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MATHEMATICAL MODELING OF THE PROCESS EVAPORATION OF
MULBERRY FRUITS JUICE
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When evaporating the juice of mulberry fruits, a differential equation was obtained for changing the amount of
liquid over time, expressed as a material balance, converted to the liquid level in the separator of the evaporator,
an expression for the density of the liquid, its flow rates at the inlet and outlet of the apparatus, the differential
equation for changing the temperature of the liquid over time. Using the reference data of the state of water
and steam, equations for the temperature, enthalpy of liquid and dry steam are obtained. A system of equations
has been obtained - a mathematical model of the dynamics of the process of liquid evaporation in a single-
vessel vacuum evaporator. Using the SIMULINK part of the MATLAB program, a computer model for solving
equations was compiled. Some results of studies of the evaporation of mulberry juice on a five-case vacuum
evaporator are given, the optimal number of stages of the complex is found.

Since the calculation of the process of evaporation of water vapor is associated with the thermodynamic
parameters of the state of water, it is necessary to obtain equations for the dependence of the boiling point of
water, the heat of vaporization of water, the enthalpy of steam, the enthalpy of water on pressure. Experimental
data have been obtained for a long time, they are successfully used, however, there are no uniform empirical
equations used by all researchers.

Using the capabilities of the MATLAB program, by statistical processing of tabular data, we obtain empirical
equations in the form of polynomials for the state of water and water vapor, describing the real picture with an
accuracy of 98% or more.

Keywords: heat balance, enthalpy, material balance, concentrate, computer model.

INNPOLHECTI MATEMATHUKAJIBIK MOJEJIBJIEY TVYT KEMICI HIbIPbIHBIH
BYJIAHDBIPY
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TyT xemicTepiHiH HILIPBIHBIH OyJIaHy Ke3iH/e CYHBIKTHIK MOJIIEPiH YaKbIT OObIHIIA e3repTyre AuddepeHim-
QIIBIK TEHJEY aJIbIH/IBI, MaTepruaslibl OaslaHC TYpiHIe epHEeKTeNeAl, OyJaHIbIPFBIIITHIH CeapaTopbIHIaFbl CYbI-
KTBIK JICHIeHiHe Ty pJIeHe i, CYHBIKTHIKTHIH ThIFbI3IBIFBIHBIH ©PHET1. allapaTThiH Kipic KoHE MbIFbICEIHIAFbl OHBIH
IIBIFBIHBI, CYABIKTHIK, TEMIIEPATYPaChIH YaKBIT OOMBIHINA ©3repTyre apHanFaH auddepeHnmanpk Tenaey. Cy MeH
Oy KyWiHIH aHBIKTAMAJIBIK, MOJTIMETTEPIH Mali/iaiaHa OTHIPBII, TEMIIEPAaTypa, CYHbIK KoHE KYpFak, Oy SHTAJIbITHSI-
CBIHBIH TeHJIeyJIepi asibiHapl. Tenaeynep Kyneci abHABI - Oip bIIBICTBI BAKYYM/IBI OYJIaHIBIPFBIITAFbI CYABIKTHIH
OyJlaHy IMPOIIECiHIH TUHAMHUKACBHIHBIH MaTeMaTUKasbK, Monesti. MATLAB 6arnapnamaceiabin SIMULINK 6Gestiri
apKbUTBI TEHJIEY/IEPi eIy iH KOMIBIOTEPIIIK MOJIeNi KYPacThIpbLIIbl. Bec KopItycTsl BaKyyM Il OyJIaHbIPFBIIITA
TYT IOBIPHIHBIH OyNIaHy 3epTTeYNIepiHiH KeiOip HOTHKeIepi KeJTipijreH, KeIIeHHIH OHTAIIIBI CAThITAPBIHBIH CAHBI
TaOBUIFaH.

Cy OybIHbIH OyJIaHy NIPOLIECIH ecenTey Cy KYHiHiH TepMOAMHAMUKAIBIK, ITapaMeTpiiepiMeH OaillaHbICThI OOJIFaH-
IBIKTaH, CyJblH KalHay TeMIlepaTypachiHa, CyAblH Oy/laHy KbUTyblHa, Oy SHTAIBITHACHHA TOYEIAUTIK TEHICYIEPiH
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ay KaxeT. , KbICBIMIAFbl CYIbIH SHTAIBIUSCH. DKCIIEPIMEHTTIK MOTIMETTep Y3aK YaKbIT OOWBI abIHFaH, Ofap
COTTI KOJIJaHbLTy/Ia, OipaK OapIibIK 3epTTeyIIijiep KONAAHATHIH Ol PKEJTKi SMITMPUKAIIBIK, TEHJIEYJIEP JKOK..

MATLAB 6arnapnaMacklHBIH MYMKIHAIKTEPIH MMaiaaHa OTBIPBII, KECTENIIK MATIMETTEPIi CTATUCTUKAIIBIK, OH-
JIey apKbUIbI HAKTBI cypeTTi 98% KoHe OfaH KOFapbl TOJIIKIIEH CUITATTAUTHIH CYy MeH Cy OybIHBIH KYHi YIIIiH Ke-
MIMYIIEJTK TYPiHICTI SMIMPUKAIBIK, TCHACYJIEPIi aTaMbI3.

Tyitinai ce3aep: xbuty GaTAHCHI, SHTAIBITHA, MaTepran OaJIAHCHI, KOHIIEHTPAT, KOMITBIOTEPITiK MOJIEIb.

MATEMATHYECKOE MOJE/JINPOBAHUE ITPOIIECCA BBIITAPUBAHU A
COKA IITOJOB TYTOBHUKA
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ITpu BeIMapuBaHUM COKa IUIOIOB TYTOBHUKA MOJTy4YeHO AudpepeHanbHoe ypaBHEHUE H3MEHEHU 1 KOJTMUEeCTBa
JKUJIKOCTH IO BPEMEHH, BBIPRKEHHOE B BUJIE MaTepUaJIbHOTO OaslaHca, TpeoOpa3oBaHo IO YPOBHSI KMAKOCTH B Ce-
Maparope BHITAPHOIO arapara, BhIpaXkeHHe JJ1s IUIOTHOCTH XKUJIKOCTH, €€ PacXO0B Ha BXOJIE M BBIXOJE alapara,
v depeHnnaTbHOe ypaBHEHNE N3MEHEHHsI TEMIIepaTyphl XKUIKOCTH 10 BpeMeHH. Bocmonb3ysch ClipaBOuYHBIMU
JAHHBIMU COCTOSIHMSI BOABI U BOISHOTO Mapa, MOJYYEeHbl YPABHEHUA MJIA TEMIIEPATYPBI, SHTAJIBIUUA KUIKOCTH
u cyxoro napa. IlonmyyeHa cuctemMa ypaBHEHHIl - MaTeMaTH4ecKas MOJeNb JUHAMHKH TPOLecca BhIITAPUBAHUS
KHUAKOCTH B OTHOKOPITYCHOM BakyyM-BblnapHoM amnmapate. Mcnons3ys yacts SIMULINK nporpamvert MATLAB
COCTaBJIEHA KOMITBIOTEPHAS] MOZIEJIb pellleHNs ypaBHeHUN. [IprBeaeHbl HeKOTOphle pe3yIbTaThl UCCIEJOBaHUIT BbI-
MaprBaHKs TYTOBOI'O COKa Ha MATUKOPITYCHON BaKyyM-BBIIAPHOW YCTAHOBKE, HAEHO ONTHMATIBPHOE KOJIMYECTBO
CTyTIeHEl KOMILTEKCa.

TToCKOJIBKY pacyer Mmpoliecca BhIApUBAHUS MAPOB BOJbI CBA3aH C TEPMOJMHAMUYECKUMH TTApaMETPAMU COCTO-
SIHUST BOIBI HEOOXOMMO TOJNYYUTh YPABHEHHSI 3aBUCMMOCTH TEMIIEPATYPbl KUIIEHUSI BOJIBI, TEILIOTHI MApooOpa-
30BaHMsI BOJIbI, SHTAJIBIIMY T1apa, SHTAJBIIMK BOABI OT JaBJIEHUs. DKCIIEPUMEHTAIbHbIC JaHHBIE MIOJYYeHBI JABHO,
YCIIEITHO MCIIOJIb3YIOTCSI, OJIHAKO €AMHBIX SMITMPU-YECKUX YPaBHEHUH, UCIIONb3YEMbIX BCEMH UCCIICIOBATE/ISIMU
HE CyIIECTBYIOT.

Bocnonb3ysich Bo3MoxkHOCTsIMU TporpaMvbel MATLAB, myTemM cTaTHCTH4eCKON 00pabOTKU TaOIMYHBIX JTaH-

HBIX, TOJIy4UM 3MITUPUYECKHE YPABHEHUS B BUJIE TIOJIMHOMOB ISl COCTOSIHUS BOABI M BOJSHOIO Iapa, ONUCHIBA-
IOIIME peaylbHyIo KapTHHY ¢ TOYHOCTHIO 98% 1 Gortee.

KuroueBble ciioBa: TeruioBod OajiaHC, SHTANIBIINS, MaTepHaIbHBIi OajlaHC, KOHIIEHTPAT, KOMIIBIOTEPHASI MO-
Jelb.

Introduction. A literary study of the process
of evaporation of food solutions has shown the
feasibility of their evaporation in multi-vessel vacuum
evaporators. We have to solve the problem of modeling
the process of evaporating clarified mulberry juice and
choosing the number of plant buildings on the basis of
computer research. To this end, we simulate the process
of evaporating water from the composition of the juice
in a single-vessel vacuum evaporator. Further, it is
possible to carry out a gradual transition to two-, three-
, four-, and five-case installations. Let us denote the
input and output parameters of the process as follows
[1,2,3,5].

It is known that when modeling one stage of any

process, the hydrodynamic structure of the flow is taken
in the form of ideal mixing or ideal displacement. When
compiling our model, the simulation object is taken as
one cell of ideal mixing. At the next stage, when moving
from one body to the entire installation, each body of
the apparatus is taken as a separate cell of ideal mixing.
They are combined accordingly and a cell model of
countercurrent flows is adopted [4, 6, 7, 8, 9].

Methods and materials. The change in the amount
of liquid over time is expressed by the equations of
material balance, i.e. it depends on the difference
between the flow rates of the incoming and outgoing
liquids and the evaporated moisture [6, 9, 10,11]




dm
—— =G, —G;—G,

dr M

where m is the amount of liquid mixture in the body
of the apparatus, [kg]; Gn - flow rate of juice entering
the apparatus, G - flow rate of the liquid mixture
leaving through the bottom of the apparatus, [kg / s];
G, is the flow rate of the evaporating liquid (secondary
steam), [kg/s].

To express mass in terms of volume and density, we
use the following equations:

m=Vp=SHp 2)

where V is the volume of liquid in the apparatus,
[m?]; p is the liquid density, [kg/m3]; S is the cross-
sectional area of the apparatus, [m”];. H is the liquid
level in the apparatus, [m];

Using formula (2), for the capacity of the body of the
apparatus, the change in the liquid level in the apparatus
is expressed by the following differential equation:

dH 1
I _
L= (6, — G~ Gy

5 3)

where H; is the current liquid level in the separator
of the evaporator, [m]; p is the density of the liquid
mixture, [kg/m?].

The value of the density of the liquid mixture is
within the density of pure water and solids dissolved
in water. Density can be calculated using the formula
below

P;, - is the density of the pure product, [kg/m?]; a; -
current concentration of solids in juice, [kg/kg]; 1000 -
pure water density, [kg/m?].

The flow rate of the liquid flowing from the
apparatus has a functional dependence on the height
of the liquid in the apparatus, i.e. the greater the
hydrostatic pressure, the greater the fluid flow. If we
consider this dependence in the simplest case to be
proportional, then the equation for the flow rate takes
the following form:

Gy = K, H, 5)

In fact, this dependence is not proportional, but
has a more complex character. In addition, equation

(3-4) does not take into account the viscosity of the
evaporated liquid.

The flow rate of water vapor released from the
mixture in one body of the apparatus is determined
from the basic equation of the heat exchange process.
The driving force of the process is the temperature
difference.

Gy = ky(ty —t*) (6)

where t* is the boiling point of the liquid in
the apparatus case under vacuum (equilibrium
temperature), [°C].

Having determined the flow rate of the liquid
entering the apparatus, the amount of solids entering
together with the liquid, the flow rate of the liquid
flowing from the apparatus, the flow rate of deaf
steam heating to evaporate moisture, the flow rate of
evaporated moisture, we can obtain an equation for
determining the concentration of solids in the flowing
liquid.

doy _ 1

dr  SHp @

[Gs as — G f a f ]

Using the heat balance, one can obtain a differential
expression for the change in liquid temperature over
time

da 1
r . . .
dT = STPC[GSctS _Gfth _G2ZSS +DZS —le]
(3)

where c is the heat capacity of the liquid mixture,
[kJ/(kg ¢C)]; i, 1, - enthalpy of steam supplied to the
annular space of the apparatus and condensate, [kJ/(kg
°C)]; Ds, Dk is the flow rate of blind steam supplied to
the annular space and condensate [kg/s].

Since the calculation of the process of evaporation
of water vapor is associated with the thermodynamic
parameters of the state of water, it is necessary to
obtain equations for the dependence of the boiling
point of water, the heat of vaporization of water, the
enthalpy of steam, the enthalpy of water on pressure.
Experimental data have been obtained for a long time,
they are successfully used, however, there are no
uniform empirical equations used by all researchers.

Using the capabilities of the MATLAB program, by
statistical processing of the tabular data given in, we
obtain empirical equations in the form of polynomials
for the state of water and steam, describing the real
picture with an accuracy of 98% or more.
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The empirical dependence of the boiling point of
a liquid on the pressure in the apparatus, obtained by
processing tabular data, has the form:

#* = —0.00059 - p2 + 0.48 - p + 51 )

The empirical dependence of the heat of
vaporization of water on the pressure in the apparatus,
obtained by processing tabular data, has the form:

i/ =—2.5-p2 42000 -p+ 210000  (10)

The empirical dependence of the liquid enthalpy on
the pressure in the apparatus, obtained by processing
tabular data, has the form:

r=14-p2—1200-p+ 2400000  (11)

The empirical dependence of the enthalpy of dry
saturated steam on the pressure in the apparatus,
obtained by processing tabular data, has the form:

i” = —p2 + 800 - p + 2600000 (12)

Using the capabilities of the MATLAB program,
we obtained empirical equations in the form of
polynomials for the state of water and water vapor by
statistical processing of tabular data. Such polynomials
describe the real picture with an accuracy of 99.9%
or more. These empirical equations are also included
in the mathematical model of the mulberry juice
evaporation process.

The system of equations (1-12) is a mathematical
model of the dynamics of the liquid evaporation
process in a single-vessel vacuum apparatus. Using the
SIMULINK part of the MATLAB program, you can
create a computer model for solving equations.

Having studied the process of moisture distillation
in one-, two-, three-, four-, and five-case evaporator
complexes, it is possible to compile a mathematical
model of the economic indicators of the process.

The above equations are combined into a general
system of equations (1-12), which is a mathematical
description of the current single-vessel continuous
vacuum evaporator plant. The mathematical model
includes the equations of material and heat balances
in the MVVE, as well as the empirical equations for
the dependences of the boiling point, the heat of
vaporization and the enthalpy of water, as well as the
enthalpy of steam on the pressure in the apparatus.
The problem is reduced to the study of the dynamic

characteristics of changes in concentrations, juice
temperature and the height of the liquid layer in the
separator of a vacuum evaporator on a mathematical
model [11, 12, 13].

The study of the mathematical model of the process
of evaporation of the volatile component in the range
of variations of the input parameters of the process and
the analysis of the results obtained allows us to judge
the dynamics of the evaporation process in a single-
vessel apparatus. By accepting the output parameters
of the process as the input of the subsequent vessel, it
is possible to calculate the installation with any number
of vessels.

dH
56— G =Gl
Gp=FkHy
Gy = ky(ty — 1)
da
d—Tf = %M[G‘sas —Gayl
dt, 1 , S
d7(' = S’T/}C[Gsds —Gyety — Cyigg + Diy — Diy]
p=fla)=ps.-ap+1000- (1 —ay)
m=Vp=SHp
£ = —0.00059 - p2 + 0.48 - p + 51
7 = —2.5-p2 + 2000 - p + 210000
r=1.4-p2—1200 - p + 2400000
i = —p2 + 800 - p + 2600000 (1-12)

To solve a system of equations, it iS necessary to
integrate its differential equations with respect to time.
For example, in order to determine the height of the
liquid column H from the equation, you must perform
the following calculation:

"dH

H = / il

b dT

This method is also used in solving equations (3-
7) and (3-8), thereby determining the concentration of

solids in the outflowing liquid ak and the temperature
of the liquid mixture.

13)

Results and discussion. The initial temperature of
mulberry fruits at the entrance to the apparatus should
not exceed tn=90°C. Residual pressure in the first
building of the multi-case vacuum evaporator complex
plant P = 61 kPa, in the second - 31 kPa, in the third
and fourth - 8 kPa and the fifth - 5 kPa each. The

4



flow rates of blind steam supplied to the steam jacket
of each of the evaporators are predetermined and are,
respectively, D(1)=0.93 kg/s;

- change in the concentration of solids at the outlet of
the apparatus over time - the dynamics of the process
(Fig. 1). Incoming juice concentration ar =22%. Within
4000 s, it reaches its maximum value and equals 48%.
No further increase in concentration in the first vessel
of the vacuum evaporator is observed. The conclusion
is that in the first building of the vacuum evaporator,
the residence time of the juice should be no more than
4000 s;
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Fig.1 - Graph of the change in the concentration
of solids at the outlet over time

0.4

0 2000 4000 7.8 6000

Fig.3 - Graph of change in fluid

- change in juice consumption at the outlet of the
evaporator over time - the dynamics of the process (Fig.
3). The flow rate of concentrated juice at the outlet

- change in the temperature of the juice at the exit -
the dynamics of the process (Fig. 2). The temperature
of the juice entering the apparatus decreases due to
the evaporation of moisture. Within 70 s it reaches
87.8°C, i.e. cooled by 2.2 °C; Juice is supplied to the
first building of the multi-vessel vacuum evaporator
at the maximum attainable temperature (about 90
°C) so that excessive cooling of the juice does not
occur, because there are further stages of evaporation.
Temperature losses are associated with the evaporation
of moisture, they are replenished by heating the body
of the apparatus with deaf steam;
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Fig.2 - Graph of the temperature of the liquid at
the outlet over time
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Fig.4 - Graph of the dependence of the height of
the liquid in the apparatus on time

of the apparatus must vary depending on the flow rate
at the inlet of the evaporator and the concentration at
the inlet and outlet, or the flow rate of the secondary
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steam evaporated from the evaporator. In the analyzed
case, the liquid flow after a period of time of 3000 s
decreases from 1,39 kg/s to 0,6 kg/s, then a constant
(steady) mode of juice evaporation is established. In the
case under study, the transition period is 4000 s. The
curve is quadratic, the period of flow change from 1,39
[keg/s] to 0,6 [kg/s] is only 2000 s, but the decrease in
flow lasts up to 4000 s;

- change in the height of the liquid in the apparatus
H [m] over time, [s] (Fig. 4). The height of the liquid
column in the apparatus is necessary to maintain the

flow of processed juice through the lower branch pipe
of the apparatus. In the case of an increase in height, the
flow through the nozzle increases and vice versa, with
a decrease in height, the height of the liquid column
decreases [14, 15, 16].

The logical conclusion of mathematical modeling
and the research procedure for the process of multi-
vessel juice evaporation should be aimed at studying the
economic indicators of the process. Below is a program
for studying the process of concentrating in an VEC.

Mathematical model for the study of economic indicators of the process of evaporating juices in VEC

function Zevp = Zv ( Gk )

format short

Cva = 225000000;

En = 0.15;

Gk = 0.3

tau_sez = 2400;

A =Cva * En / ( Gk * tau_sez * 3600 )
Nmax = 5.5;

Ce = 64.2;

Zvak = Nmax * Ce / ( 3600 * Gk )
Cn = 420;

D = 0.93;

Zn = Cn * D / ( 1000 * Gk )

Zv = Cc*Gv

Zvip = A + Zn + Zvak +Zv

Figure 5 shows the dependence of the change in costs per unit of production [sum/kg] on the final productivity

of the VEC Gk at Gn = 1,39 kg/s.

The program for displaying research results in the form of a graphical dependence

Gf [0.2 0.25 0.3 0.35 0.4 0.45 0.51;
for i=1:7
Zvip (1)
End

Plot (Gk,
grid on
xlabel ('GE,
ylabel ('Zv,
Zevp = [ 1;

zv (Gk (i

)) i
Zvip, '-o')

[kg/s1")
[sum/kg]")
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Fig.5 - Dependence of costs per unit of evaporated juice on the number of IDP cases
Number of devices VEC, n

1-cost of apparatuses, 2-costs for heating apparatuses with deaf steam, 3-costs for creating a vacuum in the
VEC, 4-costs for condensing secondary vapors with cold water, 5-curve for the sum of all costs for evaporation
in the VEC.

In the range of final juice consumption Gevp from
0.2 to 0.5 kg/s, the cost of producing a unit of
production decreases from 22 to 8.8 kg/s. This indicates
that the greater the productivity of the apparatus, the
lower the cost of producing a unit of output. In the
range of our research, with an increase in productivity
by 0.5/0.2=2.5 times, the cost per unit of output
also decreases by 22/8.8 = 2.5 times. This suggests
that the cost change curve Zv for productivity Gf
is symmetrically proportional. The optimal value of
costs per unit of production is selected based on the
possibility of choosing the input parameters of the
process and the design features of the devices of the
VEC complex.

At the same time, from the curve of the total cost
values for the production of silkworm raft concentrate
(curve 5), it can be seen that the optimal number of
VEC devices lies in the range of 3-4.

Conclusion. A mathematical model of the process
of evaporating clarified mulberry juice in a single-
vessel vacuum evaporator has been obtained, a way has
been established for using the obtained mathematical
model in multi-vessel vacuum evaporators, thereby
mathematical modeling of the process of obtaining
concentrates of fruit, berry and vegetable juices in
the centrifugation system forces) - evaporation. The
adequacy of the mathematical model of the system to
the real process has been established on the example of
concentrating the juice of mulberry fruits. The results
of model studies are obtained and analyzed.

Mathematical modeling of the juice evaporation
process allows you to determine the number of cases
that provides the minimum energy costs for juice
concentration, which is 3-4. The simulation results
were used to compile a mathematical description
of economic indicators and further optimize the
evaporation process.
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