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Abstract. The article presents the results of experimental research on the determination of the coefficient
of reduction of the air flow rate, pressure losses and the necessary power consumption of the exhaust fan,
depending on the rotation angle of the damper. The diagram and general view of the laboratory equipment for
researching the operation modes of the intake damper, which is the part of the automatic ventilation system for
the intake of contaminated air from livestock premises, is given. Its main element is an intake valve with servo
drives. The damper is round-shaped and rotates around an axel that lies on its plane.

Based on the results of the first stage of experimental studies of the ventilation system for the intake of
polluted air, the dependences of the output air flow rate Vo, air consumption qou, the air flow rate reduction
coefficient 1, the conditional area of the opening ooy and the fan power consumption Ngamp On the input speed Vi,
the angle of rotation of the damper f§ and the diameter were determined duct Dy. When the dampers are gradually
opened by a given angle (1), the inlet velocity Vinw increases from 11.42 m/s to 17.98 m/s, which is explained by
the fact that the damper creates a certain pneumatic resistance and the air flow returns to in the opposite direction,
while reducing the overall speed of the incoming air. At the outlet, the airflow velocity Vouy) increases from 0.08
m/s to 17.83 m/s. Moments of opening of the damper occur within 1 s, and a significant increase in speed is
observed, both at the inlet and at the outlet, due to the occurrence of turbulent motion. After opening the damper
to a given angle, the speed decreases and stabilizes.

According to the results of the second stage of experimental studies of the ventilation system for the intake
of contaminated air, the algorithm for controlling the dampers depending on the ratio of gas concentrations was
verified. The dependence of the power consumption of the fan N of the ventilation system for the intake of
contaminated air on the length of the air duct between the Lo modules and the air consumption Qin was determined.

Key words: microclimate, ventilation, system, air, pressure, pneumatic resistance, speed, temperature,
damper, dependencies, coefficient, livestock premises.
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1. INTRODUCTION

Based on the analysis of modern pig keeping technologies [1-2] in the world and in
Ukraine, it was found that the most promising is the new (western) technology. It is
characterized by the fact that all livestock is kept on a partially or fully slotted floor in premises
that are specialized for different technological groups and divided into isolated sections.

The analysis of microclimate parameters in pig facilities and their impact on pig health
[3-5] showed that deviations from optimal conditions lead to worsening of animal health, a
decrease in their number and, as a result, a decrease in the profitability of farms. A literature
review [6—7] of studies of the impact of microclimate parameters on the physiological condition
of pigs confirmed that humidity, temperature, and air flow rate in the pig housing facility have
the greatest impact on them.

An analysis of modern microclimate systems in pig facilities [8-9] has shown that the
most popular today is the negative pressure ventilation system. This is due to the fact that such
a system is easier to operate and maintain and consumes less energy than forced ventilation
systems. However, these systems have problems related to three-dimensional ventilation and
air injection to animals.
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In order to ensure the removal of air from the pigsty room, an appropriate ventilation
system was created (Fig. 1). For substantiation of design and technological parameters of the
automation of the ventilation system, it is necessary to perform experimental studies.

The automatic ventilation system for the intake of contaminated air (Fig. 1) is located
inside the animal facility under the ceiling [10—11]. It consists of a central air duct 1, to which
air intake nozzles 2 are connected. Nozzles 2 are located above each stall where animals are
kept. At the inlet of the nozzles, there are intake dampers with servo drives 3 and temperature,
humidity and air quality sensors 4. The outlet of the central air duct 1 is connected to the exhaust
fan 5. The intake dampers 3 and sensors 4 are connected to the control unit 7 by means of
electrical wires 6.
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Figure 1. Technological scheme of an automatic ventilation system for the intake of contaminated air:
1 — central air duct; 2 — nozzles; 3 — intake dampers with servos;
4 — temperature, humidity and air quality sensors; 5 — exhaust fan;
6 — electrical wires; 7 — control unit

The automatic ventilation system operates as follows: depending on the air quality
above the stalls, which is measured by sensors 4, and the limit values set by the operator, the
control unit 7 transmits a signal via electrical wires 6 to the intake dampers 3. If the measured
air quality values are below the limit values, the dampers 3 are closed. In other case, the dampers
3 are opened by an angle proportional to the difference between the measured values and the
limit values. The exhaust fan 5 draws air through the nozzles 2, forming a stream that moves
through the central air duct 1 and out of the room.

Due to the fact that individual group stalls may contain different numbers of animals
grouped into different age groups, the concentration of gases (ammonia, carbon dioxide, and
hydrogen sulfide) above the stalls may differ [12-14]. Therefore, the automatic ventilation
system for the intake of contaminated air should adjust the air flow rate for each machine
individually.

2. MATERIALS AND RESEARCH METODS

The main element of automatic ventilation systems for the intake of contaminated air is
a servo-driven intake damper. The damper has a circular shape and rotates around an axis that
lies on its plane. The air flow, moving through the duct in which the damper is located, bends
around it, which leads to a certain pneumatic resistance, which reduces the air flow rate and,
accordingly, reduces the outlet pressure.
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To determine the coefficient of reduction of the air flow rate, pressure losses and the
required power consumption of the exhaust fan, depending on the angle of rotation of the
damper, laboratory tests will be carried out.

The scheme and general view of the laboratory equipment are shown in Fig. 2. The
performance of the exhaust fan was regulated by a dimmer. At the same time, its power
consumption was determined using an electric meter. The rotation angle of the damper was set
using a servo and an Arduino Uno control board.

The pressure in the duct was determined by an upgraded Prandtl tube that was connected
to an MPX5100DP pressure sensor.

The air temperature was determined by an LM35 temperature sensor.
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Figure 2. Schematic (a) and general view (b) of the laboratory equipment
for studying the operation modes of the intake valve
The information from the pressure and temperature sensors was read using the Arduino
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Uno control board, which is connected to a personal computer with the Arduino IDE software
environment installed. The oscilloscope function was used in the Arduino IDE environment to
determine the average values and their standard deviation.

Based on the obtained data of total p1 and static p2 pressures, the air flow rate was
determined and recalculated to the outlet area:

V= 2L gRrT 1—[&)Y , )
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where T is the air temperature, K; vy is the air adiabatic coefficient, y = 1.4; g is the free fall
acceleration, g = 9.8 m/s?; R is the universal gas constant, R = 8.31 J/(mol-K); Dy, is the duct
diameter, m; V is the air flow velocity, m/s; g is the air flow rate, m%/h.

The research factors are: the damper rotation angle B, the air flow velocity V created by
the exhaust fan after the damper at a distance of 3Dp (330 mm). The levels and intervals of the
factors are shown in Table 1.

Table 1. Levels and intervals of research factors

Level Damper rotation angle B, ° Air flow rate V, m/s
—1.00 10 2
—0.75 20 4
—0.50 30 6
—0.25 40 8
0 50 10
+0.25 60 12
+0.50 70 14
+0.75 80 15
+1.00 90 18

The research criteria were the air flow rate V in front of and after the damper at a
distance of 3Dy (330 mm) and the power consumption of the exhaust fan N.

The research was conducted according to a full-factorial plan with a total number of
experiments 5° = 125.

The next step is to study the ventilation system for the intake of contaminated air.

The diagram of the laboratory simulator of the ventilation system for polluted
air intake is shown in Fig. 3. This simulator consists of 4 identical modules,
which are connected by means of an air duct with a length L and a diameter D = 110 mm.
An exhaust fan was connected to one end of the duct, the performance of which
was regulated by a dimmer. The dimmer is connected to a 220 V circuit through
an electric meter, the function of which is to determine the power consumption of the
exhaust fan.

The upper part of the module has an air duct fitting (tee or angle), to the lower part of

ISSN 2522-4433. Bicnux THTY, Ne 4 (116), 2024 https://doi.org/10.33108/visnyk_tntu2024.04 ...........o.cooveeeeecrrrerereerrererenn. 103



Experimental studies of the ventilation system for the intake of contaminated air

which a damper with servos is attached. The damper rotation angle was set using a servo and
an Arduino MEGA 2560 control board. An upgraded Prandtl tube based on the MPX5100DP
pressure sensor, an LM35 analogue temperature sensor, and an MQ-2 gas sensor are mounted
in the fitting. The information from the pressure, temperature, and gas sensors was read using
the Arduino MEGA 2560 control board, which is connected to a personal computer with the
Arduino IDE software environment installed. In the Arduino IDE environment, the oscilloscope
function was used to determine the average values and their standard deviation.
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Figure 3. Diagram of the laboratory test stand for the study of
ventilation system for polluted air intake

To simulate indoor air pollution, a smoke generator with a smoke flow regulator is
installed in the lower part of the module.

The research factors are as follows (Table 2):

- air flow rate Qin, created by the exhaust fan;

- length of the duct between the modules L;

- the ratio of gas concentration in each module ng1:ng2:Ng3:Nga.

In Table 2, the gas concentration ratio factor is chosen by randomizing numbers from 1
to 5. The ratio of 1:1:1:1 is the control.

The criteria for the study were the air flow rate V in front of the damper of each module
and its deviation from the average and the power consumption of the exhaust fan N.

The research was conducted according to a complete factorial design with a total number
of experiments 5% = 125,

Table 2. Levels and intervals of research factors

Air flow rate | Length of the duct between | Ratio of gas concentration
Levels 3 S
Qin, m°/h the modules Lo, m Ng1:Ng2:Ng3:Nga
—1,00 100 1 1:1:1:1
—0,50 200 2 2:1:2:1
0 300 3 2:1:2:4
+ 0,50 400 4 4:5:2:1
+1,00 500 5 3:4:1:5
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3. RESULTS AND DISCUSSION

According to the results of the first stage of experimental studies conducted on the
laboratory simulator, the dynamics of speed changes at the inlet and outlet of the damper Vin,
Vout during its rotation by a given angle  was determined (Fig. 4).
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Figure 4. dynamics of speed changes at the inlet and outlet of the damper Ving), Vout(
during its rotation by a given angle B(t)

Figure 4 shows that when the dampers are gradually opened by a given angle B(t), the
inlet velocity Vin(t) increases from 11.42 m/s to 17.98 m/s. This can be explained by the fact
that the damper creates a certain pneumatic resistance and the air flow turns in the opposite
direction, reducing the overall velocity of the incoming air. Also, at the outlet, the air flow
velocity Vout(t) increases from 0.08 m/s to 17.83 m/s. Interesting are the moments of the damper
opening, which occur within 1 s. Here we observe a significant increase in velocity, both at the
inlet and outlet. This is due to the appearance of turbulent motion. Then, after opening the
damper to a given angle, the velocity decreases and stabilizes. Therefore, in further calculations,
we will use the stabilized value of the velocity Vou.

By changing the inlet air flow rate with the help of a dimmer, which was controlled by
the value of Vin (t =100 s) and the rotation angle of the damper B in accordance with Table 1.

Having constructed a three-dimensional graph of the experimental data (Fig. 5), it is
possible to approximate them in the Wolfram Cloud software package using the
NonlinearModelFit function.

Figure 5. Dependence of the output air flow velocity Vo on the inlet velocity Vin
and the damper rotation angle 8
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As can be seen from Fig. 5, the experimental data (blue dots) form a linear dependence
on the inlet airflow velocity Vin and an ‘arctg” dependence on the damper rotation angle . Thus,
in the coded form, the equation is as follows:

Vout = 5,42863 + 5,59269 X1 x -
x arctg(1,35715 + 3,31601 X2 + 1,98998 X2),

where X1, Xz are the coded values of the Vi, and B factors, respectively.
The results of the static processing of equation (3) are presented in Table 3.

Table 3. Results of static processing of equation (3)

Coefficient! Value Error Student's criterion Probability
a1 5.42863 0.443587 12.238 1.19699-101°
a2 5.59269 1.45529 3.84301 0.000250417
a3 1.35715 1.17623 1.15381 0.252194
a4 3.31601 3.79226 0.874414 0.384647
as 1.98998 2.85363 0.69735 0.487712

Wout = a1 + a2 X1 arctg(as + a4 X2 + as X2°%)
Having decoded equation (6.1), we have:

Vout = 0044571 + 0688783 Vin X (4)
x arctg(0.331332 — 0.0435501 8 + 0.00130178 ).

The graphical interpretation of equation (4) is shown in Fig. 5 (green surface).
Taking into account the diameter of the duct Dy, the air flow rate qout through the damper
can be calculated by the following dependence:

Gout (Vin, B, Dp) = (3600 7 D/4)-(0.044571 + 0.688783 Vin x
x arctg(0.331332 — 0.0435501 B + 0.00130178 p?)) = .
= 126.022 D,? + 1947.49 Dp? Vip x ®)
x arctg (0.331332 — 0.0435501 B + 0.00130178 ).

The air flow rate reduction rate 1 through the damper can be calculated using the
following formula:

1= VoulVin = 0.044571/Vin + 0.688783 x ©)
x arctg(0.331332 — 0.0435501  + 0.00130178 B2).

Figure 6. Dependence of the air flow rate gou through the damper on the inlet velocity Vin
and the rotation angle of the damper 3
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The graphical interpretation of dependence (6) is presented in Fig. 7.

From Fig. 7 it can be seen that the inlet velocity Vin in the specified range does not affect
the coefficient of air flow rate reduction 1. That is, the coefficient 1 depends only on the angle
of rotation of the damper B, which is reasonable.

Figure 7. Dependence of the coefficient of air flow rate reduction 1
over the damper on the inlet velocity Vin and the damper rotation angle 3

The dependence of the power Ngamp consumed by the fan using the Wolfram Cloud
software package in coded form can be represented as follows:

Naamp = 49.7015 + 41.3971 x1 + 20.1834 x12 — 4.84245 X, — )
—3.34054 X1 X2 — 0.324002 X22,

where X1, X2 are the coded values of the Vin and  factors, respectively.
The results of the static processing of equation (7) are shown in Table 4.

Table 4. Results of static processing of equation (7)

Coefficient Value Error StL_Jde_nt's Probability
criterion

aoo 49.7015 0.439998 112.958 1.63941-107%
a1o 41.3971 0.359387 115.188 3.81587-1078¢
azo —4.84245 0.359387 —13.4742 1.01467-107%
a2 —3.34054 0.55676 —5.99996 6.48143-1078
an 20.1834 0.634487 31.8106 2.7262-107%
az2 —0.324002 0.634487 —0.510652 0.611095
Having decoded equation (7), we have:

Naamp = 30.3252 — 0.0166696 b — 0.610717 V — 0.0104392 b V + 0.315365 V2, (8)

Graphical interpretation of equation (8) is shown in Fig. 8.
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Figure 8. Dependence of the fan power consumption Ngamp
on the input speed Vi, and the damper rotation angle f3

Fig. 8 demonstrates that as the flow rate Vin grows, the motor power Ngamp increases.
Also, when the damper is closed, there is an increase in power consumption Ngamp by 18-20%.

To further justify the algorithm of operation of the control unit of the automatic
ventilation system for the intake of contaminated air, we convert dependence (4) to the
conditional area of the holes ooyt in the air intake nozzles. To do this, we will use the identity
that the air flow rates at the intake and outlet of the nozzle are the same. Then:

Vin 6in = Vout Gout, (9)
Cout = (Vln/Vout) Gin, (10)

Gout = Oin Vin/ (0044571 + 0.688783 Vin x (11)
x arctg(0.331332 — 0.0435501 B + 0.00130178 B?),
where oin IS the area of the nozzle.
Since the diameter of the nozzle was 0.11 m, then equation (11) will look as follows

oout = 0.00950332 Vin/ (0.044571 + 0.688783 Vin x

x arctg(0.331332 — 0.0435501 B + 0.00130178 2)). (12)

The graphical interpretation of dependence (12) is shown in Fig. 9, which clearly shows
that the conditional area of the holes ooyt Iin the air intake nozzles depends only on the angle of
rotation of the damper (. That is, the obtained dependence can be further used.

0.04

Oout, m? 0.02
0.00

Figure 9. Dependence of the conditional outlet area ooy at the nozzle for air intake
on the inlet velocity Vi, and the damper rotation angle 3
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Having removed the insignificant expression 0.044571/ Vin, we eventually obtain

Gout = 0.01379726 / arctg(0.331332 — 0.0435501 B + 0.00130178 B?). (13)
Dependence (13) can be used as a transfer function of the control system.
4. CONCLUSIONS

1. According to the results of the first stage of experimental studies on the ventilation

system for the intake of contaminated air, the dependence of the output air flow rate Vout, air
flow rate Qout, air flow rate reduction factor 1, conditional area of the opening cout, and fan power
consumption Ngamp 0On the input speed Vin, damper rotation angle B, and duct diameter Dp were
determined.

2. Based on the results of the second stage of experimental studies of the ventilation

system for the intake of polluted air, the algorithm for controlling the dampers depending on
the ratio of gas concentrations was tested. The dependence of the fan power consumption N of
the ventilation system for polluted air intake on the length of the duct between the modules Lo
and the air flow rate Qin was determined.
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EKCIIEPUMEHTAJIBHI JOCJIUIKEHHS BEHTUISLIAHOL
CUCTEMM 3ABOPY 3ABPYJHEHOI'O MOBITPS

Birauniii Sipomyna

Binnuyvxuu nayionanvhuu acpapuuu ynieepcumem, Binnuys, Yxpaina

Pesziome. Ilpedcmasneno pesyibmamu eKCNepUMEHManbHux OO0CHIONCeHb GUHAUEHH: Koeiyicnma
SHUIICEHHA WBUOKOCI NOMOKY NOBIMpPs, 8Mpam Mucky U HeoOXiOHOI CHONCUBAHOI NOMYHICHOCTE BUMANCHO20
senmuaAmopa, 6id Kyma nosopomy saciinku. Hasedeno cxemy i 3azanvruii 6u2isao 1a60pamopno2o 0o1a0Hans
0J1s1 OOCTIONCEHHSL pedcuMie pobomu 3a0IiPHOT 3ACAIHKU, WO 8X00UMb 00 CKIA0Y AGMOMAMUYHOL 6eHMUIAYIUHOT
cucmemu 3a60py 3a6pyoOHeH020 NOSIMPs 3 MEAPUHHUYLKUX npuminensb. OcHosHUM enemenmom il € 3abipHa
3acninka 3 cepgonpusooamu. 3aciinka mae kpyeny @Qopmy i 00epmacmvca HAGKONO OCI, AKA Nexcumsv Ha ii
NIOWUHL.

3a pesyrsmamamu nepuioco emany eKCnepUMEHmManbHUX OOCIIONCEHb BeHMUNAYIUHOT cucmemu 3a60py
3a6pYOHEH020 NOBIMPL BUSHAYEHO 3ANeHCHOCII BUXIOHOT WBUOKOCIE NOMOKY nosimps Vou, 6umpam nosimps qout,
Koeiyicnma 3HUNCEHHs W8UOKOCMI NOMOKY HOBIMPS 1, YMOBHOL Niowji 0Meopy Gout | CHOHCUBAHOI NOMYHCHOCHE
seHMuAMopa Ndamp 8i0 6xi0HOT weuoxocmi Vin, Kyma nogopomy 3acuinku f i diamempa nogimponposody Dyp. Ilpu
nOemanHoMmy 8iOKpUmMmIi 3aCiHOK Ha 3a0anuil Kym B(t), weuokicme Ha 6x00i Vin(t) 30inbuyemoca 3 11,42 m/c 0o
17,98 m/c, wo noscHoemvbca mum, wo 3ACHIHKA CMEOPIOE NEBHUll NHeGMAMUYHULL Onip i Nomik nogimps
nOGEPMAEMbCA 8 NPOMUNEICHOMY HANPAMKY, 3SMEHULYIOUU NPU YbOMY 3A2ANbHY WEUOKICMb 6XI0H020 nogimps. Ha
8UX00i WeUOKicmb nomoky nosimpsi Vou(t) 30ineuiyemocs 3 0,08 m/c 0o 17,83 m/c. Momenmu 6i0kpummst 3aciiHku
8i00ysaiomuvcs 6npooosc 1 ¢, i cnocmepieacmvbcs 3Haune NiOBUWEHHS WBUOKOCMI K HA 6X00i, MAK i HA 8UX00I,
Y 36 ’A3KY 13 GUHUKHEHHAM mypOyienmno2o pyxy. Ilicis iokpumms 3aciinku Ha 3a0anutl Kym weuoKicms cnaoae
i cmabinizyemoucs.

3a pesynemamamu Opy2020 emany eKCHEPUMEHMANbHUX O00CHIOJCeHb GeHMUNAYIUHOI cucmemu
3a60py 3a06pyOHEeH020 NOGIMPS NepesipeHo ani2opumm pooOOMmu Kepy8aHuHs 3ACHIHKAMU 3ANEeHCHO GIO
cniesiOHOWleH s KOHYeHmpayit 2aszie. Busnayeno 3aneschicme cnoscusanoi nomyscnocmi eenmuaamopa N
8eHMUNIAYIUHOT cucmemu 3a60py 3a6pyOHEeH020 NOGIMPsL IO Q0BIHCUHU NOGIMPONPOBOOY Midc moodyaamu Lo i
sumpam nogimps Qin.

Knrouosi cnosa: mixpoxnivam, 6eHmuniayis, cucmema, nogimpsi, Muck, NHeGMamuyHull onip, WeuoKicmo,
memnepamypa, 3ACiHKd, 3a1eHCHOCHI, KoepiyicHm, meapunHuybKe NPUMILEHHSL.
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