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Abstract. The article deals with the issue of determining the volume of biogas
produced during experimental studies during the entire cycle of anaerobic fermentation of
organic matter in biogas reactors. The design of the device for determining the volume of
biogas produced during the period of the complete cycle of anaerobic fermentation of
organic matter in biogas reactors is proposed and given. The use of the proposed device is
aimed at both small and large biogas plants, in laboratory conditions and at production
facilities.

Mathematical dependences are presented, which allow to calculate the volume of
biogas determined by the device given in the work. The results of the study of the device
using 3D modeling in the Solidworks application program in the Flow Simulation package
are presented. The result of the 3D modeling is the graphical dependence of the pressure
distribution in the tubes of the measuring device, namely the gas pipeline and the Pitot
tube, with the subsequent establishment of the amount of biogas passed through the
measuring device in a certain time interval.

The work noted a high convergence of the comparative analysis of the data obtained
during 3D modeling and calculated analytically. Considered in the article, the main issues
of the proposed method of determining the produced volume of biogas during
experimental research will allow to increase the accuracy of the research work of
scientists, organizations and enterprises in the field of biogas technologies and
registration of the produced volume of biogas.

Keywords: Pitot tube, biogas, research methodology, eudiometer, ultrasonic meter,
Solidworks, Flow Simulation.

Introduction. The increase in farm and agricultural land, together with the growth of
the animal population, leads to the accumulation of plant and animal waste — biomass.
This prompts the population to search for alternative methods of disposal and processing
of the received waste, since storage systems are sources of dangerous emissions of
methane and nitrogen oxides [1]. This leads to air pollution and increased climate change
and the greenhouse effect. Aerobic and anaerobic treatment in special tanks — biogas
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reactors [2] has become the most widespread for the disposal of household and industrial
waste and sewage wastewater. Biogas can be obtained from agricultural waste using
anaerobic treatment. Purify it and obtain biomethane, which can replace natural gas for use
both for the own needs of farm enterprises and for supply to utility enterprises. The
profitability of using biogas plants directly depends on the energy efficiency of the biogas
generation process and recording its volume [3].

Analysis of research and publications. In the course of conducting experimental
studies of electrotechnical, physico-chemical, thermal and other processes in biogas
technologies, the main criterion for evaluating the efficiency of this or that equipment and
the processes it affects is the determination of the volume of biogas produced during the
entire cycle of anaerobic fermentation of organic biomass.

To date, during experimental studies of processes in biogas technologies, due to the
cheapness and speed of installation, the method of measuring the volume of separated
biogas, which works on the principle of an eudiometer — a moving pipe in a pipe with a
hydraulic valve, has become widespread [4-6], which is shown in Fig. 1 [5].

Fig. 1. Study of biogas output according to the eudiometer principle [5].

Using this method, the determination of the yield of biogas volume is possible only
for research with relatively small doses of loading of biomass, up to several litres. Also,
the use of this method is not suitable for determining the exact volume of biogas produced
during a certain period of time and recording relatively small doses of biogas release that
occur at the initial and final moments of fermentation.

Another method of determining the output of biogas is the use of a gas lamp, the use
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of which does not allow to establish even the approximate volume of produced biogas and
serves only for visual observation of the combustion process.

A large amount of simultaneously fermented organic biomass requires an innovative
approach in order to accurately determine the amount of biogas produced during the entire
fermentation cycle. One of these methods can be considered ultrasonic gas meters [7].
However, due to their high cost, they are not widely used in experimental research, and the
accuracy of the measurement depends on the specific conditions of the flow, its speed,
swirl, temperature and humidity.

Since the intensity of biogas release during anaerobic fermentation is constantly
changing due to different degrees of decomposition of organic biomass [7], the use of
ultrasonic gas meters to register untreated biogas requires the presence of several gas
meters. Each of them is designed for a different range of biogas flow rate, which requires
significant capital investments.

The literature [7] provides information on the use of turbine flowmeters to determine
gas volume. The disadvantage of such a device is the presence of moving parts that are
highly sensitive to contamination. Which makes this measurement method unreliable and
requires constant cleaning and adjustment. Also, the disadvantage is the difficulty of
determining the produced biogas at relatively low flow rates through the gas pipeline,
which leads to an inaccurate determination of the full volume of the generated biogas, as a
result distorting the results of experimental studies.

Having considered the available methods for determining the volume of biogas
output, it can be stated that today the need to develop an innovative, inexpensive and
highly sensitive method for determining the volume of biogas during experimental studies
of both small and large tanks is an urgent issue.

Purpose. Develop a method for determining the volume of biogas produced during
the full cycle of anaerobic fermentation of organic biomass, both for small and large
biogas plants.

Materials and methods. During the anaerobic fermentation of organic biomass,
biogas is released. Its volume is variable over time and depends on the physical and
chemical composition, the uniformity of the temperature field in the reactor, and the
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frequency of mixing of the substance being fermented [8-10]. Considering the above,
determining the volume of biogas is an extremely difficult task for scientists.

Therefore, to determine the volume of biogas produced during experimental research,
it is proposed to use the method of measuring the flow of biogas in combination with a
Pitot tube, a biogas temperature sensor, a differential pressure sensor, a gas analyser and a
microcontroller. The design of the measuring device is shown in Fig. 2,
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Fig. 2. Design of the measuring device for determining the produced volume of
biogas: 1 — gas pipeline; 2, 3 — dynamic and static pressure measurement tubes;
4 — differential pressure sensor; 5 — microcontroller; 6 — temperature sensor;
7 — methane (CH,) and carbon dioxide (CO,) gas analyser.

The principle of measurement using a pitot tube, a temperature sensor, a differential
pressure sensor, a gas analyser and a microcontroller is as follows. A tube is installed in
the gas pipeline, the open end of which is brought out towards the gas flow in such a way
as to increase the pressure in the middle of the tube compared to the static pressure of the
environment, the other end of which is connected to the input channel of the pressure
sensor. The other output of the pressure sensor is used to measure the static pressure of the
environment. Thus, the dynamic pressure, which is the differential pressure, is measured
AP (Pa) and depends on the flow rate 3 (m/s) and the area of the smallest cross-section of
the gas channel S (m?). The data received from the differential pressure sensor (4),
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temperature sensor (6), gas analyser (7) are processed in the microcontroller (5) and stored
on the memory card in the format «txt».

The separated biogas contains 50-75% methane (CH,), 25-50% carbon dioxide
(CO,) and 1-2% of other impurities, among which the most common are: hydrogen
sulphide (H,S), ammonia (NH,), nitrogen (N,), hydrogen (H,). This amount of impurities
does not have a significant effect on the amount of methane produced, therefore, by
measuring the volume fraction of methane and carbon dioxide, it is possible to determine
the total content of the remaining gases using the formula:

Ao :100_(ACH4 +AC02 ) (1)

. A A
4, _ total content of other gases in biogas, %; “CHs' €O _ the content of

where
methane (CH,) and carbon dioxide (CO,) in the volume of biogas, %.
According to the proposed method of measuring the volume of biogas produced, the
biogas flow rate is determined by the formula:
9= J@
Pav )

where p,, — average density of biogas, kg/m*; AP — differential pressure, Pa.

AP =Py —P) 3)

where P,, P, — pressure measured in the biogas flow zone and static pressure, respectively,
Pa.

The density of gases depends on the temperature, therefore, in order to avoid
measurement errors, a temperature sensor is introduced into the system, which measures
the temperature of the biogas flow and transmits this information to the microcontroller.
The gas analyser measures the volume fraction of gases contained in biogas, according to
formula (1) we determine the total content of the remaining gases in biogas. Thus, the
average density of biogas p,,, is calculated by the formula:

Pay =4, "Pav (1) +Acp, - Pery () + Ao, Peoy () 4)
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where PCHa(1)' PCO,(1) _ density of methane (CH,) and carbon dioxide (CO,) at

temperature (t), kg/m?®; Pava,(t) _the average density of the remaining gases in the biogas

at the temperature (t), kg/m?®:

Pava ):ZPj(t)
ava ()=
’ L ()

where LPjt) _ the sum of the densities of the j-th gases that are in the volume of biogas
at the temperature (t), kg/m®; n — the number of types of gases that are in the volume of
biogas.

To determine the volume of biogas produced, it is necessary to know the time during
which the biogas flow rate remained constant. Mathematically, it will have the following
form:

Vi=9-Si -t (6)

where V; — i-th volume of produced biogas, m?; 9; — i-th biogas flow rate, m/s; S — the area
of the smallest cross-section of the gas channel, m?; t; — the time during which the biogas

flow rate remained constant, s.
Then, the total produced volume of biogas V we find using the following expression:
V=2V (7)

The use of the proposed method makes it possible to continuously register the volume
of produced biogas during the i-th time interval (dependency 6). Determine the total
volume of biogas produced during all or part of the fermentation cycle (dependency 7) in
the biogas reactor during experimental research.

Results and discussion. In order to evaluate the adequacy and accuracy of the
proposed method of determining the initial volume of biogas, simulation was carried out in
the SolidWorks program in the Flow Simulation package. The 3D model is shown in
Fig. 3.
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a) b)
Fig. 3. Developed 3D model: a) appearance; b) cross section.

The simulation was carried out under the following initial conditions: biogas with
100% methane content flows through the pipeline; volume flow of biogas at the entrance
and exit of the gas pipeline 0.0012 m®/s; the temperature of biogas is constant 35 °C;
atmospheric pressure 101325 Pa; gas pipeline diameter 20 mm; the specific density of
biogas is 0.68 kg/m?.

The results of the 3D modeling are shown in Fig. 4.
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Fig. 4. Results of 3D modelling: a) pressure distribution in the Pitot measuring tube;
b) pressure distribution in the gas pipeline.

According to the obtained pressure data in the gas pipeline and Pitot tube, a

calculation was made using formulas (1-3) to determine the volume flow of biogas
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through the gas pipeline during a time of 1 second.
Flow speed, m/s:

9= 25 =3,83
0,68

Differential pressure, Pa:

AP =101330-101325=5

Volume flow of biogas through a gas pipeline with a diameter of 20 mm in 1 second,
m®/s:

V =3,83-0,000314-1=0,0012

In the course of 3D modelling, the volume flow rate of biogas at the inlet and outlet
was determined to be 0.0012 m*/s, calculated to be 0.0012 m®/s.

As a result of analytical calculations and 3D modelling by the authors, it was found
that the results coincide, which indicates the accuracy of the method of measuring the
volume of biogas, considered in the work.

Conclusions. Using the proposed method of determining the yield of biogas volume
in the process of anaerobic fermentation of organic biomass, it is possible to obtain
accurate results during experimental studies. This method, in combination with a personal
computer and a microcontroller, allows continuous recording of the measured volume of
biogas produced. Considered in the article, the main issues of the proposed method of
determining the produced volume of biogas in the course of experimental research will
increase the effectiveness of the educational and research work of scientists, organizations
and enterprises.
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METO/I BUBHAYEHHSA BUXO/JY OB’€EMY BIOI'A3Y I YAC
EKCITEPUMEHTAJIBHUX JOCJIIIKEHBb ¥ BIOI'A30BUX TEXHOJIOTI'TAX
M.M. 3a6n00cokuit, M.O. Cnooooa, O.0. Cnooooa

AHoOTaUisl. YV cmammi po3ensHymo NUmManHs SU3HAYEHHSI 00’€my 8UpOoOIeH020
0ioeazyy x00i eKcnepumMeHmaibHUx 00CHi0AHCeHb NPOMALOM YCb020 YUKTLY AHAEPOOHO20
30PO0AHCYBAHHA OP2AHIYHOI peuo8UHU Y 0102A308UX peakmopax. 3anponoHo8aHO ma
HAB8e0eHO KOHCMPYKYIl0 NpUcmpor OJisi GUHAYUEHHS 00’emy 8upobaenoco 6iocaszy 3a
nepioo n08HO20 YUKIY AHAEPOOHO20 30PO0NCYBAHHS OP2AHIUHOI peuosuHU ) OI02a308UX
peaxmopax. BuxopucmanHs 3anponoHo8aH020 NpUcCmpoio Hayiiene, K Ha MAli max i
geuKi 0i02azo8i YCMaHosKu, Y 1a00pamopHux yMoeax ma Ha 6UPOOHUYUX 00 €EKMax.

Hageoeno mamemamuuni 3anexcnocmi, wjo 00380510mMb NPOGECMU PO3PAXYHOK

103


https://doi.org/10.15588/1607-6761-2022-1-5

"Enepzemuxaiasmomamura',No2, 2024 p.

BU3HAUEHO20, HaBeOeHUM Y pobomi npucmpoem, 06 'emy biozazy. Hasederno pesynomamu
00CNi0dCeH s npucmpoio 3a oonomozoro 3D moodeniosanus y npukiaouiti npozpami
Solidworks y naxemi Flow Simulation. Pesyazsmamom 3D moodeniosanns € epagiuni
3A71eHCHOCE PO3NOBCIOONCEHHS MUCKY V MPYOKAX BUMIPIOBAIbHO20 NPpULAdy, a came
2azonposoodi ma mpyoyi Ilimo, 3 nodanvuum 6CMAHOBIEHHAM KIILKOCMI NPOUOEHO20
yepes UMIPI0BANbHUL NPUCMPIU 0102a3)Y 30 NEBHO20 NPOMIJICKY YACY.

Y pobomi siomiuena 6ucoxa 30idcHiCMb NOPIGHAILHO20 AHANIZY OMPUMAHUX OAHUX
nio uac 3D modenosannsi ma po3paxo8anux AHALiMUYHUM WAAXOM. Poszenamymi y
cmammi OCHO8HI NUMAHHS 3aNPONOHOBAHO20 MeMO0) BUHAUEHHS 8UPODTIeH020 00'emy
bioeazy y X00i eKCnepumMeHmaIbHUux OO0CHLONCEHb 00360JMb NiOSUWUMU MOYHICMb
00CNiOHOI pobomu HayKosyis, opeanizayiti ma nionpuemcme y cepi bOioeazosux
mexHoN02il ma peecmpayii ymeopeno2o 00 ’emy 6ioeas)y.

Kurwuosi caoBa: mpyoka Ilimo, 6ioza3, memoouka 00cnioiicenus, eediomemp,
yavmpaszeykoeuu nivuasnuk, Solidworks, Flow Simulation.
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