120 mm with a
10 mm increment, and 4.28% for the range of H=90 to 110 mm with a 5 mm increment.
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Introduction

The repurposing of plant biomass is one of the
most pressing issues that attract the attention of
scientists. The purpose of such research is not only to
find new ways to use biomass, but also to optimize
existing methods of using raw materials. This approach
helps to decrease the volume of waste that accumulates
at industrial manufacturing sites and contributes to
improving the general environmental condition [1].

Rational environmental management is
extremely important in terms of ecology and
sustainable development. Across the globe, large
volumes of coffee production waste are generated at
enterprises annually [2]. Due to the large volumes of
coffee production, the volume of such waste is
significant, but unfortunately, due to certain material
characteristics, coffee production waste is usually rarely
recycled or disposed of [3]. One of the main
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characteristics of coffee production waste that limits
its secondary use is its high humidity (approximately
65 wt.%) [4], which leads to reduced shelf life and
rapid product deterioration.

Potential uses of coffee waste include bakeries
for bakery products and biscuits [2], dietary fiber source
[5], solid fuel briquettes [4], and as a feedstock for
biodiesel [6] and bioethanol [7,8]. Further research
and improvement of the processes of secondary use of
this by-product hold significant potential to decrease
plant waste volumes and enhance the overall
environmental condition [9].

To address the issue of high moisture content in
coffee production waste and facilitate its reuse, it is
recommended to employ a highly efficient filtration
drying method [10]. This method offers advantages
for drying plant-based dispersed materials in a stationary
layer.

This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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Studying the hydrodynamics of the thermal agent
flow through a stationary layer of the material under
study is an important step in determining the value of
material layer hydraulic resistance. These values are
key to the effective design and calculation of drying
equipment and are also important in predicting the
energy consumption required to create a pressure
difference during the dispersed material drying.
Analyzing the experimental data on the hydrodynamics
of thermal agent flow will enable computer modeling
of the process and forecasting of hydraulic resistance
at various levels of the stationary coffee production
waste layer. This approach will help determine the
optimal conditions and parameters of drying, helping
to reduce the moisture content of coffee production
waste and maximize the potential of biomass in various
industries.

Experimental

To investigate the hydrodynamics of a dispersed
material layer, a coffee production waste from
JV «Galka LTD» (Lviv, Ukraine) was used, which
includes coffee, barley and chicory byproducts
(Fig. 1) [4].

To remove excess moisture from the original
plant material, the coffee production waste was
dehydrated using the filtration method of drying in a
laboratory installation [11]. After preliminary drying,
the coffee production waste was ready to determine
the parameters of hydraulic resistance in the stationary
layer.

The hydrodynamics of the dried coffee
production waste layer were researched to study the
effect of thermal agent fictitious velocity w, on the
hydraulic resistance AP of the stationary layer of the
studied material. The study also determined the
resistance of the perforated baffle of a cylindrical
material container [12] using a laboratory installation

Fig. 1. Dried coffee production waste [4]

of filtration drying [11].

The hydraulic resistance of a material layer was
calculated by subtracting the full experimentally
measured value from the calculated value of the
cylindrical container resistance obtained using the
polynomial equation (Fig. 2) characterizing the
hydraulic resistance of the container from the thermal
agent velocity in the studied range [12].

The height of the dispersed material layer in
the container was maintained through method [12].
The value of the bulk density of the dried coffee
production waste is 145.04 kg/m?. Layer porosity value
was also experimentally evaluated according to the
methodology [12], which is 0.4 m3/m?. The average
moisture content of the material, determined by the
method [11], equaled 4.17 wt.%.

Computer modeling involves several stages. First,
the calculation area to be modeled was created. Next,
this area was discretized with a finite element mesh.
The last and most important step was to solve a large
number of mathematical operations involving algebraic
or differential equations. Full convergence was critical
to the successful completion of the iterative
computational process.

The porous media method was selected as the
foundation for computationally modeling thermal agent
flow through the stationary layer of the research object,
according to the recommendations of ref. [12]. The
process was modeled in the ANSYS Fluent software
package, taking into account its advantages [13], using
the Navier-Stokes system of differential equations with
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Fig. 2. Hydraulic resistance dependence of a perforated
cylindrical baffle on thermal agent velocity
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the flow continuity equation [14], with the
supplementary application of the Darcy equation to
evaluate the hydraulic resistance value of the hydraulic
resistance of the layer AP. A generalized methodology
of the modeling used is given in ref. [12].

The computer simulation considered the
parameters of the thermal agent flow. Air, with a
temperature of 15°C, was used as a thermal agent in
the experiments.

Results and discussion

The obtained experimental data on the
hydrodynamics of a stationary layer of coffee
production waste are shown by using a graphical
dependence which illustrates the effect of changing
the hydraulic resistance AP of the material layer on
the fictitious air velocity w, (Fig. 3).

Based on the obtained data on the
hydrodynamics of the material under study, a graphic
dependence was constructed, which is shown in
Fig. 4. To construct this dependence, the linear
equation (1) was used, which was obtained based on
the Darcy-Weisbach equation:
AP/(H-w,)=B'w,+A", (1)
where AP is the material layer hydraulic resistance,
Pa; H is the height of the material layer, m; w, is the
fictitious velocity of the thermal agent, m/s; A* and
B are the equation coefficients.

Analyzing the results of the linear dependency
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Fig. 3. Hydraulic resistance dependence of a dried coffee
production waste layer on the air fictitious velocity at various
layer heights (7=15°C, H=80 to 120 mm, w,;~=0.86+1.75 m/s)

shown in Fig. 4 and then comparing it with
Equation (1), we can make a conclusion that A *and
B* are the same as the coefficients in the line
Equation (2), which was built on the basis of the data
on the flow hydrodynamics of the thermal agent [12]:
AP/(H-w,)=63970.69+31810.12w,. (2)

This makes it possible to use the linear
Equation (2) to approximate the hydraulic resistance
of a stationary material under study with high accuracy.
This approach simplifies the process of modeling and
predicting hydrodynamic characteristics under various
operating conditions [12].

To carry out simulations with the porous media
method, the coefficients of viscous I/a as well as
inertial C, resistances should be determined [12]. These
coefficients may be determined by the straight-line
equation (Fig. 4) and thermal agent physical
parameters, based on the dependences (3) and (4),
which were derived based on previous works [12]:

1/a=A"/u,

C,=(2B")/p,

(3)
(4)

where u is the thermal agent dynamic viscosity
coefficient, Pa-s; and p is the thermal agent density,
kg/m?.

To simulate the thermal flow through the layer
of material with the k-» SST model of turbulence, it
was used the ANSYS Fluent 2022 R2 software package,
following the recommendations [12,15].

Modeling parameters of the porous zone were
calculated using the layer porosity of the dried coffee,
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Fig. 4. Graphic dependence of AP/(H-w,) vs. w, for investigated
height of dried coffee production waste layers
(T=15C, H=80 to 120 mm, w,~0.86+1.75 m/s)
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¢, and the coefficients of viscous 1/« and inertial C,
resistances, that are 3.57-10° m™? and 52276.29 m™!,
respectively.

The modeling allowed obtaining the value of
the hydraulic resistance of the studied material layer
for each experimental fictitious velocity of the thermal
agent. To compare the modeling data with the
experimental ones, a graphic dependence was
constructed, which shows the changes in material
layer resistance AP as a function of fictitious thermal
agent velocity w, (Fig. 5).

After analyzing the graphic dependences shown
in Fig. 5, it is noticeable that there is some deviation
from the simulation results to the laboratory data.
Table 1 shows the estimated relative errors of the
modeling compared to the laboratory data. The errors
are represented both as individual values for each
studied layer height and as a summarized value for all
experimental points. As shown in Table 1, average
simulation error is 8.92% for all the experiment points.
The largest error is observed at the height of 120 mm
and is equal to 16.52%.

As shown in Table 1, the average simulation
error increases with the deviation from the average
value of the heights of the stationary layer of material
under study. Taking into account the previously
conducted results on computer modeling of the
movement of a thermal agent across a dispersed
material layer of plant origin [12], and the conclusions
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Fig. 5. Plot comparing the received values from the modeling
(red lines) of the dried coffee production waste layer resistance
with the laboratory data (black lines). 7=15°C, H=80 to
120 mm, w,;~0.86+1.75 m/s

obtained in these works about the expediency of
reducing the investigated material layer heights to
improve accuracy, the modeling of the thermal flow
movement across the dried coffee production waste
layer was done for the heights under study with a
smaller interval.

The experimental results of the study of the
effect of the fictitious air velocity w, to the hydraulic
resistance of the material layer AP are given in Fig. 6.

Comparing Figs. 3 and 6, which represent the
experiment results for the layer height of the test
material with different steps, it can be seen that the
deviation of the points decreases and the distance
between the curves decreases in Fig. 6. This allows
obtaining more detailed and accurate information at
specific points.

Table 1
Computational modeling errors for the studied layer
heights from 80 to 120 mm of dried coffee production

waste
The height of the material | Average simulation error,
layer, mm %
80 13.16
90 4.44
100 2.66
110 8.67
120 16.52
the average value 8.92
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Fig. 6. Hydraulic resistance dependence of a dried coffee
production waste layer on the air fictitious velocity at various
layer heights (7=15°C, H=90 to 110 mm, w,~0.86+1.75 m/s)
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This approach will allow achieving more accurate
modeling results, as well as reducing deviations from
experimental results and improving the overall accuracy
of modeling. Using the experimental results of
hydrodynamics of the coolant movement, the graphical
dependence AP/(H-w,) vs. w,is similarly constructed,
and also the average line for all experimental points
(Fig. 7).

The coefficients of the graphical dependence line
equation presented in Fig. 6 are equal to A” and B”;
thus equation (1) becomes as follows:

AP/(H-w,)=66014.57+29649.32w,. (5)
Based on dependences (3) and (4) and the
straight-line equation (Fig. 7), the values of the viscous
1/a=3.69-10° m™? and inertial C,~48725.26 m™!
resistances coefficients were determined for the
investigated range of heights /=90 to 110 mm.

The modeling results are presented in Fig. §
compared to the obtained experiment values.

The modeling data obtained are consistent with
the experimental results. By comparing Figs. 5 and
8, we can argue that the use of experimental results
for the layer heights with a smaller increment is
justified, since it helps to increase the simulation
accuracy.

The obtained results confirm the preliminary
conclusions presented in ref. [12], which indicate the
necessity of reducing the range of layer heights under
study to increase simulation accuracy. Reducing the
height interval of the studied layer allows obtaining
more detailed and accurate information, positively
affects the modeling results, and increases the accuracy
of predicting the hydrodynamics of the process.
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Fig. 7. Graphic dependence of AP/(H-w,)
vs. w, for investigated height of dried coffee production waste
layers (7=15°C, H=90 to 110 mm, w,~0.86+1.75 m/s)

The relative modeling errors determined are
lower than those derived from previous simulations,
as shown in Table 2. The average relative error across
all experimental points is 4.28%, with the highest
average error of 7.97% occurring at a layer height of
H=110 mm.

In Fig. 9, a stepwise reduction of static pressure
is indeed observed during the passage of thermal agent
flow across the studied layer of coffee production waste.
This may be due to the resistance that occurs when
the flow penetrates the layer material.

Graphical visualizations of the field distribution
of static pressure (Fig. 9) and the field of vector velocity
(Fig. 10) along the cross-section of the computational
domain were obtained by computer simulations of
the flow of a thermal agent across the material layer.

The graphical visualization also shows that the
static pressure maintains a constant parameter in certain
areas over and under the stationary layer of material,
which can be important for process control and
regulation.

According to the velocity field vector distribution
shown in Fig. 10, it can be seen that the airflow is
described by a rectilinear motion along the simulation
domain. It is also clear that the flow velocity slows
down around the computational domain walls and at
the porous zone inlet. This may be due to air friction
against the walls and changes in the system geometry.
This slowdown can have a considerable effect on the
effectiveness and distribution of flow in the system,
so further research is worthwhile.
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Fig. 8. Plot comparing the received values from the modeling
(red lines) of the dried coffee production waste layer resistance
with the laboratory data (black lines)

(T=15C, H=90 to 110 mm, w,~0.86+1.75 m/s)
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able 2
Computational modeling errors for the studied layer
heights from 90 to 110 mm of dried coffee production

waste
The height of the material | Average simulation error,
layer, mm %
90 3.01
95 4.06
100 2.43
105 4.36
110 7.97
the average value 4.28
contour-2
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Fig. 9. Visualization of the distribution of the field of static
pressure in the area of the cross-section of the model for
H=100 mm, w~1.75 m/s

Visualization of the distribution of the velocity
field and the static pressure field is useful for analyzing
the nature and behavior of the flow of a thermal
agent when passing through a stationary layer of
dispersed material. This information can be useful for
finding ways to optimize the technology under study.

Conclusions

The paper investigates the hydrodynamics of
the movement of a thermal agent across a stationary
layer of dried coffee production waste, which consisted
of coffee, barley, and chicory wastes. Experimentally,
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Fig. 10. Distribution visualization of the velocity vector field in
the cross-section area of the modeling domain for
H=100 mm, w~1.75 m/s

it was determined that the parameters of the research
object were as follows: the material’s bulk density was
145.04 kg/m3, while the porosity was 0.4 m3/m?.

The computer simulation of the movement of a
thermal agent across a stationary material layer was
made by software package ANSYS Fluent 2022 R2
with the use of hydrodynamic experimental data.
Heights of the stationary layer of coffee production
waste H=80 to 120 mm with an increment of 10 mm
and H=90 to 110 mm with an increment of 5 mm
were investigated. Studies were also conducted for a
set range of fictitious air velocities w;~0.86+1.75 m/s.

The average relative error of modeling for the
investigated ranges of layer heights =80 to 120 mm
and H=90 to 110 mm is 8.92% and 4.28%,
respectively. The data from the modeling results
confirm the previous conclusions about the expediency
of narrowing the range of the studied parameters.

The conducted research has important practical
implications for the further improvement of
technologies for drying and processing materials in
industrial processes. The results obtained can be used
to design specialized drying equipment.
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MOJEJTIOBAHHSA PYXY TEILIOBOI'O ATEHTA KPI3b
ITAP BIAXOJIB KABOBOI'O BUPOBHUIITBA

0.C. Isawyx, B.M. Amamaniox, P.A. Quxncoeuu

VY crarTi 00roBOpIOIOTHCS PE3YIBTaTH KOMIT IOTEPHOTO MO-
NeJIIOBAHHSI TiAPOAMHAMIKM PyXy TEIUIOBOTO areHTa 4yepe3 CTa-
LiIOHAPHUIA 111ap OCYILIEHMX BiIXOIiB KaBOBOro BUpoOHMITBa. [1e-
pell MoYaTKoM MOJIETIOBaHHsI OyJIM BCTAHOBJICHI MTapaMeTpu IMo-
PUCTOI 30HM, BKJIIOYAIOYM TOPUCTICTh JOCIIIKYBAHOTO IIAPY
matepiany (¢=0,4 m3/M?), 3HaueHHs KoedillieHTa B’SI3KiCHOTO
ornopy (1/a), a Takox koeditieHta inep-uiiinoro omopy (C,).
J11s1 KOMIT'I0TepPHOTO MOJIE/IIOBAHHST BUKOPHCTOBYBAJIM ITPOrPaM-
Huit komrieke ANSYS Fluent 2022 R2 3 momemnio TypOy-
sneHTHOCTI k- SST. JlocimkeHHs BKJIIOUAIO aHaTi3 Jiana3oHy
BMCOT IIapy BMCYLIEHUX BiIXOMIiB KaBOBOTO BHMPOOHUIITBA, a
came B Mexax Bim H=80 mo 120 mm 3 xpokom 10 mm i H=90
1o 110 MM 3 KpOKOM 5 MM, a TaKOX Pi3Hi IIBUIKOCTi ITOTOKY
TEeTUIOBOTO areHTta B miamazoHi w,=0,79+1,75 m/c. CepenHni
BIIHOCHI BiIXMJICHHSI MOJIECJIOBAHHS TiApaBiiuHOTO OIOPY
JOCJTIKYBAHOTO 1apy Matepiany MOPiBHSIHO 3 eKCIIepUMEH-
TaJbHUMU 3HAYCHHSIMM CTAHOBISITL: 8,92% uisi niarna3oHy
Bucor H=80+120 mm 3 kpokom 10 mm i 4,28% nnst mianazoHy
H=90+110 MM 3 KpOKOM 5 MM.

KawuoBi cioBa: Biixonm KaBOBOTO BUPOOHMIITBA,
b0iomaca, rimpomumHamika ¢igrbTpauiiinoro cyminusa, CFD,
KOMIT'IOTepHE MOJIC/IIOBAHHSI.
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The paper discusses the results of computer simulations of
the hydrodynamics involved in the movement of a thermal agent
through a stationary layer of dried coffee production waste. Before
the simulation, the parameters of the porous zone were established,
including the porosity of the material layer under study
(¢=0.4 m3/m3) and the values of the viscous resistance coefficient
(1/a) as well as the inertial resistance coefficient (C,). The
ANSYS Fluent 2022 R2 software package was used for computer
modeling, with the k-o SST model of turbulence. The research
involved analyzing the height range of the dried coffee production
waste layer, specifically within the range of H=80 to 120 mm
with a 10 mm increment, and H=90 to 110 mm with a 5 mm
increment, as well as different flow rates of the thermal agent in
the range of w,=0.79+1.75 m/s. The average relative errors of
modeling the hydraulic resistance of the material layer under
study in comparison with experimental values are as follows:
8.92% for the height range of H=80 to 120 mm with a 10 mm
increment, and 4.28% for the range of H=90 to 110 mm with a
5 mm increment.

Keywords: coffee production waste; biomass;
hydrodynamics of filtration drying; CFD; computer simulation.
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