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Formulation of the problem. Fermented milk drinks are essential for
a balanced diet. They are produced in two ways: reservoir and thermostatic.
A significant part of the range of fermented milk drinks is produced by the
reservoir method [1]. In conditions of energy saving and improving product
quality, the requirements for the production of fermented milk drinks, in
particular for cooling the fermented milk clot, are increasing and its
improvement is currently a very important problem [2].

Analysis of recent studies. The analysis of the most effective
methods used to improve the structure of fermented milk drinks notes the
extreme importance of the cooling process [2]. There are a number of
works on thermophysical calculations taking into account thermal
insulation [3-10], which provide general approaches to planning and
solving problems of this kind. However, the solution to the problem of
increasing the energy efficiency of cooling the fermented milk clot before
filling it into consumer containers for further maturation, compensation of
the thermal resistance of the mixer gap requires special consideration.

Forming the goals of the article. The aim of the study is to establish
the possibility of increasing the energy efficiency of cooling the fermented
milk clot before bottling it into consumer containers for further maturation,
by reducing energy consumption for maintaining its temperature by
installing thermal insulation, determining the optimal location and gap of
the mixer to compensate for thermal resistance.

To achieve this goal, the following tasks have been set:

1. To propose a method for calculating heat energy for cooling a
fermented milk clot and heat inflows, taking into account the location of the
thermal insulation.

2. Check the correspondence of theoretical calculations to the actual
value of cooling temperatures of the fermented milk clot.

3. Determine the cooling time of the fermented milk clot.

The research methodology is based on a modified method for studying
the heat transfer process.
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Main part. To create rational temperature conditions under which it is
possible to pour the fermented milk clot into consumer containers for its
further maturation, it is necessary to take into account the thermophysical
properties of the fermented clot, as well as data on its basic physical and
mechanical properties. Calculation of the amount of heat when cooling a
fermented milk clot, which is heated to a temperature of 32...34 °C, in a
container of complex shape will be performed on the basis of a joint solution
of the heat balance and heat transfer equation [3].

The heat balance equation in this case takes the form:

Qcool w. Qcool fcl. + Qst.jck. + ch.in. + ch.in. ! (1)

where Qcool w. — the amount of heat removed by the cooling water, kJ;
Qcool fc. — the amount of heat for cooling the fermented milk clot, kJ;
Qstjck. — the amount of heat for cooling a steel tank with a cooling jacket, kJ;
Qu.in. — the amount of heat for cooling the thermal insulation, kJ;
Q th.in. — heat inflows of thermal energy from the environment, kJ.

The heat transfer equation during the cooling of the fermented clot [3].
determined by the formula, kJ :

Qcool.f.cl.zkf.cl.'Ftank'(tht_tcol.)'z-’ (2)

where ki — is the coefficient of heat transfer from the fermented
clot through the walls of the tank to the cooling water, W / (m? - K);
Frank — is the surface area of the tank, m?; tn: — is the temperature of the hot
medium, °C; t co. — IS the temperature of the cold medium; °C, = — is the
operating time of the installation , s.

The amount of heat required to cool the fermented milk clot:
Qeool .01 = mf.cl.'Cf.cI..(tinit_tfin)’ (3)

where Qcool .ol — IS the amount of heat for cooling the fermented milk
clot, kJ; msq. — is the mass of the fermented milk clot, kg; cra. — the heat
capacity of the fermented milk clot, ki / (kg-°C); tinit — is the initial
temperature of the fermented milk clot, °C; trin — is the final temperature of
the fermented milk clot, °C.

Mass of fermented milk clot:

mf.cI:pf-C|-'Vf.cI. d (4)

where pra. — is the density of the fermented milk clot, kg / m3;
Via. — is the volume of the fermented milk clot, m3,
The amount of heat for cooling a steel tank with a cooling jacket

(Fig. 1).
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1 — thermal insulation of the tank; 2 — tank; 3 — cooling jacket;
4 — mixer; 5—mixer drive.
Fig. 1. Scheme of the tank for cooling the fermented milk clot.

Qst-jaC- =Myt jac. Cer.” (tinit_tfin)’ (5)

where Qstjac. — amount of heat for cooling a steel tank with a cooling
jacket, kJ; mstjac. — mass of a steel tank with a cooling jacket, kg; cst. — heat
capacity of steel, kJ / (kg deg); tinit initial steel temperature, °C; tsin — final
steel temperature, °C.

Mass of a steel tank with a cooling jacket, kg:
mst = Pst. 'V st. ! (6)

where pst. — density of steel, kg / m3; Vs. — volume of steel, m?,

The amount of heat removed by the cooling water required to cool
the steel tank and fermented milk clot is equal to the total amount of heat
removed according to formula (1).

On the other hand, the amount of heat removed by the cooling water
can be determined by the formula:

Qcool.water = mcool.water'Ccool.water ’ (tinit.water - t fin.water)’ (7)

where Qcool. water — the amount of heat removed by the cooling water
for cooling the fermented milk clot, kJ; Mcoor. water — the mass of the cooling
water, Kg; Ccool. water — the heat capacity of the cooling water, kJ / (kg - deg);
tinit water — initial temperature of the cooling water, °C; tfinal water — final
temperature of the cooling water, °C.

Having solved the equations (1) and (7) together, we determine the
amount of cooling water required to cool the steel and the fermented clot.

From the energy conservation equation, we write that the amount of
heat removed from the fermented milk clot is equal to the amount of heat
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supplied to the cooling water:

Quoot. 1.0 = Quootwater. (8)
Then the amount of cooling water will be equal to:
Meootuaer =Qcool. f . / (Ccool.water. ' (tinit.water. -1 fin..water.)) ’ ©)
Final cooling water temperature:
t fin.water. :tinit.water. +Qcoo|. f.cl. / (m'Ccool_Water.) : (10)
Cooling jacket rectangular tube length:
l=(H,,—-b-n)/(a-7-D,,), (11)

where | — is the length of the rectangular tube of the cooling jacket,
m; Hiwank — is the height of the tank shell, m; a — is the width of the
rectangular tube of the cooling jacket, m; b — is the gap between the turns
of the rectangular tube of the cooling jacket, m; n — is the number of turns,
Drank is the diameter tank, m.

Speed of water movement in a rectangular pipe of the cooling jacket:
v=4. Qcool.water. /(a ) h) . (12)

where v — is the speed of water movement in a rectangular pipe of the
cooling jacket, m/s.

The residence time of water in a rectangular pipe of the cooling
jacket:

Tuater = 11V (13)

The mode of water movement in a rectangular pipe of the cooling
jacket is determined using the Reynolds criterion:

Re= " . (14)

|4

where Re — is the general Reynolds criterion; V — is the speed of
water movement in a rectangular pipe of the cooling jacket, m /' s; Deq — IS
the equivalent pipe diameter, m; v — is the coefficient of kinematic viscosity
of water, m? / s.

Equivalent pipe diameter:

Deq = 4F/P = a*h/(2(a+h)), (15)
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For a rectangular fully filled pipe, the Reynolds criterion takes the
form:
V. 4.a.f;]
Re—_ 2:(ath) (16)

14

The calculated Reynolds criterion for the cooling jacket pipe (see
table 2) is greater than the critical one:

Re =43338,5 >Re. = 2320

That is, the regime of movement of water in the pipe is turbulent.
Nusselt criterion for turbulent regime:

0,25
Pr
Nu =0,021-Re,**- Pr, **. ( 5 rW' J , (17)
st.

where Prw — is the value of the Prandtl criterion for water at 2 °C;
Prs — is the value of the Prandtl criterion for a steel wall.

Heat transfer coefficient during the movement of cooling water in
pipes:

a, =—t (18)

where aw — is the heat transfer coefficient of the cooling water,
W / (m? - K); Nu — is the Nusselt criterion; Aw — is the thermal conductivity
of the cooling water, W / (m - K); Deq — IS the equivalent pipe diameter, m.

Mixer circumferential speed:
o=r-d_-n_, (19)

where w — is the circumferential speed of the mixer, m/s; dm — is the
mixer diameter, m; nm — is the mixer rotation frequency, 1/s.

The regime of movement of the fermented clot in the gap between
the tank and the mixer is determined using the Reynolds criterion:

V., -D
Ref_c| — f.cl. gap. ’ (20)

Vi

where Rerq. — Reynolds criterion for a fermented clot; Via. — the
speed of the fermented clot movement in the gap, m / S; Dgap — the
equivalent diameter of the gap, m; vra. — coefficient of the kinematic
viscosity of the fermented clot, m?/s.
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The equivalent diameter of the gap is calculated by the formula (15).
The Reynolds criterion for the motion of the clot in the gap calculated by
formula (20) is less than the critical one:

Regap = 726,8< Re¢ = 2320,
in this way the regime of movement of the clot in the gap is laminar.

The Nusselt criterion for laminar viscosity-gravitational motion will
be:

Pr 0,25
NU 0. gap = 015+ Re % Prfc..°"“°’~Gr?zi..[ P;'“'j (@

st.

where Prs¢ — value of the Prandtl criterion for fermented milk clot;
Pr& — value of the Prandtl criterion for the steel wall; Grica. — Grashoff
criterion for a clot.

The heat transfer coefficient when the fermented clot moves along
the tank wall is determined by the formula (18).

Heat transfer coefficient from the fermented clot through the walls of
tank to the cooling water:

K - 1
f.ol. ™ 531; 1 y (22)
+ =+
af .cl. ﬂ’st. aw..

where kra. — coefficient of heat transfer when moving from the
fermented clot through the walls of the tank to the cooling water,
W / (m?-K); asq. — coefficient of heat transfer of the fermented clot to the
wall of the tank, W / (m?K); ds — thickness of the steel wall, m;
Ast — coefficient of thermal conductivity of steel, W / (m-K);
aw — coefficient of heat transfer from the wall to water, W / (m?-K).

From the heat transfer equation (2), we determine the cooling time of
the fermented milk clot:

B Q
TTKFEA, (23)

where At m,. — is the mean logarithmic temperature difference, °C.

The mean logarithmic temperature difference is determined by the
formula:
— Atl.t.d. _Atstd

gy = L st 24
A1 |n Atl.t.d. ( )

Ats.t.d.

At
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Conclusions. A method of thermophysical calculation is proposed to
increase the efficiency of cooling the fermented milk clot taking into
account the location of the thermal insulation, by reducing heat inflows and
increasing the rate of temperature decrease. The correspondence of
theoretical calculations to the actual value of the cooling temperatures of
the fermented milk clot has been checked. The cooling time of the
fermented milk clot was determined. The proposed method of
thermophysical calculation can be used when designing tank of complex
shape for cooling a fermented milk clot.

References

1. Optimization of the cooling process for fermented milk products /
I. A. Smirnova et al. Technics and technology of food production. 2014. Ne
1. P. 106-109. URL: https://cyberleninka.ru/article/n/optimizatsiya-
protsessa-ohlazhdeniya-kislomolochnyh-produktov/viewer (Last accessed:
28.01.2021).

2. Comparative assessment of the use of Kkefir production
technologies / Yu. B. Gerber et al. Agroindustrial engineering. 2016. Ne 8.
P. 83-88. URL: https://cyberleninka.ru/article/n/sravnitelnaya-otsenka-
suschestvuyuschih -tehnologiy-proizvodstva-kefira/viewer (Last accessed:
30.01.2021)

3. Zaki G. M., Al-Turki A. M. Optimization of Multilayer Thermal
Insulation for Pipelines. Heat Transfer Engineering. 2000. Vol. 21, Ne 4. P,
63-70. DOI: 10.1080/01457630050144514.

4. Struchaiev N., Postol Y., Stopin Y., Borokhov I. Determination of
the Duration of Spherical-Shaped Berries Freezing Under the Conditions
Stationary Heat Flow. Modern Development Paths of Agricultural
Production. Trends and Innovations. Cham: Springer International
Publishing, 2019. P. 405-414. DOI: 10.1007/978-3-030-14918-5_42.

5. Yalpachik V., Struchaev M, Tarasenko V. Experimental
determination of the coefficient of thermal conductivity during freezing.
Proceedings of the Taurian State Agrotechnological University. Melitopol,
2017. Vol. 1, Ne 17. P. 113-118. URL:
http://elar.tsatu.edu.ua/handle/123456789/3061 (Last accessed: 30.01.2021).

6. Didur V. A., Struchaiev M. I. Teplotekhnika, teplopostachannya i
vykorysyannya teploty v sil’'s’komu gospodarstvi [Heat engineering, heat
supply and heat using in agriculture.]. Kiev: Agrarna osvita, 2008. 233 p.

7. Struchaiev N. I. Determination of the amount of heat during
freezing and defrosting. News of the Kharkiv National Technical
University of Agriculture. Vol. 2, Ne 165. - Kharkiv: KhNTUSG, 2015. P.
130-131. URL: http://nbuv.gov.ua /UJRN/VKhdtusg 2015 165 53 (Last
accessed: 01.02.2021).

8. Yalpachik V. F., Yalpachik F. E., Struchayev N. I
Thermophysical calculations during freezing and defrosting fruits and



[Mpami TAATY 26 Bun. 21, 1. 1

vegetables products. Proceedings of the Tavrian State Agrotechnological
University. Melitopol, 2013. Iss. 13, Vol. 1. P. 196-204. URL:
http://elar.tsatu.edu.ua/bitstream/123456789/864/1/  (Last  accessed:
01.02.2021).

9. Struchaiev N. 1., Postol Y. O. Analysis of thermodynamic
processes in airflow. Bulletin of Kharkiv National Technical University of
Agriculture. P. Vasilenko. 2017. Ne 187. P. 28-29. URL:
http://elar.tsatu.edu.ua/handle/123456789/4844 (Last accessed:
30.01.2021)

10. Yalpachik V. F., Struchaiev M. 1., Verholantseva V. O.
Planning of experimental researches of process of cooling of grain.
Proceedings of the TDATU. Melitopol, 2015. Iss. 15, Vol. 1. P. 3-8. URL.:
http://elar.tsatu.edu.ua/bitstream /123456789/881/1/1.pdf (Last accessed:
30.01.2021)

TEINJIO®U3ZNYECKUE PACYETHI ITPOLHECCA OXJIAKIEHUSA
CKBAIIEHHOT'O CT'YCTKA MOJIOKA
CrpyuaeB H. U., ITocton FO. A., Tapacenko B. I'., [Tansanuka H. A.

Annomauusn

CraThss TIOCBSINIEHA  TIOBBINICHUIO  JHEProd(DPEKTUBHOCTH  OXJITKICHHS
CKBAIlIEHHOTO CTYCTKa MOJIOKA TMEpeJ] PO3JIMBOM €ro B IMOTPEOUTENbCKYIO Tapy Ui
JATbHEHIIIETO CO3pEeBaHUs, NMyTeM CHWIKEHUS HHEpPros3arpaT Ha IMOJACpKaHUE €ro
TEMIEPaTypbl,  YCTAHOBKOW  TEMJIOM3OJIALIMK,  OMNpENeJCHHs  ONTHMAIbHOTO
pAaCIIOJIOKEHUS U 3a30pa MEIIAIKU ISl KOMIIEHCAIMA TEPMUYECKOTO COMPOTUBIICHUS
MPUCTEHHOTO JIAMHUHApHOTO cios. [lpemmokeHHass MeEToIMKa TeruIo(hU3UIECKOTO
pacueTra MOXeT OBbITh MCIOJIb30BaHA MPU MPOCKTUPOBAHUHN EMKOCTEH CIIOKHOU (HOPMBI
JUTSL OXJIQK/IEHHS CKBALLIEHHOTO CI'YCTKa MOJIOKA.

Kniwueevle cnoea: sHEeprocOepexeHre, TEIUIOU3OJALUS,  TOTEPU DHEPTHUH,
TEIUIOBBIE MPUTOKH, KOMIAKTHBIE EMKOCTH CIOKHOU (POPMBI OXJIAXKIEHUE, CKBAILICHHBIH
CT'YCTOK MOJIOKA.

TEINJIO®I3UYHI PO3PAXYHKU
HNPOLECY OXOJIOAXKEHHS CKBAIIEHOT'O 3I'YCTKA
MOJIOKA
CrpyuaeB M. L., ITocton FO. O., Tapacenko B. I'., [Tansanuka H. O.

Anomauin

Cratta mnpHucBsu€Ha  TMIJBULICHHIO  €HEpProe(eKTUBHOCTI  OXOJIOJKEHHS
CKBAaILIEHOTO 3TYCTKY MOJIOKA Tepe]] pO3JIMBOM MOT0 B CIIOKUBYY Tapy JUIsl IOJANIBIIOTO
JI03piBaHHS, LUIAXOM 3HW)KEHHS EHEpProBUTpAT Ha MIATPUMKY HOro TemIeparypw,
YCTaHOBKOIO TEIUIOI30JIALIi Ta BU3HAYEHHSIM ONTHMAJbHOTO PO3TALIYBAaHHS 1 3a30py
MIIIAJIKK JUIsT KOMIEHcalil TEepMIYHOro OMOpy NPHUCTIHHOTO JIAMIHAPHOTO IIapy.
[IpoBenenunii aHami3 HaOWIBII e(PEeKTUBHUX METOIB TOKpAIIeHHS CTPYKTypH
KHACJIIOMOJIOYHMX HAINOiB, BIJ3HAYEHO BAXIUBICTh MPOIECY OXOJO/HKEHHS IpH
BUPOOHUITBI MOJIOYHMX MPOJAYKTIB. 3alpONOHOBAHO METOJUKY TEII0(hi3UUHOrO
pPO3paxyHKy Ui MiJBUIIEHHS €(EKTUBHOCTI OXOJO/UKEHHS CKBAIICHOTO 3TYCTKY
MOJIOKA 3 ypaxyBaHHSM PO3TAllyBaHHS TEIUIO130JIAIII, UISIXOM 3MEHIIECHHS TPUTOKIB
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TEIUIOTH 1 301JbIICHHS TEMIly 3HIKCHHS TeMIIepaTypH, MEpeBIPeHO BiJIIMOBIIHICT
TEOPETUYHHX PO3PAxXyHKIB (AKTUYHUM 3HAYCHHSAM TEMIIEPATyp OXOJOKEHHS
CKBAILICHOTO 3TYCTKY MOJIOKa, BH3HAUCHO Yac OXOJIOJDKCHHS CKBALIEHOTO 3TYCTKY
MOJIOKa. BHKOHAHO pO3paxyHOK KUTBKOCTI TEIUIOTH MPH OXOJOKEHHI 30pOIKEHOTO
KHCJIOMOJIOYHOTO 3TYCTKY Ha OCHOBI BHIIIEHHS PIBHSHHS TEIUIOBOTO OallaHCy Ta
TeroBiAgadi. Pexum pyxy BoAM B NPSIMOKYTHIH TpyOi OXOJOKYBaJbHOI COPOYKH
BU3HAUYaBCA 3a JIONOMOTOI0 KpuTepito PeliHonbaca. BuznaueHo exBiBaieHTHUI iamMeTp
3a30py MiK 3MilllyBaueM 1 CTIHKOIO pe3epByapy Ta KpuTepidi PeiiHonbaca mist pyxy
3TYCTKY B 3a30pi, SKMH BHSBHBCS MEHIIC KPUTHUYHOTO, B IbOMY BUIAJIKy PEXHM PyXy
3rycTKy € JamiHapauM. KoedimieHT TermnoBigaayi mig 4ac pyxy oXoJ0oKyr04oi BOAU B
TpyOax Ta 3rycTKy B 3a30pi BU3HAYaId 3a JOIOMOTOI0 KpuTepito piBHsAHb Hyccenbra.
3anponoHOBaHa METOAMKA TEII0(I3HYHOTO pPO3paxyHKy MOXxe OyTH BUKOpHCTaHa IpU
IPOEKTYBaHHI €EMHOCTEH U1l OXOJIOJKEHHS CKBAIIIEHOTO 3T'YCTKY MOJIOKA.

Knwuosi cnosa: enepro3zdepexeHHs, TEIUIOI30IALIsA, BTPATH €HEprii, TeruioBi
HPUTOKH, KOMIIAKTHI €MHOCTI CKJIaJHOT ()OPMHU TSI OXOJIO/KSHHS, CKBALIEHUH 3T'yCTOK
MOJIOKA.

THERMOPHYSICAL CALCULATIONS
THE PROCESS OF COOLING THE FERMENTED MILK CLOT
N. Struchaiev, Y. Postol, V. Tarasenko, N. Palyanichka

Summary
The article is devoted to increasing the energy efficiency of cooling the
fermented milk clot before filling it into consumer containers for further maturation, by
reducing energy consumption to maintain its temperature, by installing thermal
insulation and determining the optimal location and gap of the mixer to compensate for
the thermal resistance of the walls laminar layer. The proposed method of
thermophysical calculation can be used when designing containers of complex shape for
cooling a fermented milk clot.
Key words: energy saving, thermal insulation, energy losses, heat inflows,
compact containers of complex shape, cooling, fermented milk clot.



