1. Hryhorii KALETNIK, 2. Vitalii YAROPUD, 3. Yurii POLIEVODA, 4. Olena SOLONA, 5. lhor BABYN,
6. lhor TVERDOKHLIB

Vinnytsia National Agrarian University

ORCID. 1. 0000-0002-4848-2796, 2. 0000-0003-0502-1356, 3. 0000-0002-2485-0611,
4. 0000-0002-4596-0449, 5. 0000-0002-7070-4957, 6. 0000-0003-1350-3232

doi:10.15199/48.2024.02.32

Study of the process of active-ventilation drying of legume
grasses’ fractional processing products

Abstract. Based on the results of research, the technological and constructive-technological scheme of the conveyor heat-mass exchange
equipment for the fractional processing of leguminous herbs is substantiated, which is made in the form of a chamber with horizontal belt conveyors
installed in it, in the middle of which are placed calorifiers with heated steam, and centrifugal fans are installed on top of the chamber. Based on the
results of analytical studies, the design and technological parameters of the developed conveyor heat-mass exchange equipment for the fractional
processing of leqgumes were calculated. It was established that the productivity of the wet product is 1300 kg/h. The product comes out of the dryer
at a humidity of 7% and a temperature of 45 °C. Based on the results of the calculation, we obtained the design parameters of the working area of
the conveyor heat and mass exchange equipment: length — 3.8 m, width — 2.1 m and height 2.3 m. Total heat loss in the drying unit — 13 kJ/kg. The
speed of the belt conveyor is 0.11 m/s. Using the Simcenter STAR-CCM+ software package, a simulation of the technological process of drying in
the developed conveyor heat and mass exchange equipment was carried out. Visualizations of the flow rate distribution of particles of products of
fractional processing of lequmes and air flow in the area of the conveyor heat and mass exchange equipment were obtained in scalar and vector
form. The temperature distribution of the air flow in the area of the conveyor heat and mass exchange equipment was determined in a scalar form
and its influence on the temperature of the particles of the fractional processing of leguminous grasses moving along belt conveyors was revealed.
The presented results of numerical modeling confirm the analytical calculations. However, in the future, it is necessary to carry out experimental
studiies of the drying process of products of fractional processing of leguminous herbs and empirically check the rational structural and technological
parameters of the conveyor heat and mass exchange equipment.

Streszczenie. Na podstawie wynikéw badan uzasadniono schemat technologiczny i konstrukcyjno-technologiczny przenosnikowego urzadzenia
wymiany ciepfa i masy do frakcyjnej obrobki ziét roslin strgczkowych, ktory wykonany jest w postaci komory z zainstalowanymi w niej poziomymi
przenos$nikami tasmowymi, w posrodku ktérych umieszczone sq podgrzewacze z podgrzang parg, a na goérze komory zainstalowane sg wentylatory
odsrodkowe. Na podstawie wynikéw badan analitycznych obliczono konstrukcje i parametry technologiczne opracowanego przenos$nikowego
urzadzenia wymiany cieptfa i masy do frakcyjnej obrébki roslin strgczkowych. Ustalono, ze wydajno$¢ mokrego produktu wynosi 1300 kg/h. Produkt
wychodzi z suszarki przy wilgotnosci 7% i temperaturze 45 °C. Na podstawie wynikéw obliczeri uzyskano parametry projektowe powierzchni
roboczej przenos$nika urzgdzen wymiany ciepta i masy: dfiugos$c¢ — 3,8 m, szeroko$¢ — 2,1 m i wysoko$¢ 2,3 m. Sumaryczna strata ciepta w zespole
suszgcym — 13 kJ/kg. PredkoS$c¢ przenosnika tasmowego wynosi 0,11 m/s. Wykorzystujgc pakiet oprogramowania Simcenter STAR-CCM+
przeprowadzono symulacje procesu technologicznego suszenia w opracowanym przeno$nikowym urzgdzeniu do wymiany ciepfa i masy.
Wizualizacje rozktadu natezenia przeptywu czastek obrébki frakcyjnej ziot straczkowych oraz przeptywu powietrza w obszarze urzgdzen wymiany
ciepta i masy przeno$nika uzyskano w postaci skalarnej i wektorowej. Wyznaczono w postaci skalarnej rozktad temperatury strumienia powietrza w
obszarze urzadzen wymiany ciepfa i masy przeno$nika oraz ujawniono jego wptyw na temperature czgstek obrobki frakcyjnej traw strgczkowych
poruszajgcych sie wzdtuz przenosnikéw tasmowych. Przedstawione wyniki modelowania numerycznego potwierdzajg obliczenia analityczne. Jednak
w przysztosci konieczne jest przeprowadzenie badan do$wiadczalnych procesu suszenia produktow obrobki frakcyjnej ziot straczkowych oraz
empiryczne sprawdzenie racjonalnych parametréow konstrukcyjnych i technologicznych urzadzeri wymiany ciepta i masy przenosnika. (Badanie
procesu suszenia aktywno-wentylacyjnego produktéw przetwoérstwa frakcyjnego traw stragczkowych)

Keywords: drying, structural and technological scheme, heat and mass exchange equipment, dryer, alfalfa, calculation, simulation, parame
Stowa kluczowe: suszarnia, schemat konstrukcyjny i technologiczny, urzgdzenia do wymiany ciepta i masy, suszarnia, lucerna, obliczenia,

Introduction due to high temperature [9]. This drawback is also typical

Nowadays, an important task in the agricultural industry
is to ensure adequate nutrition for farm animals. A rational
approach to this task is to use available and cheap local
plant raw materials [1, 2]. As a source of vegetable protein,
carotene and vitamins, which allows to reduce the use of
expensive protein raw materials, such as soybean meal,
fish meal and others, forage grasses are widely used, in
particular, alfalfa, clover, dogwood and safflower. Among
them, a special place is occupied by seed alfalfa (Medicago
sativa L.), which contains 17-19% protein and up to 200
mg/kg of carotene in leaves and stems [3-5].

One of the disadvantages of alfalfa as a feed raw
material is the high initial humidity (from 50% to 80%),
which makes it difficult to store it for a long time [6].
Therefore, the mass of alfalfa leaves is dried to a moisture
content of 7-15%. The traditional method of natural drying
of alfalfa to obtain hay is becoming less and less popular
due to the length of the process and low productivity [7].
Instead, intensive drying technology, which includes
washing the alfalfa leaf mass, high-temperature convective
drying, and granulation, is becoming increasingly common
[8]. However, the disadvantage of this technology is a
significant decrease in the content of carotene and vitamins

for convective drying of other plants. In addition, due to the
low thermal conductivity of green plants, including alfalfa,
convective drying has a significant duration, which
negatively affects the preservation of carotene and other
food substances [10]. At the final stage of drying, when the
moisture content of the plant material is significantly
reduced, its thermal conductivity and electrical conductivity
decrease even more, which leads to an increase in energy
consumption for the process.

In studies [11], the following drying methods were used
for alfalfa: drying in the field to 50% dry matter and finishing
drying in a ventilated warehouse; drying in field conditions
without turning over; drying with only one flip and drying
with two flips. The best result was shown by the inversion
drying method.

In studies [12-17] many different means for drying
alfalfa were considered. According to their design, they can
be divided into the following groups: chamber, drum, tunnel,
shaft and belt dryers. Belt dryers are of greatest interest, as
they operate continuously, which ensures drying efficiency
in the overall technological line of processing alfalfa into
fodder.
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Analytical studies

Fig. 1 shows the process flow diagram of conveyor-type
equipment meant for heat and mass exchange of legume
grasses’ fractional processing products. The product are
dried via moisture return by heat carrier product with air
being used as such product.

The wet products of legume grasses’ (lucerne) fractional
processing, with the moisture content of W, = 50% and
bunker B¢ temperature of 8, = 17.6°C enters an inclined
conveyor, which feeds the product into drying chamber C.
In the drying chamber, the product moves on belts. Air at

the initial temperature to = 17.6°C with the relative humidity
of @o = 78% is pumped by centrifugal fans B and By into the
drying chamber. The air is heated step by step in the
heaters installed between the working and idle branches of
the belts due to condensation of steam that heats and has
the temperature of th, = 140 ° C at the pressure of Ppy = 0.4
MPa. The product is dried to the moisture content of Wy =
7%. Dried products enter bunker B3z, Exhaust air enters LIH-
15 cyclone, where it is cleaned of small particles and
released into the atmosphere. Dried products from the
cyclone enter bunker By.
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C — drying chamber; L| — cyclone; B4, — fan; B 14— bunker; D4., — dispenser; KO — condensate trap; B31.s— shut-off valve; 3 1.,— locking bar;
31-31 — initial product; 32—-32 — dried product; 3—-3 — air; T7-T7 — steam; T8—T8 — condensate; TRC - automatic temperature control; FRC -
automatic throughput regulation
Fig. 1. Process flow diagram of conveyor-type heat and mass exchange equipment (dryer)

Fig. 2 shows conveyor-type heat and mass exchange
equipment (dryer). The dryer represents a chamber closed
by metal shields and doors. There are two exhaust devices
in the heat and mass exchange equipment. The supporting
part of the dryer is represented by the bed, inside which
there are five pairs of drums of 246 mm diameter. Each pair
carries an endless mesh-type stainless steel wire band.
One of the drums in each pair is a leading one, the other
being tension-type. Scrapers installed on the drums are
used to clean the drums from stuck-on product. The inclined
conveyor installed at the angle of 40° to the horizon is used
to feed the product to the dryer. Sections of steam heaters
are located in the space between the branches of each
conveyor. Under the pressure of 0.4 Mpa, steam is supplied
to the heater. The exhaust device has two chambers and
two fans. The fans’ performance the is regulated by the
valve installed in the upper part of the exhaust chamber. Air
is taken from the room through movable curtains of the
dryer's lower part. The product is fed by the inclined
conveyor to the upper working belt of the dryer, then to the
second, third and further ones, passing successively
through five belts. Passing through the product layer, air
preheated in the heaters absorbs moisture and is
discharged from the dryer. At the end of the fourth belt in
the heat and mass exchange equipment, a tray for
unloading or the next conveyor is available
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From the equation of the drying unit's material balance,
we determine the consumption of moisture W, which is
removed from the material being dried [18]:

WH - WK
100-W,
where Gy is the productivity of the dry matter unit, kg/h; Wy
— the product’s initial moisture content, %; Wk is the
product’s final moisture content, %.

The dryer’s output of dry material

(1) W=aG,-

(2) G,=G,-W,

Let us assume that for the four belts installed, the
amount of moisture that evaporates on belt 1is15%, on belt
2 — 30%, on belt 3 — 30%, on belt 4 — 25% amounts to W, =
81.77 kg/h, Wy = 163.65 kg/h, W3 = 163.65 kg/h and W4 =
136.29 kg/h.

Based on known temperature and relative humidity, the
specific moisture content is calculated using formula [14]:

o ¢'PH
(3) X =K 7B—¢-PH'

where k = 0.622 is the ratio of molar masses of water vapor
and air; Py is the pressure of saturated water vapor at a
given air temperature, Pa; B is the barometric air pressure,
Pa; ¢ is air humidity.

According to the calculation results, specific moisture
content at the entrance to the heater is 9.99 -10”° kg/kg.
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1 —inclined belt conveyor; 2 — belt conveyor; 3 — heating battery; 4 — drive; 5 — bed; 6 — exhaust device; 7 — steam pipeline; A — input of wet
material; b - steam inlet; B — yield of dry material; I'1.,— exhaust air outlet
Fig. 2. Structural diagram of the conveyor heat and mass exchange equipment

Since air is heated in the heater at constant air moisture
content, the absolute air humidity at the entrance to the
heater is the same as at the entrance to the dryer — 9,99-10
® kglkg.

Using formula (3), specific moisture content at the exit
from the dryer was calculated — 0.0305 kg/kg.

The enthalpy of moist air is the sum of the enthalpies of
dry air and water vapor per 1 kg of dry air [16, 18]:

(4) I:Cc.n.’t+x'in’

where C., — average specific heat capacity of dry air,
kd/(kg.K); t — temperature of moist air, °C; x — specific
moisture content, kg/kg c.n.; in — specific enthalpy of
superheated steam, kJ/kg

(5) i,=r +c, t,

where ro — specific heat of water vaporization, kd/kg; cn is
the average specific heat capacity of water vapor, kJ/(kg.K).

The enthalpy of air entering the heater has been
calculated and equals to 42.97 kJ/kg. The enthalpy of the
air leaving the dryer is 122.87 kJ/kg.

Distribution of the difference in moisture content by
zones, based on the moisture balance, in proportion to the
amount of evaporated moisture in each zone [18]:

X

(6) Ax, :%.w],

Axq = 3.07 g/kg; Axz = 6.15 g/kg; Axs = 6.15 g/kg; Axsa = 5.13
g /kg. Moisture content at the exit and in further zones will
be: x4 = 30.5 g/kg; x3 = 25.36 g/kg; x2 = 19.21 g/kg; x1 =
13.06 g/kg.

Specific consumption of completely dry air is calculated
under the following formula:

1000

X, =X,

7) 1=

=48,78 kg of air / kg of moisture,

where X2, X1 — specific moisture content at the exit from the
dryer and at the entrance to the heater.

Then total consumption of absolutely dry air in the
drying unit

(8) L=1IW =26593.17 kg/h 26593,17 kglyear  (8)

Specific volume of moist air entering and leaving the
drying chamber is calculated using formula [18]
R, T
©) wE s
B - ¢P,
where Kg is the gas constant; T is absolute air temperature,
K:

9,,,=0,85 m’kg, 9, =0,96 m’/kg.

Volume consumption of air is determined using the
formula

(10) V=L-9,,

Vo = 22604.19 m*/h, V, = 25529.44 m*/h.
Let's determine the working length of the belt [18]

(11) ot

where 171 means drying time on the 1st belt, according to
experimental data 74 = 25 min; QH is the bulk density of dried
material, kg/ms; px = 650 kg/m”; f — cross-sectional area of
dried material on the belt: f=b-h=0,175 m? ; b — layer
width: 5=0,9-Bs—-0,05=1,75m; (Bs is the width of the
conveyor belt, according to the standard we assume Bs = 2
m); h — the height of the lower belt's material h = 36 mm; S
=2.76 m. We assume 2.8 m.

Other belts have the same length. The working area of
the drying unit's all belts is 19.6 m? for the belt's total
working length of 11.2 m. The belt’s width is 2000 mm.

Let's calculate the speed of the belts

(12) 01:02:03:§:0,11 m/s.

T
The drying chamber’s length

(13) 1l =S,+d+r=3,8 m,
where Sy is the distance between the centers of the drums,
which is equal to the working length of the belt; d — drum
diameter; r — the belts’ displacement relative to each other
and the drums’ distance to the walls of the drying chamber
(we assume r = 0.7 m).

Given the belt’'s width and the distance from the belt to
the chamber’s wall, we determine the chamber’s width:
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(14) b, =Bs+2,0-0,05=2.1 m.

When calculating the chamber’s height h between the
drums, the distance between the drum and the ceiling is
0.234 m, and the distance between the drum and the floor
is0.3m h _~23 m.

Let us perform the calculation for the drying chamber
with subsequent heat distribution across the dryer zones.

And let's calculate specific heat consumption for heating
the material in the drying chamber [18]

qM — GK .C:; (92 _el)
W
where ¢! is specific heat capacity of dried material

(15)

(16) C,w,:cw~u)2+c_“(1007c02)

) 100
¢, — specific heat capacity of water, ¢, =4.19 kJ/kg-K; cm —
specific heat capacity of absolutely dry material; Cy, = 1.286
kJ/kg-K; 81 is the material’'s temperature at the entrance to
the drying chamber, 61 = 117.6°C; 0, is the material’'s
temperature at the exit from the drying chamber, 6, = 48 °C.
Average air temperature in the dryer

~1,49 kJ/kg-K

Lttt
cp. 4
Average temperature difference

(17) ¢ =57,27°C.

(18) At =t, —t, =39,65°C.

The chamber’s equivalent diameter in the direction of air
flow is determined from the following equation

R
b, +1,
The air movement velocity in the drying chamber is
calculated based on the volumetric air flow V3 according to
the flow continuity equation:

(19) d

E]

— VZ
3600 -
where f is the free cross-section for air passage in the

chamber, taking into account the chamber’s filling with
material.

(20)

=1,8 m/s

1) f=b -1 =798 u’

We assume the free cross-section for air passage as
equal to 0.5f.
Let's calculate the Reynold’s number [18, 19]:

_S.df)

(22) Re =252419

A%
where v is the kinematic viscosity of air at an average
temperature.

Let's determine the heat transfer coefficient a’1 [18]:
Nu = 0.32'Re’® = 671.0;
a’1 = Nu'Mde = 6.88 W/(m-K);
where A is the air thermal conductivity coefficient at an
average temperature.
Let us calculate heat transfer coefficient a*1 using
equation [18, 20]

(23) Nu=0.15(GrPr)**
where Pr is the Prandtl number [18-20]

v
Pr=—
a

(24)

Gr is Grashof's number [18]

h(T,-T
Gr=E2 h[wm’j

(25) 3 T,
where a is the temperature conductivity coefficient of near-
wall air, m? Is; g —free fall acceleration, m2/s; Te is the
absolute average air temperature, K.

We assume the wall's inner surface temperature as:
Ters= 320 K.

The values of kinematic viscosity and air thermal
conductivity coefficients are assumed at the following
temperatures:

t, +t

(26) t=—t 25213 °C,

Pr=0.73; Gr = 10.46; Nu=273.85; a’ 1= 3.26 W/(m-K).
Heat transfer coefficient from air to the drying chamber’s
inner surface

(27) o = A1 + @) = 12.67 Wi(m+K)

where A is the coefficient depending on the air movement
mode and the wall surface state.

Let’s take the temperature of the wall’'s outer surface as
teew = 30°C, t, = 17.6 °C. We will assume that the
workshop’s wall opposite to the dryer's wall has
temperature: te; = 17.6°C.

Air parameters are assumed at the average temperature
th.cp = 23.8°C.

Physical parameters of the air are taken at the average
temperature:

tC‘[.H-‘—tH
(28) t= 5
Grashof
Gr=18,95-10°.
Then from equation (23) the Nusselt number: Nu =
334,62; a2 = 3,7 W/(m<K).
The coefficient of heat transfer from the drying
chamber’'s outer surface to air a, is determined by heat

losses due to air's natural convection in the room and to
thermal radiation.

=238 °C )

number according to formula (25)

(29)

where a | is the coefficient of heat transfer by thermal
radiation, W/(m-K) [18]

TCTH 4 TCT

€2 . -
100 100

" to =t

CT.H

2= "2+0y

j4
(30) :l =4,34 W/(m+K)
where ¢ is thermal radiation coefficient,

az = 8,04 W/(m+K).

The side and end walls of conveyor-type heat and mass
exchange equipment and the door represent the panels
assembled from two steel sheets with the thickness of &gt =
1 mm. The space between the sheets is filled with an
insulation layer (mineral wool) with the thickness of &= 10
mm, A¢r = 45.4 W/(m-K), Ay = 0.046 W/(m-K).

The heat transfer coefficient for the side and end walls is
calculated according to equation [18]:

1

1 5, 1
—+ 4 4+
a, zki o,

(31) k= =2,38 W/(m2:K)) )

Let's check the accepted temperatures of the dryer
fence’s outer and inner surfaces [18]:
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kAt
t, =t +—==24,65°C;

kAt
ty, =t, ——2=42,34°C,
a’l
Specific heat losses through side and end walls
according to formula [18]

KFAt
=3,6——2=16,91 kJ/Kg,
Qer W g

(32)

wgere F is the surface of the fence (walls, floors, ceilings),
m-.
The surface of side and end walls:
F = 2(lchwbchy) = 27.14 m?

Two exhaust chambers made of wood or metal are
mounted in the upper part of the conveyor heat and mass
exchange equipment. The insulation of the exhaust
chambers and the ceiling is assumed the same as the
dryer's walls. Based on the design of the exhaust
chambers, the surface of the ceiling of conveyor-type heat
and mass exchange equipment will be 9.17 m?. Air
temperature in the second zone is maintained at 45°C,
then: taverage = to-to = 41.4 °C.

To simplify the calculation of the heat transfer
coefficient, let us assume previously found heat transfer
coefficients a4 and a’ "2 changing them by 30%:

a1 =2.28 W/(m+K), a’ "2 = 3.038 W/(m*K).

Then, for the ceiling, the coefficient of heat transfer from
air to the drying chamber’'s inner surface according to
formula (27): a1 = 11.45 W/(m-K).

The coefficient of heat transfer from the drying
chamber’s outer surface to air according to formula (29): a.
= 7,39, W/(m+K).

The heat transfer coefficient is calculated according to
equation (31): k = 2,27 W/(m?K)).

Specific heat loss through the ceiling is calculated by
formula (32): gnor = 5.68 kJ/kg.

Specific heat losses through the floor are calculated
according to the following formula [18]:

(33)

3,6 %
w

=1,59 kJ/kg

nos

where F is the floor area, m®; .., is the specific heat loss

from 1 m? of the floor, W/m?,
Total heat loss in the drying unit can be found using the
following equation:

(34)  A=(cwB1 + Qgon) — (QutTrp*+nor) = -13 kJ/kg

where cy is the specific heat capacity of water, cy = 4.19
kJ/kg-K; 01 is the temperature of the material at the
entrance to the drying chamber; quon is the amount of heat
that is additionally introduced into the drying chamber,
kJ/kg; am , g is the specific heat consumption for heating
the material and transport devices, respectively, kdJ/kg; Qnor
being the specific heat loss to the environment, kJ/kg.
Specific heat losses for material heating are referred to
the second zone. This includes heat loss to the environment
through the ceiling. The first zone includes heat loss
through the floor. The heat introduced into the drying
chamber with the material's moisture and lost to the
environment through the side and end walls is distributed in
proportion to the amount of moisture removed in each zone:
A, =-54,23 kJ/kg; A,=17,05 kJkg; A,=17,05 kJ/Kg;

A, =6,94 kJ/Kg.

We find the thermodynamic losses attributed to 1 kg of
moisture according to the following formula:

(35)  q,, =0.23(T, +T,),

where T4 and T2 mean the absolute air temperature at the
entrance to the drying chamber and at its exit, respectively:

q,=147,5 kJKkg; q,=149,6 kJKkg;, q,=149,3 kJ/Kkg;
q, =149,3 kJ/kg.

Taking into account the thermodynamic losses, the
correction for real drying process in each zone will be as
follows: A, =-201,73 kJ/kg; A, =-132,7 kd/kg;

A,=-132,4 kJkg; A =-14236 kJkg; D A=-608,99
kJ/kg.

Numerical simulation results

To evaluate the effectiveness of proposed structural and
process flow diagram of the dryer and to check the
adequacy of analytical calculations, we will perform the
simulation of the drying process using Simcenter STAR-
CCM+ software package and DEM (Discrete Element
Method) method [21-23].

The DEM method is the numerical modeling method
used to analyze the motion and interaction between
particles. It is commonly used to study the behavior of
granular materials such as sand, stone and grain, as well as
to analyze processes occurring in various industries, such
as ol and gas industry, food, agriculture, and
pharmaceutical industries [24]. The DEM method models
the movement of solid bodies that interact with each other
through contact forces. To do this, each particle is
represented separately and interactions between particles,
such as impacts, friction and adhesion, are taken into
account. Interaction parameters are defined for each pair of
particles, on the basis of which the motion of each particle
is calculated. The DEM method also takes into account the
interaction between the particles and the environment, such
as air or liquid. Application of the DEM method allows
analyzing the behavior of granular materials and other types
of discrete systems. It is a powerful tool for improving the
efficiency and accuracy of designing processes related to
the mixing, transfer and sorting of granular materials.

For simulation purposes, the 2D model of the area of
heat and mass exchange equipment with belt conveyors
moving in the horizontal plane was generated. Using the
surface mesh generator and polyhedral cell generator with
the linear size’'s reference value of 0.01 m, a three-
dimensional mesh was generated for the area of the heat
and mass exchange equipment (fig. 3).
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Fig. 3. Mesh of the area of heat and mass exchange equipment
with belt conveyors
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Next, we choose particular physical models in
simulation. Selected models include the two-dimensional
model, the unsteady implicit model, the one-component gas
(air) mathematical model, the ideal gas (air) model, the
turbulent air flow model, k-¢ air turbulence model, the
isothermal fluid energy equation, the averaged Navier-
Stokes equation depending on the Reynolds number, the
separated flow model, gradient and boundary methods, the
Lagrangian model of multiphase medium, the multiphase
interaction model, the discrete element model (DEM) and
the gravity field [25-27].

Lucerne is represented as a Lagrangian phase
according to the following models: the one of constant
density, pressure gradient force, particles’ resistive force,
cylindrical particles, single-component solid particles and
DEM particles. Lucerne had the following physical and
mechanical properties: Poisson's ratio — O 25; Young's
modulus — 0.4 MPa; density — 500 kg/m®; rest friction
coefficient — 0.41; normal recovery factor — 0.35; tangent
coefficient of recovery — 0.35; the coefficient of rolling
resistance being 0.25. The following characteristics are
assumed as geometric dimensions of lucerne: the average
value of effective diameter — D = 0.01 m; the average value
of length is L = 0.08 m; the minimum length value is Lmin =
0.05 m; the maximum value of the effective length is Lmax =
0.10 m; standard deviation — o = 0.02 m. The distribution of
lucerne length is subject to normal distribution.

The interaction between lucerne particles was subject to
the Hertz-Mindlin contact interaction model [28, 29]: the
coefficient of rest friction is 0.41; normal recovery factor —
0.35; the tangent coefficient of recovery being 0.35.

The following parameters were taken as the properties
of the environment [27 30]: environment — air; dynamic
viscosity — 1.85508- 10® Pa-s; turbulent Prandtl number —
0.9; free fall acceleration — 9.8 m/s?; pressure — 101325 Pa.
The incoming air flow temperature is 60°C, the ambient
temperature being 20°C.

Lucerne is loaded into the dryer using the upper belt
conveyor based on the Lagrangian phase injection function
with the following parameters: particle appearance
probability — 0.8, initial particle velocity — 0 m/s and lucerne
feed Q = 81.77 kg/h. The belts’ speed is 0.11 m/s. Air flow
parameters  corresponded to previous  analytical
calculations. The boundary conditions for the simulation are
as follows. The interaction between lucerne particles and
the dryer's walls obeyed the Hertz-Mindlin contact
interaction model: the rest friction coefficient is 0.41; the
normal recovery factor — 0.35; and the tangent coefficient of
recovery being 0.35. The belt surface is opaque to lucerne
particles and transparent to air flow. Total simulation time is
600 s. The number of iterations is 10. The simulation time
step is 0.01 s.

Based on the simulation results, the visualization of air
flow velocity distribution in the area of conveyor-type heat
and mass exchange equipment was obtained in vector and
scalar forms (fig. 4).

Air flow speed, m's
[
6
Fig. 4. Visualization of air flow velocity distribution in the area of
conveyor-type heat and mass exchange equipment in vector (a)
and scalar (b) forms

It follows from Fig. 4 that air flow bypasses the radiators.
At the same time, the flow speed increases from 1.8 m/s at
In the process of movement, the speed of relocation of
fractionally processed leguminous grass products along the
belt conveyors also changes. Respective visualization is
shown in Fig. 5. On the belt, lucerne particles move at the
uniform speed of 0.11 m/s, and in the process of their
unloading from the belts, the speed increases due to free
fall acceleration.

il
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0 Speed of alfalfa particles, m/s =03
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Fig. 5. Visualization of lucerne particles’ flow rate distribution in the
area of conveyor-type heat and mass exchange equipment in
scalar form
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Fig. 6. Visualization of air flow temperature distribution in the area
of conveyor-type heat and mass exchange equipment in scalar
form

Let us consider the visualization of the process of air's
heat and mass transfer during its heating by heaters (Fig.
6). It can be seen from Fig. 6 that air flow gradually heats
up when passing through each level of heaters. Therefore,
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the upper belt’s lucerne will have a higher temperature than
that on the lower one. This is confirmed by Fig. 7.
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Fig. 7. Visualization of temperature distribution of lucerne particles’
flow in the area of the conveyor-type heat and mass exchange
equipment in scalar form

Presented numerical modeling results confirm the
analytical calculations. However, in the future, it would be
necessary to carry out experimental studies of the process
of drying of legume grasses’ fractional processing products
and empirically to check rational structural-and-
technological parameters of conveyor-type heat and mass
exchange equipment.

Conclusions

Based on the results of research, the technological and
constructive-technological scheme of the conveyor heat-
mass exchange equipment for the fractional processing of
leguminous herbs is substantiated, which is made in the
form of a chamber with horizontal belt conveyors installed in
it, in the middle of which are placed calorifiers with heated
steam, and centrifugal fans are installed on top of the
chamber.

Based on the results of analytical studies, the design
and technological parameters of the developed conveyor
heat-mass exchange equipment for the fractional
processing of legumes were calculated. It was established
that the productivity of the wet product is 1300 kg/h. The
product comes out of the dryer at a humidity of 7% and a
temperature of 45 °C. Based on the results of the
calculation, we obtained the design parameters of the
working area of the conveyor heat and mass exchange
equipment: length — 3.8 m, width — 2.1 m and height 2.3 m.
Total heat loss in the drying unit — 13 kJ/kg. The speed of
the belt conveyor is 0.11 m/s.

Using the Simcenter STAR-CCM+ software package, a
simulation of the technological process of drying in the
developed conveyor heat and mass exchange equipment
was carried out. Visualizations of the flow rate distribution of
particles of products of fractional processing of legumes
and air flow in the area of the conveyor heat and mass
exchange equipment were obtained in scalar and vector
form. The temperature distribution of the air flow in the area
of the conveyor heat and mass exchange equipment was
determined in a scalar form and its influence on the
temperature of the particles of the fractional processing of
leguminous grasses moving along belt conveyors was
revealed.

The presented results of numerical modeling confirm the
analytical calculations. However, in the future, it is
necessary to carry out experimental studies of the drying
process of products of fractional processing of leguminous
herbs and empirically check the rational structural and
technological parameters of the conveyor heat and mass
exchange equipment.
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