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Summary. Chamber heat exchangers are used in various branches of the food industry. Different types
of stirrers are used in them as the means of intensifying heat transfer. They also give the devices the function of
mixing devices. Grinding mechanisms are installed in some designs, which also affect the heat transfer and
hydrodynamics of the movement. Grinding and mixing devices are especially widely used in the production of
composite products. During heat treatment, uniformity of heating of the whole mass and the same duration of
action of the maximum temperature is important for many products. In such cases, it is advisable to use chamber
heat exchangers with a circulating circuit for processing thermolabile products. The heat exchange in such a
device is complex due to the hydrodynamics of the product. Studies of the heat exchange process in a capacitive
device with a circulating circuit are relevant. In particular, the establishment of the criterion equation of heat
transfer to determine the heat transfer coefficient from the wall of the device to the product. The article deals with
the peculiarities of heat exchange when using chamber heat exchangers with a stirrer and a circulating circuit.
The results of research on the heat exchange process at the production of composite products on the basis of
cottage cheese are presented. The process of heating the mass is influenced by its movement through the
circulating device and in a closed circuit. Therefore, to study the effect of purely mechanical treatment on the
heating process of the product, we studied the change in the temperature of the mass at the outlet of the circulation
circuit without the supply of a heating agent. According to the results of the research, it was found that the
circulation of the product in a closed circuit allows ensuring uniform heating and reduces the duration of the
process. And for portions of the product weighing up to 5 kg, the required temperature can be achieved even only
through machining. The criterion equation of heat transfer to determine the heat transfer coefficient from the wall
to the product was obtained by the method of dimensions. A circulation number is entered, which is the ratio of
the volume of the circulating product to the volume mixed by the stirrer.

Key words: heat exchange, heat exchanger with a stirrer and circulating circuit, criterion equation of
heat exchange.
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Problem statement. Chamber heat exchangers are used in various branches of the food
industry. [1, 2]. Different types of stirrers are used in them as the means of intensifying heat
transfer. They also give the devices the function of mixing devices. Grinding mechanisms are
installed in some designs, which also affect the heat transfer and hydrodynamics of the
movement. [1, 2, 3]. A complex of grinding and mixing devices is especially widely used in the
production of composite products. They can be different in value (chamber), means of heat
exchange intensifying, and some additional functions.

Under heat treatment conditions, the following parameters are important for a
number of products: reaching a certain temperature of heating, uniform heating of the whole
mass, and the same period of the maximum temperature action on each volume. In such
cases, it is quite reasonable to apply some chamber heat exchangers with a circulation circuit
for thermolabile products’ treatment [4]. In particular, a chamber heat exchanger with a
circulation circuit used in the production of composite milk products, apart from the
chamber of a heat exchange shirt and a stirrer, includes a device made as a rotor-vortex
apparatus with a pump [1]. An outlet pipe of the device is connected to a circulation pipeline
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providing the product circulation with its simultaneous emulsification. A scraped-surface
mixer constantly mixes the product, cleans the heat exchange surface, and prevents mass
local overheating.

Heat exchange in the above-mentioned device is complicated due to the hydrodynamics
of a product motion [5, 6].

Nowadays, the study of the heat exchange process in a chamber apparatus with a
circulation circuit, namely the determination of the criterion equation of heat exchange taking
into account the thermal-physical properties of the product to calculate the heat exchange
process, the apparatus design and defining the ways of the process intensification.

Analysis of well-known results of the study. As far as we know, the total amount of
heat required for a product to heat to the specified temperature does not depend on the way of
heating and can be determined by the formula [7]:

Q=com(ty-ty) (1)

where Q —amount of heat required to be delivered to the product, J;
¢, — specific heat capacity of the product, J/kgK;

m — the mass of a product, kg;
t;, t, —initial and final temperature of heating respectively, °C.

It is important to determine the duration of the product heating up to the specified
temperature [8] and to calculate the area of the heat exchange surface on the basis of the heat
transfer equation [1, 2, 3]

Q=k-FAt-r (2)

where k — heat transfer coefficient, W/m?K characterizes the heat exchange process intensity.
F — the surface area of the apparatus heat exchange, m?;
At — the average difference in temperature in the process, K,
7 — duration of product heating, c.

For most heat exchangers, the heat transfer coefficient can be determined by the
expression for a flat wall [9]:

1

k =
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—+—+
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where oq and ay — heat-transfer coefficients from a coolant to the surface, and from the surface

to the product respectively, J/(m? -K);
4 — heat conductivity coefficient of the wall, J/(m-K);
& — the wall thickness, m.
As water here is applied as a coolant, then the well-known criteria dependencies [10]

can be used to determine o for convective heat exchange, using average values of

temperatures of working environments in the apparatus input-output. The values s and 2
are determined by the apparatus design and the wall material, and at inconsiderable wall
thickness, which is a characteristic feature of heat exchangers used in the food industry [1],
where thermal resistance of heat conductivity can be neglected. Taking into account, that
the temperature on the wall surface will be approximately equal to the temperature of the
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coolant, then the main fact affecting the heat transfer process will be the heat transfer
coefficient from the wall to the product. As for the last one, it depends on a number of facts,
namely, on the type of stirrer [11]. Moreover, product circulation has a certain influence as
well. Under continuous circulation conditions, certain objects can be mixed and, therefore,
can exchange their heat, so, we may speak here about some local heat transfer coefficients
from the wall to the product, as well as an average heat transfer coefficient per one cycle of
the product motion [11, 12] or an average heat transfer coefficient per one cycle of the
product production.

Paper purpose. The aim of the study under discussion is to determine the criteria
dependencies of heat exchange in a chamber apparatus equipped with a scraped-surface mixer
and a circulation circuit at composite milk-protein products treatment and to define the ways of
heat exchange intensification.

Problem setting. To calculate the heat transfer processes the criteria equations are used
which are obtained by the dimensional method. For an apparatus with a stirrer and a circulation
circuit, the heat transfer coefficient dependence can be presented in the form of variables

a="f(d,nnicro), (4)

where o — heat transfer coefficient, W/(mM?K);
n — the number of revolutions of a stirrer, c*;
n — coefficient of kinematic viscosity, Pa‘c;
4 — heat conductivity coefficient, W/(m-K);
¢ — specific heat capacity, J/(kg'K);
d — chamber diameter (geometrical parameter), m;
» — product density, kg/m?
@ — volume speed of mass circulation in the closed circuit, m*/c.-
Let’s reduce the units of measurement of the specified values to the main ones —a meter,
a kilogram, a second, and a Kelvin, (temperature).

W_k_g___1 B B ._kg | W | _|kg-m
a_{mzK}_{fK} =[5}, d=[m], n-[pa s]_{mz-s}’ & {m K}_[ s°K }
_[k_g} S e .
el kg-K| |s?- K| s |
Let’s write equation (4) using only the main values:
k_g:[lja,(m)b-( kg jc'(kg.ka‘ m?2 f[ﬁ) m_3 g -
K (¢ m-s s*.K s’ K m® s

Let’s make a relativity equation of the exponents at the same values:
for a kilogram [kg]

1=c+k+i ; (6)
for a meter [m]
0= b-c +k+2f +39-3i; (7)
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for a Kelvin [K];
—1=-—k-f (8)
for a second [c];
-3 =—a—-c-3k-2f—g 9)

We determine k from the equation (3) and substitute in the equation (5) (7).
We have obtained:

0 =—a—c+f—-g, (10)
O=c—f +i, (11)
—1=b-c+ f +3g-3i, (12)
We have assumed g, f, i as known values.
Having solved the system of equations, we have obtained: c=f —-i, a=i—-g,

b=-1-3g+2i.
We have substituted the obtained values in the equation (4).
We have obtained:

azni—g_d—l—39+2i_77f—i'/1l—f -Cf . (13)

Let’s group the values with the same exponents:

es_(dns) (ne (o y
i_[ﬂl(ij d3n) (4

Let’s analyze the obtained complexes:

% — Nusselt number — it characterizes the heat exchange in a wall layer,

2
d'n-y _ Reynolds number for mixing processes. It characterizes the hydrodynamics of the

n
product movement caused by a stirrer.

UT'C — Prandtl number. It characterizes the thermal-physical parameters of the product.

% — the number that characterizes the hydrodynamics at simultaneous action of circulation
d>n
and mixing.

The criteria equation can be presented as follows:

Nu =C;Re"PrK? . (15)

The obtained equation, taking into account the first two members, is typical for heat
exchange apparatuses with a mixer.
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For the scraped-surface heat exchangers, Skeland, Oliver and Tuke [14] have proposed
the following dependence:

ﬂ:c-Pﬁ[(D_d)""'q.(d‘”j.[i).ng'%, (16)
A n o D

where D — internal diameter of the pipe of a scraped-surface heat exchanger, m;

d — diameter of mpuBigHoro Bamy, m;
 — speed of the fluid main flow, m\c;

n, —the number of scrapes, c™.

Whereas in the equation (16) the complex % characterizes the relationships between

circular and axial velocity of the product, then the complex d‘;)—n characterizes the relationships

between the volume of the circulating product and the product which is in the chamber and is
being mixed by a stirrer.

The coefficient C; takes into account the design solution of certain elements of a rotor-
vortex emulsifier.

The invariants of geometrical and design similarity have to be added to the equation
(14), such as the ratio of maximal and minimal diameters of the chamber hy, the length of the
stirrer to the width hy, the number of blades of the stirrer ni. Then the obtained criteria equation
will look like this:

Nu = C;Re"Pr™K 2hh,n, . (17)

During composite products production it is important to calculate thermal and physical
characteristics which will depend on the product constituents and on the degree of mechanical
and heat treatment.

The specific coefficient of heat capacity and the heat transfer coefficient can be
determined by the adaptivity method taking into account the composition of separate
components [14] or by the well-known experimental formulae.

It is necessary to determine the coefficient of kinematic viscosity for non-Newton fluids
taking into account its dependence on the speed of stirring during the process of treatment. In
these cases, the concept of kinematic viscosity is used:

76 =k (3—1"] . (18)

For dilatant fluids (cottage cheese) at m=>1 we can assume, that the change of
coefficient of kinematic viscosity is taking place on the width of the stirrer scraper. To

determine 7,, the dependencies [15] were used.
The obtained criteria equation will look like this:

Nu =0,4Re%67pr0-3K 0.2, 04 (19)

At 0,03<Re<4,0, 0,110 <Pr<0,2-1073, 2<n <6.

As it is very difficult to determine the heat emission coefficient immediately, we have
decided to calculate the heat transfer coefficient by the formula (2):
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Q

k=
(tn—tp)F

(20)

where t, t, — the temperature of the product and the working environment respectively, the

temperature of the product was measured on the output from the emulsifying device.

Results of the study. Taking into account a great variety of milk protein-based
composite products, the composition of well-known recipes of cheese masses has been
analyzed. The main constituents of the recipes under consideration are cottage cheese,
water, food additives where the content of gelling substances is from 1% to 5% of the
mixture total mass. To summarize rheological characteristics a complex coefficient
K proposed by A. V. Horbatov [13] was used to estimate the mass composition.

The product «Yahidka» (TU 49 832-81 «Fermented milk product with fruit and berry
and flavor fillers»), whose deviation from the averaged complex coefficient of the mass
composition K of well-known products based on cottage cheese was the lowest one and was
equal to 5,28%, was chosen for the study as the most typical regarding the ratio of main
components.

An experimental plant (fig. 1) was presented by a model of a rotor-vortex emulsifier.

__________________________

ﬂ__a:rr'gna.‘ from the sensorl

I 11 |{ 1

ol &)

control signal '

=¥ unfoading the product .
| - heat agent (refrigerant) "

Figure 1. Experimental plant:
1 — working chamber; 2 — rotor; 3 — stator; 4 — circulation circuit; 5 — scraped-surface mixer; 6 — circulation
pipeline; 7 — three-way valve; 8 — cover; 9 — computer control system; 10, 12, 13 — thermocouple; 11— sampling;
E1, E2 — electric motors; P, — compound pressure and vacuum gauge.

The basic elements of the plant include working chamber 1 with a shirt 4, a circulation
pipeline 6 and a two-bladed scraped-surface mixer 5, a device for the product circulation
consisting of a couple rotor-stator 2—3, that also provided the product emulsifying. The working
clearance value can be adjusted from 0,22 to 3 mm by a spacer nut.

The rotor was driven by an electrical motor D1 with the regulated number of revolutions
within the limits of 0...4000 r/min, enabling to change the efficiency.
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Heat treatment of the product was carried out in a working chamber 1 through
a heat exchange shirt 4 due to the supply either heating — or cooling agent depending
on the stage of heat treatment. The chamber was made in the form of a with the maximum
diameter 0,26 m and the minimal one 0,09 m, with the 0,014 m width of the mixer
blade. The method of contact measurement was used to measure the temperature
by means of chromel kopel thermocouples XK (L) -50+0+800 C connected to a digital
potentiometer.

A thermocouple 10 was used to control the working mixture temperature at
the exit from the circulation circuit. The product temperature was measured near the
chamber surface, in the middle of the chamber radius and in the chamber center in
tree points by height and at the input of the circulation circuit when the scraped-surface
stirrer was stopped every three minutes of the treatment. For this purpose, a special
cover was designed which excluded any contact of the thermocouples with other
products [16]. Rotation frequency of the scraped-surface stirrer varied within the limits of
0...30 r/min.

The duration of the loaded mass passing through the rotor-vortex device with an open
valve 7 to the outside, which was equal to 5-6 ¢ within the number of rotor revolutions
2500 — 3000 r/min was assumed as one cycle of circulation.

70 -o—- near the wall
60 -¥= In the middle of the radius
-0~ on the axis

Temperature, C
th
o

0 5 10 15 20
Duration of heating, min

Figure 2. Product temperature change during heating at 0.1 m height

The rotor rotation frequency was set up before the start of the work by means of a controls
system «Lenzey, after that the recipe mixture of 5 kg weight was loaded into the chamber. When
the product was loaded, a heat agent was supplied into the steamed shirt to heat the cheese mass
to the temperature of pasteurization.

Under its own weight action, the cheese mass was supplied to the circulation device.
While passing the clearance between the rotor and the stator, the product was crushed, mixed
and through the circulation pipeline was sent to the chamber again. A two-blade scraped-surface
stirrer has provided both the heat exchange surface renovation and the products mixing in the
working chamber.

To determine the impact of circulation on the mass heating, first of all, the study
of heating in the chamber was conducted, excluding its circulation only under the
stirrer operation conditions. It was found, that the product was heated nonuniformly, the
maximum temperature was in the product layers which were the closest ones to the
apparatus wall (fig. 2).
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Figure 3. Product temperature change in the apparatus at 200 mm height during the treatment

The next task was to determine the required duration of treatment to reach the operating
temperature of the product (64 °C) in the farthest section from the apparatus wall — in its center.
The obtained results have proved, that for a product of 5 kg weight the specified temperature in
the center can be reached in 20 minutes of the treatment duration (fig. 3).
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Figure 4. Product temperature change at the exit from the circulation circuit caused by mechanical treatment
(the stirrer was turned off)

The mass heating is affected by its motion through the circulation device and along the
closed circuit. The investigation of the mass temperature change at the exit from the circulation
circuit without a heat agent supply to a shirt was conducted to study the impact only mechanical
treatment on the product heating (fig. 4). It was found, that, in general, the product temperature
has 0,8-1,2 C increase per each cycle of circulation and can be represented by the following
dependence:

T =Ty+0,52%7, (21)

where T — product temperature, ‘C;
Tp — initial temperature of the product, C;
z —number of circulation cycles.
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Figure 5. Change of mass microstructure during the treatment:
a) the first stage of the treatment; b) the second stage of the treatment

It was found, that for a product of 5 kg weight, not more than 850 cycles of treatment
are required to achieve the necessary temperature of the treatment. It means that any additional
heating is not necessary for small portions of the product.

The well-known criteria equations were used to determine the heat transfer coefficient
from the working environment (water) to the wall [2, 4, 5]. The deviation in experimentally and
theoretically found heat transfer coefficient at different stages of the treatment was within the
limits of 20%, that can apparently be caused by the mass structural changes (fig. 5).

At the first stage of stirring and thermal treatment with the homogeneous structure
development, at the second one — with the mass gelling.
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Figure 5. Temperature change in the apparatus working chamber during the stirrer operation and during
simultaneous action of the stirrer and the rotor-vortex device

Conclusions. The product circulation along the closed circuit with the simultaneous
mechanical treatment of the product has made possible to intensify the heat exchange
considerably, provide the uniform heating and reduce the process duration.

The criteria equation obtained by the dimensional method has allowed us to determine
the heat transfer coefficient for a chamber heat exchanger with a stirrer and a circulation circuit.
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In engineering calculations, the coefficient of heat transmission can be identified as the heat
transfer coefficient with sufficient accuracy.

For small portions of the product of 5-10 kg weight the required temperature can be

reached only due to the mechanical treatment.
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V]IK 637.024

TEILJIOOBMIH Y EMKICHOMY AIIAPATI 3 IUPKYJIAIIAHAM
KOHTYPOM ITPU BUPOBHUIITBI CHPKOBUX MAC

Mapis llluakapuk; Biktop Bopomyk; Ouer Kpaseus; Oubra Kpyna;
Haraus 3Bapuyu

TepHoninbcokuu HAYIOHAILHUU MeXHIYHUL YHigepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

Pe3tome. EmxicHi meniooOMiHHI anapamu UKOPUCHOBYIOMb Y PI3HUX 2ATY35X XAPY0BOI RPOMUCTIOBOCHII.
Ak 3acobu inmencugbikayii meniooOMiHy 8 HUX BUKOPUCMOBYIOMbCA PI3HO20 MURY MIWAIKU, AKI HAOAomb
anapamam makodic (QYHKYIIO nepemMiuyroyux npucmpois. Y Oeakux KOHCMPYKYIAX 8CMAHOBIIOIOMbCS
NOOPIOHIOBANIbHI MEXAHIZMU, SIKI MAKOJC GNIUBAIOMb HA MenjooOMiH ma 2i0poounamiky pyxy. Kommniexc
NOOPIOHIOBANLHUX | NepeMilyIiouux npucmpois 0cobIU60 WUPOKO BUKOPUCHIOBYEMBCS NPU  BUPOOHUYMEI
KoMno3uyiunux npodykmis. Ilpu mepmiyniii 00pobyi 0ra 6a2amvox NPOOYKMIE GANCIUBUM € DIGHOMIPHICIb
Haepieanns 6cici macu ma HesHauHa Ois MAKCUMATbHOI memnepamypu. Y maxux eunaokax 01s oOpoOKu
mepmonabitbHux nPoOYKmIie O0YLIbHO BUKOPUCIOBYEAMU EMKICHI NENJIO0OMIHHUKU 3 YUPKYIAYIUHUM KOHIMYPOM.
Tennoobmin y maxomy anapami CKAaOHUll, wo nog8 s13aHo 3 2iOpOOUHAMIKOI0 PYXY HpOoOYKmY. € axmyanibHumu
00CiONCeH S NpoYyecy meni00OMiHy 8 EMKICHOMY anapami 3 YUpKyJIAYIUHUM KOHIMYPOM, 30KpeMd 6CMAHOBIeHH S
KpUmepianbHoeo pieHAHHA Meni000MiHy 018 6U3HAYeHHs Koeghiyienma mennogiooaui 6i0 cminku anapama 00
npooykmy. Posensinymo ocobnusocmi meniooOminy npu 6UKOPUCMAHHI EMKICHUX MeNnI00OMIHHUX anapamis 3
MIWATKOW Ma YUPKYAAYIHUM KoHmypom. Ilpedcmaenerno pesynrvmamu 00CniodceHs npoyecy meniooOMiHy npu
BUPOOHUYMB] KOMNOZUYILIHUX NPOOYKMIE HA OCHOBI CUpY KUCIOMOIOYHO20. [l 6UBUEHHS GNIUBY BUKIHOYHO
MexaHiuHoi 06pOOKU HA Npoyec HASPiBanHs NPOOYKMY NPOBeOeHO OOCTIONCEHH 3MIHU MeMnepamypu mMacu Ha
BUX00I 3 YUPKYTAYTUHO20 KOHMYPY 6e3 nooayi menyiogo2o azenma. 3a pe3yibmamamu 00CAiOANCeHb 6CMAHOBUNLU,
WO YUPKYIAYis NPOOYKMY No 3AMKHEHOM) KOHMYpPY 00380JA€ 3abe3nedumu pieHOMIpHe HASPIBAHHA | 3MEHUUMU
mpuganicms npoyecy, a 01s nopyii npooykmy macor 5—10 ke docaeHymu HeoOXiOHOI memnepamypu MONCHA
BUKIIOYHO 3d PAXYHOK Mexauiynoi obpobxu. Memooom posmipnocmeli ompumanyu Kpumepianvbhe pi6HAHHSA
MenioobMiHY 05l BU3HAUEHHS Koehiyicnma meniogiodai 6i0 cminku 00 npodykmy. Beedeno wucio yupkyiayii,
sKe 611€ cO00I0 BIOHOWEHHS 00 €EMY NPOOYKIY, WO YUPKYTIOE, 00 00 €My, KUl nepemiuycmvbcs MilaniKkoio.
Tokaszarno, wo yupkyasayis npooyKmy 3Ha4HO IHMeHCUDIKye npoyec meniooOMiHy.

Knrwuosi cnoea: mennoobmin, meniooOMiHHULL anapam 3 MIWAAKOW | YUPKYIAYIIHUM KOHMYPOM,
Kpumepianivbhe PIGHSIHHs Meni000MIHY.
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