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EXPERIMENTAL STUDIES OF THE STAND OF THE AUTOMATED MILKING UNIT
WASHING SYSTEM WITH AIR INJECTORS AND A PHOTO SENSOR FOR DETERMINING
THE CONTAMINATION LEVEL

lhor BABYN, Candidate of Technical Sciences, Associate Professor
Vinnytsia National Agrarian University

BABHH Irop AnaTtoJiiioBud, K.T.H., TOLEHT
BinHnIbKHIA HAIlIOHATHHAUN arpapHUN YHIBEPCUTET

One of the key indicators of the quality of milk used for further processing is the level of bacterial
contamination. This parameter directly depends on the sanitary and hygienic maintenance of milking
equipment, the speed of milk cooling and the influence of other external factors.

During milking, milk passes through various elements of the system, such as milking machines, milk
pipes, milk collectors, individual and group meters, etc. These elements can become sources of bacterial
contamination. To improve the quality of milk, it is recommended to increase the efficiency of washing milking
units, which includes extending the duration of washing. However, this leads to an increase in operational
costs (water, detergents, electricity, etc.) and, accordingly, the cost of dairy products.

Over time, deposits of an alkaline and acidic nature are formed on the inner surfaces of the milk ducts,
which differ in composition, properties and strength of adhesion to the surface. This contamination leads to
bacterial contamination of milk, which reduces its quality and shelf life [1].

To improve the quality of washing, it was proposed to use an injector that periodically supplies air to
the milk line. This creates significant fluctuations in vacuum pressure, which, in turn, causes controlled
hydraulic shocks. This process should be managed by automated milking equipment systems.

The quality of the flushing system is difficult to assess and control without special sensors and devices
for measuring the contamination of the milk duct [2]. The purpose of the study is to conduct experimental tests
of the operating modes of the air injector of the milk duct washing system and determine its optimal
parameters. It is also planned to develop equipment for automatic detection of contamination of the milk duct
during washing.

In experimental studies, the dependences between the rate of pressure change and the level of
cleanliness of the milk duct, as well as between the working vacuum pressure, the volume flow of air through
the injector, the duration of air intake and the duration of the pause were found. In order to achieve a
compromise, which consists in minimizing the rate of pressure change at the maximum level of cleanliness of
the milk duct, the optimal parameters of the injector operating modes were determined. The expediency of
using the developed equipment for automatic control of contamination of the milk duct during washing is
shown. The dependence of the thickness of the layer of milk moving in the glass tube on the resistance of the
photoresistor, which is affected by the light partially absorbed by the milk, is also established.

Key words: milking unit, washing system, injector, parameters, experimental studies, frequency step,
washing solution, photo sensor, contamination, milk line.

Eq. 19. Fig. 9. Table. 4. Ref. 16.

1. Problem formulation

During the operation of milking units, various deposits accumulate on the internal surfaces of pipelines,
differing in composition, properties, thickness and strength of adhesion to the cleaned surface. This leads to
contamination of milk, which, in turn, reduces its quality and cost of sale. A significant part of microbial and
mechanical contamination of milk occurs due to insufficient washing of milking and milking equipment, even if
all the conditions of keeping livestock premises are observed. Therefore, the effectiveness of the washing process
is an important technological operation on which the level of primary milk contamination depends.

Among the indicators of milk quality that determine its technological properties for further processing,
bacterial contamination is the most critical. This indicator mainly depends on two external factors: the sanitary
condition of the milking equipment and the efficiency of milk cooling. The milk that comes from the cow's udder
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passes through milking machines, a milk duct and a milk collector. If the sanitary condition of the milking equipment
is unsatisfactory, further cooling of contaminated milk will not provide the desired result. Therefore, the introduction
of modern methods of effective cleaning of milk ducts of milking plants is key to improving the quality of milk.

2. Analysis of recent research and publications

Analysis of washing systems [3] revealed several main trends in the development of automatic washing
machines: the transition from systems with small capacities to larger tanks; transition from unprogrammed to
programmed systems; introduction of crustal flow of washing liquid and heating of washing systems. At the
current stage of development of milking equipment, programmable flushing systems are the most promising,
as they can be adapted to different configurations of milking units [4].

To improve the quality of washing, it is suggested to use an injector that provides periodic air supply to the
milk line, while creating significant fluctuations in vacuum pressure and, as a result, controlled water hammers.
Management of this process should be carried out with the help of automated systems of milking equipment [4].

Experimental studies were carried out on a specially designed stand created on a laboratory milking
plant with upper and lower milk ducts and a washing device manufactured by OJSC "Bratslav". The scheme

of the experimental stand is presented in Figure 1.

MPX5100DP @, To a personal computer *
Vacuum pipeline

{

Solenoid
valve

G Rgasisis g s
Air mv|ecmrf ? 7! ; ¢
BOSH if e
280218037 .’ .’ LED =
£ : 2

i H Arduino Uno
b o A iR, i .
it GM20539 KD PN ATmega328

i ¢
i i MPXS5100DP;

MPX5100DP

@

To a personal
computer

Fig. 1. Scheme of the experimental stand for researching the modes of operation of the air injector of the
milking system of the milking system

ZET 210

The stand includes: 1 — milk delivery system; 2 — vacuum system; 3 — photo sensor for determining
the contamination of the milk line; 4 — tank with washing solution; 5 — air injector; 6 — washing machine;
7 — electromagnetic valve; 8 — DMVP air mass flow sensor; 9 — MPX5100DP vacuum pressure Sensor;
10 — ZET 210 A/D/DAC module; 11 — Arduino Uno ATmega328 control board; 12 — personal computer.

The general appearance of the experimental stand is presented in Figure 2.

Fig. 2. General view of the experimental stand for researching the modes of operation of the air injector
and the photosensor of the system for washing the milk pipes of the milking plant

Factors of experimental research are working vacuum pressure pw, the duration of the air injector
injection stroke tiy;, air injector pause duration t, and volumetric air flows through the air injector Qv. Limits
and intervals of research factors are presented in table. 1.
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Table 1

Limits and intervals of factors of experimental studies

Working The duration of the Duration Volume flow of air
vacuum air injector injection pauses through the air
Level pressurepw, stroke air injector injector
kPa tinj, S tp, S Qv, I/min
(x1) (X2) (X3) (Xa)
Upper (+1) 75 9 9 100
Average (0) 60 5 5 200
Lower (-1) 45 1 1 300
Interval 15 4 4 100

Working vacuum pressure py installed on a laboratory milking plant using a vacuum regulator and
controlled by a MPX5100DP vacuum pressure sensor. The equation of the calibration characteristic of the
MPX5100DP vacuum pressure sensor is as follows [5]

Y 0a) (1)
91 5 ’

where U, — voltage from the vacuum pressure sensor MPX5100DP, V. The vacuum pressure
measurement error within the studied range is + 0,1 kPa.

Duration of injection strokes ti,; and pauses t, of the air injector is set using an electromagnetic valve, which
is connected to the Arduino Uno ATmega 328 control board. The error of the injection and pause cycles is + 1 my/s.

Volume flow of air through the air injector Qv is installed by covering the holes on the air injector
and is controlled by the air mass flow sensor DMVP BOSH 280218037. Air mass flow recalculation Qu to
voluminous ones Qv is carried out according to the following formula:
1000 Q.

= R,T 2
R 60 (101,325-p, Ju, @)
where R, — universal gas table, R, = 8,314 J/(mol*K); Ta — air temperature, K; p. — molar mass of air,

ta = 28,96 g/mol; Qv — volumetric air flow, I/min.; Qum — air mass flow rate, kg/s [5]:

Q,, =0,0022U,, +0,0022U,, - 0,0044 3)

where Un — voltage from the air mass flow sensor BOSH 280218037, V.

Before each experiment, the photosensor was removed from the laboratory milking unit, washed,
wiped and immersed in a container with milk, where it remained for 20 minutes.

Next, the research factors were set at the required level and the washing machine was started in
continuous washing mode for 30 minutes.

In the process of experimental studies, the dynamics of the vacuum pressure on each of the connected
sensors was determined (po, p1, P2, P3) and the dynamics of resistance change on the photosensor R.

The degree of cleanliness is a qualitative criterion for evaluating studies of the operating modes of the
system for washing the milk pipes of a milking unit with an air injector Omii, Which is defined as a change in
the average value of the thickness of the milk layer hmi on the pipe wall:

e hl! _ hl

:100 milk milk, (4)

milk r
milk

where h’ - the initial value is the thickness of the milk layer on the pipe wall, m;h” — the final

value is the thickness of the milk layer on the pipe wall, m.
According to previous laboratory studies [6], the thickness of the milk layer on the pipe wall was
determined taking into account the resistance value on the photosensor according to the formula:

. =1|n(Rfj, (5)
milk k R

Amilk 0
where R - the current value of the resistance on the photosensor, Ohm; Rt — the initial value of the
resistance on the photosensor, Ohm; kimik — the indicator of light absorption by milk, which was determined
as a result of laboratory studies [6], m .

18



Ne 2 (125)/2024 TeXHiKa, C€HEPreTHuKa,

% TpaHcnopt AIIK
E ~ Vol. 125,Ne 2 /2024

It was also necessary to set the value of the time interval Ate during which stabilization of the current
value of the resistance on the photosensor occurs. The specified time interval Ate characterizes the minimum
allowable time for washing the milk pipe of the milking installation.

The criterion that limits the operating parameters of the system for washing the milk pipes of the
milking unit with an air injector is the value of the pressure change during the injection stroke and the pause
Ap
At

@ — pmax — pmin . (6)
At t, +t,

In addition to the quality criterion mentioned above, the gradient of vacuum pressure change, which is
calculated according to the formula, is important:

Ap_P,—Py, (7)
AL 21,

of the air injector (speed of pressure change) , which is calculated by the formula:

where |, — distance between sensors, m.

The greater the rate of change of pressure in the milk pipe of the milking plant, the greater the
probability of uncontrolled water hammer, which will destroy not only the layer of milk and milk deposits on
the surface of the wall of the milk pipe, but also the milk pipe itself.

Therefore, rational operation modes of the milking system for milking pipes with an air injector can
be achieved under the condition of minimizing the value of the thickness of the milk layer on the wall of the
milking pipe, the minimum permissible washing time and the speed of pressure change.

Experimental studies were conducted according to the Hartley—Kono (Na-Ko4) plan for four factors
at three levels with a total of 18 experiments [6]. Next, using the Wolfram Mathematica software package, a
second-order regression model was determined for each of the proposed criteria.

Study of a photo sensor to determine the contamination of the milk pipeline (hereinafter the photo
sensor), the diagram of which is presented in Figure 3. The equipment consisted of a personal computer to
which a photo sensor based on an Arduino Uno ATmega328 device is directly connected, which controls a
1 W 100 Lm LED through an adjustable resistor 5 kOhm. The analog input of the Arduino Uno ATmega328
is connected to a known 10kQ, 0.1% resistor that connects to ground (GND) and a GM20539 photoresistor
that connects to 5V. The photoresistor is attached to the bottom of the glass tube, which is placed at an angle
B to the horizon, and an LED is installed opposite it. The angle of inclination of the glass tube was controlled
by a digital protractor. The glass tube is completely isolated from external light by a black opaque material.

To personal computer f

LED IW 100 Lm

N N {.

Liquid

Adjusted
resistor 5k{}

Resistor
10 kQ, 0,1 %

Photoresistor GM20539 Arduino Uno ATmega328

Fig. 3. Scheme of a photosensor for determining the dependence of the intensity of light absorbed
by milk on the thickness of its layer

The equipment works as follows. The glass tube is filled with a medium (air, milk, washing solution).
Next, the LED is turned on, the light from which passes through the walls of the glass tube and the medium and
falls on the photoresistor. At the same time, the resistance of the photoresistor changes and is determined using
the Arduino Uno ATmega328 device. The received data are transferred to a personal computer every 2 seconds.

Before beginning the description of the research process, let's establish some dependencies.

Consider how a horizontal glass tube is filled with a liquid of a given volume. According to [7], the
volume of liquid is:
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V:L(RmzArccos(l—Rh)—(Rm—h)JZRmh—th, (8)

m

where L — length of glass tube, L = 0,2 m; R, — the inner radius of the glass tube, Rm=0,025 m; h —is
the thickness of the liquid layer in the glass tube , m.

By solving equation (1) in the Mathematica software package with respect to h, we get the
corresponding dependence, which is presented in Figure 4, b.

h, mm

h=-0,0194V?+ 04331V +0,2473

1 2 :» ; V,ml
Fig. 4. Scheme of filling a horizontal pipe with a liquid of a given volume (a) and the dependence
of the thickness of the liquid layer on its volume (b)

It is known that the dependence of the attenuation of light intensity during its propagation in absorbing
media is subject to the Bouguer-Lambert-Behr law [7]. In our case, there are three of them: glass, air and liquid
(milk or washing solution). Accordingly, we have

I(h) =1,exp(-k,h), 9
where I(h) — the intensity of light that has passed through a layer of medium thickness h; lo — intensity
of light at the entrance to the substance; k; — indicator of light absorption by the environment [8].

In the case of light passing through a glass tube that is filled with air, the intensity of the light I, can

be written as:

1, =1, exp(- 2K, N0, —K

Aglass” " glass

xairDm ) (10)
If there is adhesion of milk on the walls, then the light intensity I, will be presented as:
Iz = Ioexp(_ 2k h _kxair (Dm _hmilk)_kxmilkhmilk )’ or

Aglass” " glass

(11)
Iz = |1 exp(kkair h mik kkmilk hmilk )
Taking the indicator of light absorption by air kj.i; = 102 — 0, we will get
|2 = |1 exp(— kxmilk h milk ) (12)

Since the photoresistor changes its resistance R inversely proportionally depending on the intensity of
incident light I, we rewrite equation (5) in the form:

Rz = Rlexp(kkmilkhmilk)’ or hmilk =1|n(RZJ' (13)
kkmilk 1

The research process was carried out in two stages.

The first stage begins with the installation of the glass tube horizontally using a digital protractor. Next,
with the help of an adjustable resistor on the photo sensor and a personal computer, we achieve such an
intensity of light, which spreads from the LED, that the photo resistor has one of the resistance values of 10
kQ, 15 kQ, 20 kQ, 25 kQ, 30 kQ and 35 kQ. This resistance corresponds to the light intensity I1 for the case
of light passing through a glass tube that is filled with air. Next, the glass tube is filled with a certain volume
of milk: 1 ml, 2 ml, 3 ml, 4 ml, 5 ml. For uniform spreading along the entire length of the tube, exposure is 15
minutes. After that, using a personal computer and a photo sensor, the value of the resistance of the
photoresistor, on which the light that was partially absorbed by the milk fell, is measured. As a result, it is
necessary to establish the dependence of the thickness of the milk layer on the resistance of the photoresistor.

The second stage begins with the installation of the glass tube using a digital protractor at angles of
2.5°,5°,7.5°,10 °. Next, with the help of an adjustable resistor on the photosensor and a personal computer,
we achieve such an intensity of light, which spreads from the LED, that the resistance of the photoresistor is
10 kQ. This resistance corresponds to the light intensity I1 for the case of light passing through a glass tube
that is filled with air. Next, the highest edge of the glass tube is filled with 5 ml of milk. After that, the process
of measuring the resistance of the photoresistor and recording the obtained data is started. As a result, it is
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necessary to establish the dynamics of the resistance of the photoresistor and the corresponding value of the
thickness of the layer of milk in the process of its flow down the glass pipe.

3. The purpose of the article

To carry out experimental studies of the operation modes of the air injector of the milking system of
milking pipes and to determine its rational values. Develop equipment for automatic detection of contamination
of the milk duct line during the technological operation of washing milk duct systems

4, Results of the researches

As a result of research, the dynamics of the vacuum pressure on each of the connected sensors was
obtained for each experiment (po, p1, P2, P3). We will give an explanation regarding the processes observed on
the corresponding graphs (Figure 5). During the opening of the air injector (that is, by connecting it to
atmospheric pressure), a sharp drop in the vacuum pressure occurs almost to 0 kPa, which causes a negative
water hammer. Due to the constant operation of the vacuum pump and the presence of the receiver, the value
of the vacuum pressure is close to the working one po with some damping oscillations. Next, the air injector
closes (abruptly disappears due to the combination with atmospheric pressure), which causes a sharp increase
in the vacuum pressure (almost twice) and, accordingly, a positive water hammer. Due to the constant operation
of the vacuum pump and the presence of the receiver, the value of the vacuum pressure is equalized to the
working po according to the decaying sine function.

P, kPa T T T T T T T T
=58 | , =358 —p— PP P
70 A i —p
ﬂ
60 : n P
50 ﬂ
| PNy AW/
o i | 15 V=TV A~ i
v \Y)
%N// b/ | v
30 4+— U
20 Prin
10
0
0 2 4 6 8 10 12 14 16 18 .S

Fig. 5. Dynamics of vacuum pressure on connected sensors (po, p1, P2, P3)

The dynamics of the resistance change on the photosensor Rf has the character that is presented in
Figure 4. Analyzing the indicated figure, it can be seen that the decrease in resistance on the photosensor
R¢ from the initial value to the stabilized value Ry characterizes an effective flushing process that is ongoing

t—ts. After stabilization of the resistance value on the photosensor, the washing process is not effective.
R;,Om T T T T T

\\
15000

) \\\\"\N"MMW

Effective washing

5000 4+—+ -
Inefficient

Flushing is not performed flushing

|
0 K 200 400 600 800 L 1000 Ls
Fig. 6. Dynamics of resistance change on the photosensor Rt

0

According to the research plan, we will consider the obtained data for each criterion separately.

As a result of experimental studies and further processing of the obtained data in the Wolfram
Mathematica software package, the dependence of the change in the degree of purity was obtained 0 mix from
research factors in coded form:
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Omik = 76,7653 — 6,70752 x; — 3,49731 x42 — 1,88824 x, — 0,23882 X1 Xo—
— 1,28554 x,2 — 3,84884 X3 + 0,340515 X1 X3 + 2,07749 X X3 —
— 6,23266 X3° + 11,2418 X4 — 0,107728 X1 X4 + 0,0858108 X, X4 +
+0,592603 X3 X4 + 1,10483 X42.

Statistical processing of equation (14) is presented in Table 2.

As a result of the analysis of Table 2, the corresponding reduction of insignificant coefficients
according to the Student's criterion to05(36) = 2,02 and decoding equation (14), we finally have the dependence
of the change in the value of the degree of purity Omix from research factors

Omiik = 29,5872 + 1,42395 py — 0,0155436 py 2 + 0,0640533 Qv —
— 0,0000718187 pwQv + 0,000110483 Q2 — 0,121902 tinj —
— 0,00398034 putinj + 0,000214527 Qutinj — 0,080346 tin? + 1,64717 t, +
+0,00567526 put, + 0,00148151 Qut, + 0,129843 tint, — 0,389542 t,2.

According to the calculated Fisher test for Eq (15) F = 1,96 > Fo05(8;36) = 2,21. This shows that there
are no significant statistical differences between the calculated according to equation (15) and the experimental
data, and the null hypothesis about the equality of the samples of the calculated and experimental data is
confirmed, that is, the mathematical model (15) is adequate.

(14)

(15)

Table 2
Statistical treatment of the equation (16)

Regression | The value of the regression Standard error t-statistic P-Value

coefficient coefficient
aoo 76,7653 0,478921 160,288 5,35434-10°7
a1o —6,70752 0,405545 —16,5395 0,000481078
a2 —1,88824 0,288735 —6,53971 0,00726768
aso —3,84884 0,226625 —16,9833 0,000444643
o 11,2418 0,227416 49,4327 0,0000182301
a1 —0,23882 0,380664 —0,627378 0,574915
s 0,340515 0,252094 1,35075 0,269627
14 —0,107728 0,242665 —0,443938 0,687156
azs 2,07749 0,290825 7,14344 0,00564843
az4 0,0858108 0,24597 0,348867 0,750238
a4 0,592603 0,260907 2,27132 0,107794
an —3,49731 0,592834 —5,8993 0,00972467
az —1,28554 0,459157 —2,79977 0,0678657
ass —6,23266 0,622532 -10,0118 0,00212106
Qs 1,10483 0,380872 2,9008 0,0624616
aoo 76,7653 0,478921 160,288 5,35434-10°7

The maximum value of the degree of cleanliness of the milk duct Omik= 94,0% is achieved at p,, = 45,5
kPa, tin=1,1s, t, = 3,2 's, Qv = 300 I/min. Fixing in turn the research factors at the indicated level, constructed
in fig. 6, graphic interpretations of dependence (4).
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a b
Fig. 6. Dependence of the value of the degree of cleanliness of the milk duct Omi from research factors:
a —working vacuum pressure pw and volumetric air flows through the air injector Qv; b — is the duration
of the air injector injection cycle ti,j and air injector pause duration t,
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The analysis of Figure 5 and dependence (11) makes it possible to assert the variability of injector
operating modes. So with an increase in the working vacuum pressure py, and volume flow of air through the
air injector Qv the degree of cleanliness of the milk duct Omii increases This observation is quite logical, since
the interaction of the shock wave, which occurs as a result of pulsations of vacuum pressure, with the layer of
milk on the walls of the milk duct increases. For the duration of the injection strokes ti,j and pauses t, of the
air injector, there is an optimum at which the degree of cleanliness of the milk duct is observed Omi Is the
maximum. At the lowest stroke values, the propagation speed of the shock wave is high, which leads to a
decrease in the speed of its interaction with the layer of milk on the walls of the milk duct. At the highest stroke
values, the magnitude of the shock wave is not large, which leads to a less destructive effect on the layer of
milk, which is placed on the walls of the milk duct.

As a result of experimental studies and further processing of the obtained data in the Wolfram
Mathematica software package, the dependence of the pressure change during the injection stroke time and the
pause of the air injector (speed of pressure change) on the research factors was obtained in coded form

A
Xi) = 34,494 + 3,65198 x1— 2,6524 x;>~ 12,1905 X— 3,02649 x; X, +

+ 12,738 x> 8,07975 X3— 1,6205 X1 X3 + 12,9931 X X3— (16)
—0,878323 x5 + 14,5057 X4— 0,170093 X1 X4 + 0,144456 X, X4 +
+0,286004 X3 X4 + 0,370808 X42.
Statistical processing of equation (16) is presented in Table 3.

Table 3
Statistical treatment of the equation (16)

Regre_ss_lon The yalue of t.h? Standard error t-statistic P-Value

coefficient regression coefficient
doo 34,494 0,335887 102,695 2,0355-10°®
aio 3,65198 0,284426 12,8398 0,0010195
azo -12,1905 0,202502 —60,1996 0,0000100985
aso —-8,07975 0,158942 -50,8347 0,0000167643
a40 14,5057 0,159496 90,9474 2,93029-10°°
a1 —-3,02649 0,266975 -11,3362 0,00147243
a13 -1,6205 0,176804 -9,16549 0,00274598
a4 —-0,170093 0,170191 —0,999427 0,391239
a23 12,9931 0,203968 63,7017 8,52378-10°°
24 0,144456 0,172509 0,837382 0,463839
a4 0,286004 0,182985 1,56299 0,215996
ain —2,6524 0,415779 —6,37935 0,00779828
a22 12,738 0,322026 39,5559 0,0000355498
as3 —0,878323 0,436608 -2,0117 0,137757
44 0,370808 0,267121 1,38816 0,259212
aoo 34,494 0,335887 102,695 2,0355-10°°

As a result of the analysis of Table 3, the corresponding reduction of insignificant coefficients
according to the Student's criterion to05(36) = 2,02 and decoding equation (16), we finally have the dependence
of the rate of pressure change on research factors

AP _

—9,25598 + 2,04533 py — 0,0117884 py2 + 0,145057 Qv —

— 12,0428 tiy) — 0,0504414 pytin; + 0,796128 tin2 — 4,45978 t, —

—0,0270083 put, + 0,812068 tity.

17)

According to the calculated Fisher test for Eq (17) F = 1,08 > Fo05(8;36) = 2,21. This shows that there
are no significant statistical differences between the calculated according to equation (17) and the experimental
data, and the null hypothesis about the equality of the samples of the calculated and experimental data is
confirmed, that is, the mathematical model (17) is adequate.

A
The minimum value of the pressure change rate Xit): 6,93 kPa/s is reached at pw = 45 kPa/, tinj=4,39 s,

t, = 1,0 ¢, Qv= 100 I/mi. Fixing in turn the research factors at the indicated level, constructed in fig. 7, graphic
interpretations of dependence (17).
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Fig. 7. Dependence of the value of the pressure change rate I? from research factors: a — working
vacuum pressure pw and volumetric air flows through the air injector Qv; b —is the duration of the air
injector injection cycle ti,j and air injector pause duration t,

With an increase in the working vacuum pressure pw, volume flow of air through the air injector Qv
and air injector pause duration t, the rate of change of pressure increases. And vice versa with an increase in
the duration of the injection stroke of the air injector tin; the rate of pressure change decreases.

Due to the fact that the rational parameters differ, it is necessary to solve a compromise problem, which
boils down to minimizing the value of the rate of change of pressure at the highest value of the degree of
cleanliness of the milk duct:

6miIk (pw ' tinj ' tp 1 QV) - maX1
A . (18)
Ai)(pw’tinj’tp’Qv) — min.

By solving the system of equations (18) in the Wolfram Mathematica software package, we obtain the

rational parameters of the injector operating modes:
pw = 45, 0 kPa, tirj=5,2 s, t, = 4,2 s, Qu= 295 I/min.,

Ot = 92,1%, i'i’ = 42,4 kPals. (19)
As a result of the first stage, data were obtained, which are summarized in Table 4.
Table 4
Summary data of the first stage of research
v [ hmm | g8 | RO inRyRy) | | VoI | hymm | Ry, Ohm | Ry, Ohm | In(Ra/R:)

1 0,657 11547 0,1438 1 0,657 | 25000 28839 0,1428
2 1,045 13774 0,3202 2 1,045 34619 0,3255
3 1,371 | 10000 15976 0,4685 3 1,371 40747 0,4885
4 1,663 18543 0,6175 4 1,663 45789 0,6052
5 1,93 21476 0,7644 5 1,93 54175 0,7734
1 0,657 18257 0,1965 1 0,657 | 30000 34664 0,1445
2 1,045 21468 0,3585 2 1,045 41116 0,3152
3 1,371 | 15000 25235 0,5202 3 1,371 47057 0,4502
4 1,663 28824 0,6532 4 1,663 56244 0,6285
5 1,93 33585 0,8060 5 1,93 63893 0,7560
1 0,657 21916 0,0915 1 0,657 | 35000 36429 0,1942
2 1,045 26503 0,2815 2 1,045 42851 0,3565
3 1,371 | 20000 30293 0,4152 3 1,371 50301 0,5168
4 1,663 35834 0,5832 4 1,663 57591 0,6522
5 1,93 41172 0,7220 5 1,93 67013 0,8037
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The graphical interpretation of Table 1 is presented in Figure 8. The correlation coefficient of the
obtained data is 0.9896. Taking this into account, it is possible to assert the correctness of the choice of the
method of estimating the thickness of the layer of milk remaining on the wall of the milk line. At the same
time, the light absorption index of the selected milk is 494.1 m™.
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Fig. 8. Dependence of the thickness of the milk layer on the resistance of the photoresistor

As a result of the second stage, the data shown in Figure 9 were obtained, which shows the dynamics
of the logarithm of the resistance ratio of the photoresistor, which is proportional to the value of the thickness
of the milk layer, during its flow down the glass pipe.
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Fig. 9. Dynamics of the logarithm of the resistance ratio of the photoresistor, which is
proportional to the value of the thickness of the layer of milk, during its flow down the glass pipe

5. Conclusions

As a result of experimental studies of the modes of operation of the air injector of the system of
washing the milk pipes of the milking plant, the dependence of the speed of pressure change was established
AP/At and changes in the degree of cleanliness of the milk duct Omix from the working vacuum pressure pw,
volume flow of air through the air injector Qv, duration of the air injector injection stroke ti,; and the duration
of the air injector pause t,.

Solving the compromise problem, which is reduced to the minimization of the value of the rate of
change of pressure at the highest value of the degree of purity of the milk pipe, the appropriate rational
parameters of the injector operating modes are obtained: pw = 45,0 kPa, ti=5,2 s, t, = 4,2’ s, Qv= 295 I/min.,
Omik = 92,1%, AP/At =42 4 kPals.

As a result of the research, the feasibility of using the developed equipment for automatic
determination of the contamination of the milk supply line during the technological operation of washing milk
supply systems has been established. The dependence of the thickness of the milk layer moving in the glass
tube on the resistance of the photoresistor, which sinks the light that is partially absorbed by the milk layer, is
also established.
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EKCIIEPUMEHTAJIBHI JOCJIII)KEHHS CTEHY ABTOMATHU30BAHOI CHCTEMHA
MNPOMUBAHHS JIOIJIbHOI YCTAHOBKH 3 MOBITPIHUMMU IHXKEKTOPAMU TA
DOOTOJATUYUKOM AJ1s1 BUSHAYEHHS PIBHA 3ABPY/IHEHHSA

Ooun 3 KNI0Y0BUX NOKASHUKIG AKOCMI MONOKA, AKE GUKOPUCIOBYEMbCA OISl ROOATLULOI nepepodKu —
ye piseHb OakmepianvHozo 3a0pyoHeHHsA. Lleti napamemp 0Oe3nocepeoHbo 3anedxHcumsv 6i0 CAHIMAPHO-
2I2lEHIYH020 00CY208Y8aAHHA 00LIbHO20 0ONAOHAHHS, WEUOKOCTI 0XON00NCEHH MOIOKA MA GNAUBY THULUX
306HIUWHIX (haxmopis.

11io yac Ooinma MonOKO NpoxoOoumv uepe3 pi3HI eleMeHmu cucmemu, maki K OOiNbHI anapamu,
MOJOKONPOBOOU, MOSOKOZDIPHUKU, THOUBIOYALHI ma 2pYnosi aiuunbHuky mowo. Lli eremenmu mosicymo cmamu
Ooicepenamu baxmepianbHoco 3aopyouenns. 1jo6 noxpawumu skicms MOIOKA, PEKOMEHOYEMbCSA NIOGUUMU
epexmusHicmb NPOMUBAHHS OOLTbHUX YCMAHOBOK, WO GKIIOUAE NOO0BICEHHs mpusanocmi npomusku. OOHax ye
npu3800ums 00 30iIbUEHHA eKCNIYAmAayitiHux sumpam (800u, MUliHUX 3aco0is, eiexmpoerepii mowjo) i,
8I0N0BIOHO, cOOIBAPMOCMI MOJIOUHOT NPOOYKYIL.

3 wacom Ha 6HYMPIWIHIX NOBEPXHSAX MOTOKONPOBOOI6 YIMBOPIOIOMbC S BIOKIAOCHHS IYHCHOI A KUCTOMHOT
nPUpoOU, SIKi PIHAMbBCS 30 CKIA0OM, G1ACTUBOCAMU A MIYHICIIO 3uennienHs 3 nogepxuero. /lane 3a0pyouenns
npu3600UMs 00 6AKMEPIanLHO20 3a0PYOHEHHS MONOKA, WO SHUICYE U020 AKICMb | MepMiH 30epieanHsl.

Lna nokpawenns saxkocmi npomuéku 0y10 3aNPONOHOBAHO GUKOPUCTNOGYEAMU THIICEKMOp, AKUU
nepioouuHo nooae nosimps 8 MOAOKONPOGIOHY NiHit0. Lle cmeoproe 3HAUHI KOMUBAHHS BAKYYMMEMPUUHO20
MUCKY, W0, 8 CB0I0 Yepzy, BUKIUKAE KOHMPOIbosaHi 2iopoyoapu. Kepyeamns yum npoyecom noguHHoO
30ilICHIOBAMUCS ABMOMAMUZ0BAHUMYU CUCIEMAMU MOJIOUHO-00IIbHO20 00NAOHAHHS.

Hxicmb pobomu cucmemu nPOMUBKU 8ANCKO OYIHUMU [ KOHMPOosamu 0e3 cneyiantbHux OamyuKie i
npucmpois 01 SUMIPHOBAHHS 3AOPYOHEHOCHI MOJIOKONPo8ody. Mema 0ocriodiceHHs noaseac 8 nposedenHti
eKCnepumMenmanbHux Gunpo6Y6anb pexdcumie pooomu NOSIMPSAHO20 HHCEKMOPA CUcmemu NpoMUEAHHS
MONOKONPOBOOi6 | GUIHAYUEHHI 11020 ONMUMANbHUX napamempie. Takodc nepeobauacmovcsi po3pobra
001A0HAHNS 01 ABMOMAMUYHO20 U3HAYEHHS 3A0PYOHEHOCII MOJIOKONPOBOOY Ni0 YaC NPOMUBKU.

B excnepumenmanvhux O0ocuiodscentsx Oyau GUAGNEHI 3ANEHCHOCHE MIJIC WBUOKICIIO 3MIHU MUCKY A
pi6HeM Yucmomu MOIOKONPOBOOY, a MAKONC MIHC pOOOUUM BAKYYMMEMPUUHUM MUCKOM, 00 EMHUMU 8UMPAMAMU
nogimps. yepe3 IHIHICEKMOp, MPUBANICIIO 6NYCKAHHS NOGIMpa ma mpuearicmio naysu. [us OocsicHenHs
KOMIpOMICY, AKULL NONA2AE Yy MIHIMI3ayii weuoKocmi 3MiHU MUCKY HPU MAKCUMATbHOMY DIGHI uucmomu
MONOKONPOBOOY, OV BUSHAYEHT ONMUMAIbHI nApamempu pexcumie pooomu inxicekmopa. Iloxkazano ooyinvhicme
BUKOPUCIAHHS PO3POONIEHO20 0ONIAOHANHS 01 ABMOMAMUYHO20 KOHMPOIIO 3a0PYOHEHOCHT MOIOKONPOBOOY NiO
uac npomusanHs. Taxooic 6CMAaHOGNIEeHO 3aNeIHCHICIb MOGUIUHU WUAPY MOTIOKA, WO PYXAEMbCSL 8 CKIAHI mpy0i, 6i0
onopy ghomope3sucmopa, Ha AKULL BNIUBAE CEIMIO, WO YACMKOBO NOTUHAEMbCS MOJIOKOM.

Knwuogi cnoea: Ooinbha ycmanoeka, cucmema  NPOMUBKU,  IHMHCEKMOp,  NApAMempu,
eKCNepUMEeHmanbti OOCTIOJNCEHHs, CMYNEHb Y4ACOmu, MUIOHYUU PO34UH, POMOOAmyuK, 3a0pyOHeHiCmb,
MOJIOKONPOBIOHA JIHIAL.
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