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Mathematical model of the visible range optical radiation
passing through a water-milk solution

A mathematical model and a mathematical modeling of the passing visible range optical radiation through a
water-milk solution are carried out. The mathematical model was created on the basis of theoretical and ex-
perimental studies of the spectral characteristics of water-milk solution passing. As a result of the modeling,
the dependence of the output voltage of the linear photoreceiver, which based on a pair of photodiode-
operating amplifier from the relative mass fraction of milk in the water-milk solution and the wavelength of
the optical radiation in the visible range is obtained. The optimal wavelength of infrared radiation was deter-
mined by determining the maximum of the ratio of the spectral characteristics of water and milk. The ques-
tion of passing the visible range optical radiation through the water-milk solution has not been studied at the
present time, which determines the relevance of these studies.

Keywords: water-milk solution, visible range, optical radiation passing, detection of water in milk.

Stall milking systems occupy almost half of the world market of milking equipment [1, 2]. They are
used for tie-stall housing system of cows and provide machine milking, milk transportation to the milk re-
ceiving container, milk transfer from the milk receiving container into a cooling or mixing plant. Typically,
the salary of staff is calculated according to the amount of milk they have received, because this indicator
characterizes the quality of their work [1-3]. According to the technological regulations of the milking pro-
cess, each staff has a water tank, which is necessary for the care of animals. In some cases, in order to in-
crease the rates of milk, personnel with the help of a milking machine sucks this water into the milk pipeline.
In addition, dishonest suppliers often dilute milk with water and hand it over to reception points. It is impos-
sible to visually identify these cases, therefore, the human eye can not distinguish water-milk solution with a
small amount of water from pure milk [4]. Existing means of measuring milk parameters in most cases do
not allow to carry out operative control of water availability in milk. By their help, in most cases, it is impos-
sible to identify the staff who falsifies [1-3]. Thus, the development of methods for the operative measure-
ment of the relative mass fraction of milk in the water-milk solution and the creation of their mathematical
models is an important and urgent task.

At present, the detection of water content in milk in the laboratory is often carried out by measuring the
temperature of its freezing [4]. Such a technique is difficult to apply at the receiving points and can not be
used on stall milking systems during the process of milking [5, 6]. In work [3] the counter of milk portions
for stall milking systems with the electric conductivity sensor is considered, the principle of which is as fol-
lows. The milk portion passes through a sensor, which is a tube with built-in electrodes. The sensor generates
a voltage signal that is directly proportional to the electrical conductivity value. In the presence of water in
milk, the electrical conductivity of milk decreases [7, 8], but due to the presence of foam and the absence of
temperature control, it is impossible to detect a slight dilution of milk when using such sensor. In works
[9, 10] an optical method for measuring the relative mass fraction of milk in a water-milk solution is consid-
ered, which is based on measuring the degree of reduction of the intensity of lower range infrared radiation
when it passes through the solution. In [4], the optimal wavelength of infrared radiation was determined by
determining the maximum of the ratio of the spectral characteristics of water and milk. The question of pass-
ing the visible range optical radiation through the water-milk solution has not been studied at the present
time, which determines the relevance of these studies.

Aim of the research — to create a mathematical model for the passing of the visible range optical radia-
tion through a water-milk solution.

To develop the means for measuring the mass fraction of milk in the water-milk solution in the milk
production process, it is necessary to create a mathematical model for the passing of the visible range optical
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radiation through a water-milk solution based on its experimental passing characteristics. With the help of
the obtained mathematical model it is possible to determine the optimal wavelength of the visible range opti-
cal radiation for measuring small values of the relative mass fraction of water in the water-milk solution. The
development of new means of operative measurement of the water amount in milk will allow to identify the
facts of falsification of milk with water.

Let's consider the theoretical principles of the optical method of measuring the relative mass fraction of
milk in the water-milk solution using optical radiation of the visible range. The weakening of monochro-
matic radiation by substance is determined by Bouguer-Lambert-Ber law

I\ =1,-107*® )
where /, — the intensity of the radiation, that falls on the solution; /(A) — the intensity of the radiation
that passed through the solution; ¢ — thickness of the solution layer; ¢ — concentration of the substance;
L — wavelength of optical radiation; k(A) — extinction coefficient, which is a function of the wavelength

of optical radiation.
The optical density of solution determined by the expression

DV =lg 13) = k(M)cd. )

Passing through a solution of the n components, radiation by each of them is absorbed in different
ways. The resulting absorption is derived by additive superposition of individual components. Accordingly,
the optical density of » — component mix is determined by the expression [11]

D)= k(ed . 3)

where k,(A) — extinction coefficient of i — component of the solution; ¢, — concentration of i — com-
ponent of the solution.

For the water-milk solution n = 2, accordingly from (3), its optical density is determined by the expres-
sion [11]

DVM 0“) =d (kM (}\‘)CM + kV (K)CV) P (4)
where k, (A) — milk extinction coefficient; ¢,, — concentration of the milk in water-milk solution;
k,(A) — water extinction coefficient; ¢, — concentration of the water in water-milk solution.

The volume of water-milk solution, that absorbs radiation, is given by
V="M 20 5)
Py Pr
where m,, — mass of the milk in water-milk solution; p,, — density of milk; m, — mass of the water in
water-milk solution; p, — density of water.
Concentration of the water in water-milk solution defined as [9, 10]

CVzﬂz mV :mV pMpV . (6)
Vi miM_,_& myPy +m,py
pM pV
Concentration of the milk in water-milk solution defined as
m m PP
CM:—M:—m Mm :mM—M L . (7)
Vi v Ty myp, +m,p,,
Py Py
The relative mass fraction of milk in water-milk solution is defined as
m
m,, +m,

From the expression (8), after transformations we get [9, 10]

my, =my, [1_1J> )
n
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Substituting (9) to (6) and (7), after transformations we obtain expressions that link the concentration of
milk and water in the milk-water solution with relative mass fraction of milk.

1
PuPy ( - 1)
n

¢ =—1 2 (10)
I
Py +Pu [_IJ
n
ey =—pMle . (1)
Py Py (_lj
n

Substituting (10) and (11) to (4), and after transformations we obtain the dependence of the optical den-
sity of the water-milk solution from the relative mass fraction of milk

dpMpV[kM<x>+kV(x)(1—1B

nJ (12)
1
n

dpypy [kM (M)+hy (k)[%—ljj

@ ~10 ool (13)

Expression (13) links the intensity of optical radiation passing through the solution with relative mass
fraction of milk in solution [9, 10].

At Figure 1 the experimental spectral characteristics of the water-milk solution passing (which obtained
by using the spectrophotometer SF-4, 4 =10 mm), which represent the dependence of the parameter
I(\)/1, atdifferent values of n at the wavelength of the optical radiation in the visible range, are shown.

DVM n) =

In view of (2), after transformations we obtain

0.6
I(A)
I, n,=0.75
0.5
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Figure 1. Experimental spectral characteristics of the water-milk solution
passing at the visible optical range at the different values of 7

As follows from Figure 1, the values of the spectral characteristics vary considerably depending on the
wavelength. At a wavelength of about 640 nm, there is a certain resonance due to the diffraction and inter-
ference of optical waves in the intervals between fat beads and strongly affects the values of the extinction
coefficients.

Consider a system of two equations that determine the parameter /(A)//, at a certain wavelength A,

and two values of the relative mass fraction of milk in the water-milk solution m, =1 and n,=0.75
(see Fig. 1)
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dpMpy[kM (ho)Hhy (XU)[#ID.
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Solve this system of equations relatively to unknown values of extinction coefficients of water and
milk, which are functions of the wavelength of optical radiation. After the transformations of the first expres-
sion of the system (14) we obtain an expression that correlates the extinction coefficient of milk with the ex-
tinction coefficient of water at the wavelength 2.

[pv P [I—IDIg ]I(IM)
Ky (hg) =~ ;; 5 ° —kv(xo)[i—lj.

An analogous expression is obtained after transformations of the second expression of the system of

equations (14)
pV+pM(1_1] lg]2(k0)
M, 1, 1
_kVO"o) —-1|.
dap,py

Equating the right sides of expressions (15) and (16) and solving the obtained equation, we obtain the
expression for the coefficient of water extinction

[py Py (1— 1}]@11(]7‘0) —(py Py [1 —1nlglz?°)
k() = L : L 0

, 17

1 (17)

dpypy| ———
n, N

Substituting (17) to (15) we obtain the expression for the extinction coefficient of milk

(pV"'pM[l_l])lgll(kO) (pV"'pM(l_1jjlgll(k0)_(pv+p1\4[l_1jjlg[2(KO)
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dp,,p 1 1 n
M dp,py (_] :

(15)

1
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Using the expressions (18), (17) and the experimental dependences in Fig. 1 it is possible to determine
the extinction coefficients of water and milk in the water-milk solution for any value of the wavelength of
the optical radiation in the visible range.

To measure the intensity of optical radiation, linear photoreceiver based on a pair of photodiode-
operational amplifier are widely used. In accordance with [9, 12], the dependence of the linear photoreceiver
output voltage from the relative mass fraction of milk in the water-milk solution is determined by the expres-
sion

dpypy [kM (M) +ky (M[%*ID

4P| =1
U.()=1,-S,(\)-R-5-10 o : (19)
where §,,(A) — integral current sensitivity of the photodiode; §— area of the photosensitive layer of the

photodiode, which is illuminated; R — resistance in the feedback loop of the operational amplifier.

As follows from expression (19), the output voltage of the photoreceiver based on the pair of photodi-
ode - operating amplifier is directly proportional to the intensity of the optical radiation of the visible range,
which passed through the water-milk solution. After measuring the intensity of light radiation that passed
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through the water-milk solution, it is possible to determine the relative mass fraction of milk in the water-
solution in terms of expression [10]

UF(n)
N Pult; g Gy r.s TIPuPR () o0
(o —p g2 s o (k)= ky (V)

I,-S,,(AM)-R-S

Let's conduct a mathematical modeling of the visible range optical radiation passing through a water-
milk solution. To do this, let's interpolate the experimental spectral passing characteristics, which are shown
in Figure 1, by usual cubic splines [13]

alM+b1M(7u—7\,1)+ClM(7\,—7\.1)2+d1M(7\.—7\,1)3, re[r, N, ]
I, _ a2M+b2M(7"_7\'2)+CzM(7\'_7\'2)2+d2M(7"_7"2)3a Aelry,As50;

I 1)
VR NV Oy S LNV e S S N Gy SV A 9 VS
a, +b,(A=r)+c, (A=1) +d,(A=1,)’, Ae[r,A,];
I,(L) _ a,, +b,,(A=2,)+c,, (A =2,) +d,, (A =21,), Ae[h,,A,]; 22)

1

0
ay gy +by =Ry ) rey =Ry ) +dy (A=) Aelhy 0y ],

where a,,, b,,, c,,, d,, — coefficients of interpolating cubic splines of the experimental spectral passing

characteristic /,(A)/I,; a,, b,, c,, d,, — coefficients of interpolating cubic splines of the experimental

spectral passing characteristic 7,(A)/1,; A,...A, — abscisses of the interpolation function nodes.

The set of expressions (17)—(22) is a mathematical model for the visible range optical radiation passing
through a water-milk solution. For mathematical modeling, a package of mathematical applications Maple 9
[14] was used. The result of the mathematical modeling of the linear photoreceiver output voltage depend-
ence from the relative mass fraction of milk in the water-milk solution and the wavelength of the optical ra-
diation in the visible range is shown in Figure 2 and Figure 3.

Upm, V
03
028

0.5

Figure 2. Dependence of the linear photoreceiver output voltage from the relative mass fraction of milk
in the water-milk solution and the wavelength of the optical radiation in the visible range

28 BecTHuk KaparaHauHckoro yHusepcuTeTa



Mathematical model of the visible range...

U vV
0304 7 @), 1

ey = 650 nm

0.28 4
I 670 nm

630 nm

0.30 4 C
e 690 nm

610 nm
0.24 9

590 nm

0.22 9
570 nm

55
0.20 550 nm

0.18 4
1.00 0.96 0.92 0.88 0.84 0.80 0.76 0.72

Figure 3. The family of dependencies of the linear photoreceiver output voltage from the relative mass fraction
of milk in the water-milk solution at different values of the wavelengths at the visible range optical radiation

The modeling was carried out in the visible optical radiation range for wavelengths from 400 nm to
750 nm and the range of relative mass fraction of milk in the water-milk solution from 0.75to 1 and d =10
mm. During the modeling, it was assumed that the integral sensitivity of the photodiode is constant through-
out the wavelength range. The choice of the relative mass fraction of milk range in the water-milk solution is
due to the fact that, according to the authors' observations, with 1< 0.75 the human eye begins to distin-

guish between water and milk solution from pure milk. As it follows from Figure 3, there is an optimal
wavelength (A,p; = 650 nmif d =10 mm), in which the sensitivity of the measuring channel of the relative

mass fraction of milk in the water-milk solution will be maximal.

A mathematical model is proposed and a mathematical modeling of the passing of visible range optical
radiation through a water-milk solution is carried out. The mathematical model was created on the basis of
theoretical and experimental studies of the spectral characteristics of water-milk solution passing. As a result
of the modeling, the dependence of the output voltage of the linear photoreceiver which based on a pair of
photodiode - operating amplifier from the relative mass fraction of milk in the water-milk solution and the
wavelength of the optical radiation in the visible range is obtained. Depending on the thickness of the water-
milk solution layer, there is an optimal wavelength of visible range optical radiation, at which the sensitivity
of the measuring channel of the relative mass fraction of milk in the water-milk solution will be maximal.
Promising is the use of the proposed mathematical model for the creation of means for measuring the relative
mass fraction of milk in the water and milk solution to detect the facts of milk falsification.
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Cy-cyTTi epiTiHAi apKbLIbI KOPiHETiH ayKbIMAAFbl ONTHKAJIBIK
cdyJieJIeHY OTYiHIH MaTeMaTHKAJIBIK MOJeJIi

Cy-cyTTi epiTiHIi apKbUIbl KOPIHETIH JUANa30HHBIH ONTHKAIBIK COYyJIEICHYIH MaTeMaTHKAJIbIK MOJICIbIACY
YCHIHBUIIBL. MaTeMaTHKaJbIK MOJETb CY-CYTTi epITIHAICI OTYiHIH CIEKTPaIBIK CHIIaTTaMaIap (bl TEOPHSIIBIK
JKOHE TOKIpUOEIiK 3epTTeyniep Heri3inae KypbUasl. MoJenbaey HOTHKECIHAE CY-CYTTi epiTiHmiferi CYTTIH
CaBICTBIPMAJIBl MacCajblK YJIeCi JKOHE KOpiHeTiH [Mama3oHAaFbl ONTHKAIBIK COYJEICHYIIH TOJIKBIH
Y3BIHABIFEI OOMBIHIIA (HOTOTHOI-ONEPAIMOHIBIK KYIISHTKIIIKE HETi34eNreH ChI3BIKTHIK (DOTOAETEKTOP/IbIH
IIBIFY KEPHEYIHIH TOYeIIiIiri opsH anabl. THPpaKbI3bUI COyIIeNeHYAIH OHTAMIIBI TOJIKbIH Y3bIH/BIFbI CYIIbIH
JKOHE CYTTIiH CHIEKTPAJIbl CHIIATTAMAIAPBIHBIH MAKCUMAJI/Ibl apaKaThIHACHIH aHBIKTAy apKbUIbl CHIATTAJI/IBI.
Cy-cyTTi epiTiHai apKbUIbl KOPiHETIH AWAna30HHBIH ONTHKABIK COYJIEIeHy MAceneci Ka3ipri yakpITTa jKaH-
JKaKTBI 3ePTTEIIMEreH, COJI CeOeTi OChI CHSAKTHI 3ePTTEYIiH O3EKTIIIrH alKbIHIAHIbL.

Kinm ce30ep: cy-cyTTi epiTiH/i, KOPIHETIH JUAaIa30H, ONTHKAIBIK CAyJIeTIeHY, CYTTEr Cy MOIIIepiH aHBIKTay.

B.Kyuepyk, U.I1. KypoiTHuk, [1.Kynakos, A.H. Bacunesckuii,
J.K. Kapabexkona, /. MocToBoii, A. KynakoBa

MaremaTHueckasi MOA€EJIb MPOXO0KICHUA ONITUICCKOT0 U3JTYYCHUSA
BUIUMOTI0 JUama3oHa depes3 BOI[HO-MOJIO‘lelﬁ pacrBop

IIpemnaratorcst pazpaboTaHHass MaTeMaTHYecKasi MOAENb U PE3yJIbTaThl MAaTEMAaTHIECKOTO MOIEIUPOBAHHUS
MPOXOXKAEHUS ONTHYECKOTO U3ITydeHHs BUAMMOTO AHaNa30Ha 4yepe3 BOIHO-MOJIOUHBIN pacTBOp. MaremaTu-
yeckasi MOJIENb OblIa CO3/laHa HA OCHOBE TEOPETHYECKHX M AKCIIEPHUMEHTAIBHBIX HCCIEJOBAHUH CIIEKTpaib-
HBIX XapaKTEePUCTHUK MPOIYCKaHHUs BOJHO-MOJIIOYHOTO PacTBOpa. B pe3ynpTaTe MaTeMaTHYeCKOrO MOAEIHPO-
BaHUS MOJy4eHa 3aBUCUMOCTh BBIXOJJHOTO HAIPsKEHUs TMHEHHOTO ()OTONMPHEMHUKA HA OCHOBE Mapsl (oTo-
JMOA-ONIEPaIOHHbIA YCUINTEIb OT OTHOCUTENBHON MacCOBOH 10JM MOJIOKA B BOJAHO-MOJIOYHOM PAacTBOPE U
JUTHBI BOJIHBI ONTHYECKOTO M3Iy4eHHs! BUIMMOTO quarna3oHa. OnTuMaibHasl JUIMHA BOJIHBI MHPPAKPACHOTO
H3IIy4EHUs] OIpPEeAENIach IyTeM OINpeeIeHHs MAKCUMyMa OTHOILIECHUS CIIEKTPAJIbHBIX XapaKTEPUCTUK BOJbI
U MoJloka. Bonpoc 0 mpoxokaeHNH ONTHYECKOT0 U3JIy4eHUs BUIMMOrO AMAa30Ha 4epe3 BOJHO-MOJIOYHBIN
pacTBOp B HACTOSIIEE BPEMS HE U3YUEH, UTO U OMpPEIENAeT aKTyaIbHOCTb 3THX UCCIIEI0BaHUI.

Kniouesvie cnosa: BOJIHO-MOJIOYHBIHN pacTBop, BUIUMBIN JAUAIIa3oH, NPOXOXKACHUE OIITHYECKOI'0 HU3JIYyUCHUS,
ONPEACIICHUE HAJIUYUSA BOABI B MOJIOKE.
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