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Abstract. Biogas technologies are becoming increasingly widespread in industrial
and domestic facilities. However, the profitability of biogas production depends on the
energy consumption to support the fermentation process, so it is necessary to conduct
research aimed at reducing energy costs for heating and mixing the raw material being
fermented. Raw materials with different physicochemical compositions are used for
fermentation, which significantly affects energy costs. The aim of the work is to study the
influence of the specific density of the raw material being fermented in a biogas reactor on
the energy costs for mixing and changing the Reynolds criterion. The paper presents the
constructed mathematical model and research results. The research considered a wide
range of changes in the specific density of the substrate from 750 to 1500 kg/m3.
According to the research results, graphical dependences of the change in the Reynolds
criterion, heat transfer coefficient and heat transfer coefficient were obtained, depending
on the change in the specific density of the raw material and the frequency of rotation of
the working body of the mixing device. It has been established that the change in the
criterion and coefficients depending on the change in the density of the raw material
occurs according to a linear law. The results obtained will allow setting a rational
rotation frequency of the mixing device in which the heating device is located from the
point of view of energy consumption for the processes of mixing and electrical heating of
the raw material.
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Introduction. The issue of energy supply for the population and industry is one of
the most urgent and relevant in any country in the world. Alternative methods of obtaining
energy resources are one of the ways of development and providing energy to the
population and industry. Supporting the interest of the population and manufacturers in
research, construction and implementation of alternative methods of energy supply is
achieved through various systems of state support. Farms are the main producer of food

products. Along with this, farming is a source of accumulation of animal and plant waste.
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This pushes the population to search for alternative methods of utilization and processing
of the resulting waste, since storage systems are sources of hazardous emissions of
methane and nitrogen oxides [1-3]. In recent years, the use of biogas plants for processing
waste and obtaining an energy-valuable resource, namely biogas, has become increasingly
widespread. Biogas production occurs in specially designed biogas reactors while
maintaining a constant temperature and homogeneity of the fermented raw material
(biomass). During the fermentation process, the amount of biogas released depends on the
temperature regime in the biogas reactor [3-4]. Therefore, the intensity and uniformity of
the distribution of thermal energy in the fermented biomass plays a major role in the
productivity of the biogas reactor.

According to the conditions of the technological process of anaerobic fermentation,
biogas release occurs in three temperature regimes [2, 4]: psychrophilic — 15-20 °C,
mesophilic — 33 -37 °C, thermophilic — 55 —57 °C.

Most of the constructed biogas plants operate in the mesophilic temperature regime,
because it is observed the greatest intensity of bacterial development and a rational ratio
between the energy consumed and the amount of biogas produced.

In the works [4-10], the issue of maintaining the temperature regime in the biogas
reactor using various methods was considered. During the fermentation process, biomass
deposits occur on the surfaces of the heating and mixing devices and the walls of the
biogas reactor, which negatively affect the intensification and uniformity of the heat
transfer process. In the absence of mixing, the adhesion of biomass particles occurs faster,
which leads to a decrease in the productivity of the biogas reactor. Therefore, it is
necessary to consider the biomass heating system together with the mixing system [4-6, 9].

The physicochemical composition of waste depends on many factors, including the
moisture content of the raw material, the amount of dry matter, the density of the
substance, etc. It is the density of the substance that affects the energy costs for mixing the
raw material during the fermentation process. A topical issue is the study of the influence
of the specific density of the raw material fermented in a biogas reactor on the energy
costs for mixing and changing the Reynolds criterion, heat transfer coefficients and heat

transfer.
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Purpose. Study of the influence of the specific density of the raw material
fermented in a biogas reactor on the energy costs for mixing and changes in the Reynolds
criterion and heat transfer and heat transfer coefficients.

Materials and methods. The technological process of the biogas plant involves
unloading part of the spent raw materials once a day and loading the same portion of fresh
raw materials. After loading the fresh portion, mixing takes place to establish the average
temperature and uniform distribution of the fresh raw materials and those available in the
biogas reactor. The following parameters of the biogas reactor and the heating and mixing
system were adopted for the research [11]. The biogas reactor is made of stainless steel
and insulated with a layer of mineral wool. The reactor volume is 50 liters, the

fermentation temperature regime is mesophilic, T, =35°C, allowable deviation of

temperature T

allow

— +1°C, per hour.

The paddle of the mixing device, in

which the electric heater is placed, are made
Lo of steel, with a thermal conductivity of
2 Ay =15W /(m-°C) and thickness

. 5, =0,012m. The mixing and heating
| g
g ) system is shown in Fig. 1. Heat transfer

from a flexible electric heating element

mounted in a mixing device to the

c fermenting biomass occurs according to the

following scheme: heat transfer from the

electric heating cable to the paddle wall;

Fig. 1. Combined system for mixing and heat transfer process in the thickness of the

electric heating: 1 - shaft; 2 — electric paddle wall; thermal conductivity in the

heating cable; 3 - paddle. thickness of the adhesion layer on the paddle
and shaft; the final stage is heat transfer from the outer surface of the heater to the biomass

[4].

For each of the stages, equations [4] have been developed that mathematically
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describe the nature of the heat flow:
Opears = 1 - F -7 (tege —15)» W, (1)
Orearz = K- F -7 (t, —t), W, )
where «, — heat transfer coefficient from electric heating cable to mixing device,

W /(m?-°C); t, .t t, — fermentation temperature of the substrate, electric heating

heat ?* *m

cable and mixing device, respectively, °C; k — heat transfer coefficient, takes into account

the average rate of heat transfer over the heat exchange surface, W /(m? -°C); F — heating

surface area, m?; - — heater operating time, hours.
In equation (2), the heat transfer coefficient (k) depends on various factors, so it is
recommended to find it from the following equation [4]:

1
K= 1 3)
7+ -

st
@,

al st

where «, — heat transfer coefficient from the combined system shown in Figure 1 to
the volume of digested biomass, W /(m? -°C); A, — coefficient of thermal conductivity of
the mixing device blade material; &, — paddle thickness, m.

To determine the heat transfer coefficient («,) It is necessary to determine the mode

of motion of the fluid being mixed.
The evaluation of the mode of motion of the fluid is performed on the basis of the
centrifugal Reynolds criterion, which is a dimensionless complex quantity and is

calculated according to the dependence [4, 6]:

2
Re_ :Ldﬂd ' (4)

Y7,

where p — substrate density, kg/m3; Re, — modified Reynolds criterion for mixing; u# —
dynamic viscosity of the substrate Pa s; n — mixer speed, rpm; d _— mixer diameter, m.

When conducting research, we assume that the viscosity of the substrate is constant
and is x2=0,048 Pa-s [11].
Using the criterion equation of convective heat transfer between the heating surface

and the substance, and also taking into account that the temperature distribution
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throughout the volume of the substance is uniform, the calculation of the heat transfer
coefficient «,, mathematically it will have the following form:

a, =1,01- di .(Re )% . (Pr)** )

In

where A4 — thermal conductivity coefficient of the substrate, 2 =0,031 W/(m-°C); d,, —

internal diameter of the tank, m; Pr — Prandtl similarity criterion.
pr="H (6)

where ¢ — specific heat capacity of the substrate, ¢ =4060 J /(kg - °C).

The temperature of the heating device is maintained at 60 °C, as higher temperatures
lead to the death of bacteria and increased adhesion of biomass to the heating device [2].

Using equations (1-6), numerical studies were conducted on the influence of the
specific density of the substrate on the change in the Reynolds criterion, heat transfer
coefficient and heat transfer coefficient.

The calculations were carried out in the absence of deposits on the surface of the
mixing device, in which an electric heating cable is installed, the ambient temperature

t, =—15°C, change in specific density from 750 to 1500 kg/m? for a mixing frequency (n)

from 30 to 50 rpm. Calculations were performed in the program Wolfram Mathematica.
According to the results of the calculations, graphs of the change in the Reynolds
criterion depending on the change in the specific density of the substrate and the frequency
of rotation of the working element of the mixing device (Fig. 2), the heat transfer
coefficient depending on the change in the specific density of the substrate and the
frequency of rotation of the working element of the mixing device (Fig. 3), the heat
transfer coefficient depending on the change in the specific density of the substrate and the
frequency of rotation of the working element of the mixing device (Fig. 4) were obtained.
According to the results of calculations, for a biogas reactor with geometric
parameters according to the initial conditions, the Prandtl similarity criterion for different
rotation frequencies of the working body of the mixing device and the specific density of

the raw material is Pr=6286,45.
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Fig. 2. Dependencies of the change in the Reynolds criterion depending on the change
in the specific density of the substrate and the frequency of rotation of the working

body of the mixing device.

After analyzing the graphical dependences of the change in the Reynolds criterion
(Fig. 2), it was found that regardless of the rotation frequency of the working body of the
mixing device, the change in the criterion depending on the change in the specific density
of the raw material occurs according to a linear law. The maximum value of the Reynolds
criterion for the rotation frequency is: 30 rpm — 1485; 40 rpm — 1981; 50 rpm — 2476.
After analyzing the graphical dependence, it was found that at a specific density of the raw
material of 1500 kg/m?, the percentage increase in the Reynolds criterion when changing
the rotation frequency from 30 to 40 rpm is 25%, while when changing the rotation
frequency from 40 to 50 rpm — 20%. It was found that with an increase in the rotation
frequency, the percentage value of the change in the Reynolds criterion in accordance with

the previous value of the rotation frequency decreases.
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Fig. 3. Dependencies of the change in the heat transfer coefficient («,) depending on

the change in the specific density of the substrate and the frequency of rotation of the

working body of the mixing device.

After analyzing the graphical dependences of the change in the heat transfer
coefficient (Fig. 3), it was found that regardless of the rotation frequency of the working
body of the mixing device, the change in the coefficient depending on the change in the
specific density of the raw material occurs almost according to a linear law. The maximum

value of the heat transfer coefficient («,) for the rotation frequency is: 30 rpm — 182.6; 40

rpm — 218.2; 50 rpm — 250.62. After analyzing the graphical dependence, it was found that
at a specific density of the raw material of 1500 kg/m?, the percentage increase in the heat

transfer coefficient («,) when changing the rotation frequency from 30 to 40 rpm is 16%,

while when changing the rotation frequency from 40 to 50 rpm — 13%.
It was found that with an increase in the rotation frequency, the percentage value of

the change in the heat transfer coefficient («,) in accordance with the previous value of

the rotation frequency decreases.
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Fig. 4. Dependencies of the change in the heat transfer coefficient (k) depending on
the change in the specific density of the substrate and the frequency of rotation of the

working body of the mixing device.

After analyzing the graphical dependences of the change in the heat transfer
coefficient (Fig. 4), it was found that regardless of the rotation frequency of the working
body of the mixing device, the change in the coefficient depending on the change in the
specific density of the raw material occurs almost according to a linear law. The maximum
value of the heat transfer coefficient (k) for the rotation frequency is: 30 rpm — 141.3; 40
rpom — 161.8; 50 rpm — 179. After analyzing the graphical dependence, it was found that at
a specific density of the raw material of 1500 kg/m?3, the percentage increase in the heat
transfer coefficient when changing the rotation frequency from 30 to 40 rpm is 13%, while
when changing the rotation frequency from 40 to 50 rpm — 10%. It was found that with an
increase in the rotation frequency, the percentage value of the change in the heat transfer
coefficient (k) in accordance with the previous value of the rotation frequency decreases.

As a result of the analysis of the obtained graphical dependencies, it can be
concluded that an increase in the rotation frequency leads to an acceleration of heat
transfer from the heating device to the raw materials and objects located in the biogas

reactor. At the same time, the percentage value of the change in the heat transfer
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coefficients and heat output decreases with an increase in the rotation frequency in
accordance with the previous value of the rotation frequency.

The results obtained will allow you to set a rational rotation frequency of the mixing
device in which the heating device is located from the point of view of energy
consumption for the processes of mixing and electric heating of the raw materials.

Conclusions. The work conducted a study of the influence of the specific density of
the raw material being fermented in a biogas reactor on the change in the Reynolds
criterion, heat transfer coefficients and heat transfer. The work presents a mathematical
model for determining the value of the heat flow to the raw material being fermented using
an electrothermal system. Graphical dependences of the change in the Reynolds criterion,

heat transfer coefficients (k) and heat transfer («,) were obtained. It was established that

the change in the criterion and coefficients depending on the change in the density of the
raw material occurs according to a linear law. The results obtained will allow setting a
rational frequency of rotation of the mixing device in which the heating device is placed
from the point of view of energy consumption for the processes of mixing and electric
heating of the raw material.
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JOCIIIKEHHS BIIJIMBY MUTOMOI I'YCTUHU CUPOBUHU, 1110
36POKYETHCA B BIOTA30BOMY PEAKTOPI HA TEIJVIOPO3HOALT
M. O. Cnoooéba, O. O. Cnooooa

AHoTauisA. biocazosi mexnonoeii Habysarwwmov 6ce OLNLULOZO PO3NOBCIOONCEHHS HA
supobHUYUX ma noobymosux 00’ckmax. Qouaxk, penmabenvbHicmb  0i02A308020
BUPOOHUYMBA 3ANeHCUMb IO BUMPAMU eHepeii HaA NIOMPUMKY npoyecy OPOOIHHI, MOMY
HEOOXIOHUM € OOCHIONCEHHsT HAYLeH] HA 3HUMNCEHHS eHepeemUYHUX eumpam Ha nidiepis
ma nepemiuy8anHs CUpoBUHU, WO 30p00AHCYEMbCA. [[151 30p00HCYBAHHI BUKOPUCTIOBYIOMb
CUPOBUHY 3 DI3HUM (DI3UKO-XIMIYHUM CKIAOOM, U0 CYMMEBO BNIUBAE HA eHEP2OSUMPAIU.
Memoro pobomu € 0ocniodxceHHs nau8y NUMOMOI 2YCIMUHU CUPOBUHU, WO 30POOIHCYEMBCS
y 0i02a3060My peakmopi HA eHepeemudHi eumpamu Ha NepeMilly8aHHs ma 3MIHY
kpumepito Petinonvoca. Y pobomi nasedeno nobyoogamy mamemamuymny mooeib ma
pe3yivmamu 00caioxcens. Ilpu 00cniONHCeHHAX pO32A0ascs WUPOKULl OianazoH 3MiHU
numomoi’ 2ycmunu cybcmpamy 6io 750 0o 1500 ke/m°. 3a pesynbmamamu 0ocriodcens
ompumano epaghiuni - 3anedxcHocmi  3minu  Kpumepiio  Petinonvoca, koeghiyicnmy
mennogiooaui ma kKoe@iyicnmy menionepedayi, 6 3ANEeHCHOCMI 8i0 3MIHU NUMOMOL
2YCMUHU CUPOBUHU MA YACMOMU 00epmaHus poboyo2co O0p2any Nnepemiulyiouoco
npucmporo. Bcmarnoeneno, wo 3mina Kpumepilo ma Koe@iyieHmis 8 3anedCHOCmi 8i0
3MIHU 2YCMUHU CUPOBUHU BI0OY8AEMbCA 3a NIHIUHUM 3aKOHOM. Ompumani pe3yrbmamu
00360/151Mb  6CMAHOBIIOBAMU  PAYIOHALHY — YACMOmMY 00epMAaHHsA  Nnepemiuyroi4o2o
NPUCMPOI0, 8 AIKOMY PO3MIWEHO HAPIBAIbHUL NPUCMPILL 3 MOYKU NO2TISL0Y eHEePemUYHO20
CHOJACUBAHHS HA NPOYECU NepeMiuly8anHs ma e1eKmpuyHo2o nidiepigy cuposutu.

KuarwuoBi canoBa: kpumepini  Peiinonvoca, Koeghiuienm mennonepeoaui,
Koeghiyicum mennogiooaui, numoma 2yCMuHaA CUPOGUHU, AHAEPOOHE 30P00ICYBAHHA,
nepemiuiyeanHs
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