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Summary. Any impact of mechanical action on a viscous medium contributes to the transformation of a
volumetric spongy-reticular solid structure into a gluten skeleton, as it defines the elastic and viscous
characteristics of the medium and it is important in gas dispersion in a liquid. Thus, the aim of the study under
consideration was to determine the relationship between the working surface of the working body and the amount
of heat Q transferring per unit of time from the roller wall to the medium. The problem of the development of a
generalized model of a working process of rollers’ action on the medium has been solved due to the study under
discussion. The problem is aimed at obtaining the structural, expenditure, and energy characteristics, as well as
at determining the ways of increasing the efficiency of such class of machines operation under deformation modes
conditions.

Some peculiar features of the compression area have been taken into consideration in cases when the
temperature pressure value by the angle of rotation varies constantly. It was proved, that the heat-transfer
coefficient value & can be calculated quite approximately as it is necessary to take into account an available
area influencing the heat exchange and the movement speed on the working dough roller surface in the injection
area. Some temperature state variations of the dough in bagels production during its compressing, injection, and
transportation have been determined. It was admitted, that the impact of the liquid phase temperature of the
working medium T, is determined by the value of its kinematic viscosity v, . The temperature variations were
determined by means of thermal imaging of a pilot plant.
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Statement of the problem. The ways to increase the quality of mixture formation in
the food industry and pharmacy are very important. So, nowadays, this problem has been paid
great attention to both in our country and abroad. Obviously, under market economy conditions
the most efficient is the process and equipment where energy- and material-saving
technological processes are optimized.

Flour is one of the most popular products of processing. An impressive amount of flour
has been produced and consumed all over the world in various sizes, forms, textures, and tastes,
a great variety of semi-finished products. It should be admitted, that semi-finished products
manufacture depends not only on the input ingredients but on the parameters of the equipment
on which they are produced.

In most cases, the equipment for this operation is selected taking into account the
peculiarities of production, the specified productivity, characteristics of the raw materials,
indicators of the quality of the finished mixture, and the economic capabilities of the enterprise.
Mechanical mixing and forming have acquired the widest use in the food industry due to their
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relative simplicity, as well as the variety of sizes and designs of working bodies. As the authors
[1] claim, working bodies not only serve for mixing but they are also a versatile means for
homogenizing low-viscosity and viscous media and their transportation. They provide uniform
and intensive mass exchange between the solid phase and the liquid one.

Technological machines of different designs differ in the degree of influence on the
components [2]. This influence leads to obtaining a final product with different structural and
mechanical properties and finished products of different quality. Studying the influence of
individual machines on the properties of semi-finished products allows searching for the most
efficient designs to determine the optimal process modes.

The authors admit [3, 4] that currently, the necessary microstructure of the semi-finished
product, which determines its behavior and quality, is not taken into account when choosing
such technological equipment or carrying out modernization with appropriate parameters.
Therefore, a promising direction for mixing the mixture of components is the use of a new
generation of equipment that would increase turbulence and circulation of flows while reducing
energy consumption and metal capacity.

In fact, the design of equipment of domestic production for preparing viscous liquids
and their formation hasn’t been developed nowadays, and existing machines are quite
conservative and inefficient. Moreover, these machines practically do not meet the
requirements posed by the present economic market. The action of the working body and
working chamber of the machine is partially absent or unbalanced, and adjustment of the
operating modes is not provided, which leads to an increase in the heating of the environment
with its insufficient aeration.

Analysis of available investigations. So, in the compression unit of the molding
machine, three disturbing factors act simultaneously at all stages of the working process: energy
input or output with the mass of the dough (migration effect), heat input or output, and
mechanical work input.

When schematizing, the working process is divided into separate processes, where the most
important influencing factors are identified, and secondary ones are neglected. To determine the
change in the parameters of the working environment in the working chamber located in the inter-
roller compression zone, we consider the amount of heat that had entered the system.

Thanks to the discrete action with a large free surface of the roller and a small contact
area with the mass of the environment in the working chamber, heat exchange occurs by
convection through heat conductivity inside the environment, which is shown in the Reynolds
and Prandtl numbers [7,8].

The generalized criterion equation of the collective heat exchange is expressed by the

following function: Nu = f (Re, pr,Li
0

where Pr - Prandtl number — physical properties of the medium and characterizes the similarity
of physical properties of the heat carriers during convective heat exchange. For the heat
exchange at the medium injection (mechanical displacement) the Fourier number, and the
Froude number can be neglected.

Thus, the above-mentioned kind of heat exchange during the medium displacement
under the rollers’ action can be written as follows:

Nu=%P _creprly,
2 D

where D — a roller diameter, m; L — a roller length, m; C, m, n, p — the values found
experimentally; Re=wL/v — Reynolds number; Pr=v/a — Prandtl number.
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The amount of heat Q transferred per unit of time from the roller wall (constantly has
its own variable temperature and is an additional heat source) to the medium can be determined
as:

Q=0a,FAt,

where F¢ — is the heat exchange surface assumed in this case as it is equal to the surface of the
medium that is in contact with the roller; «, - the heat-transfer coefficient from the roller wall

to the medium receiving some extra temperature due the viscous friction; At — the difference
in temperature of the roller wall and the medium near its surface.

Taking into account, that «, = ANu/ D, then the general expression of heat amount is
as follows:

Nu

Thus, if we know the values of the variables, we can obtain a new generalized criterion
equation to find the value of heat transfer.

The authors of the papers [5, 6] have described the transition process of active influence
on the medium mass increase, as well as the volume increase due to the driving factors of
potential energy during the intensive formation of some variable impulses of the acting forces.

When determining the coefficients that are included in equation (1), it is necessary to
take into account the fact that the value of the temperature pressure is constantly changing by
the angle of rotation in the compression section, and the value of the heat transfer coefficient
a can be determined quite approximately, as it is necessary to take into account the presence
of a section that affects the heat exchange. It is also necessary to know the speed of the
movement both on the surface of the roller and of the working dough in the injection zone.
These values can be determined experimentally. To determine the change in temperature and
pressure by the angle of rotation of the working roller in the injection zone, it is necessary to
know the mass consumption of the medium.

The results of the change in the temperature state of the dough for the production of
bagels at the roller injection on a forming machine have proved its constant change. The
influence of the temperature of the liquid phase of the working medium T, is determined by the

value of its kinematic viscosity v, .

Paper purpose. To study the heat spread during the process of injection based on the
specific features of heat exchange in a phase environment.

Main material presentation. Let's consider the process of movement of the medium
between the rotating rollers. After compression of the medium in zone-2 by the rollers, it enters
the main injection zone-3, which, according to Figure 1, can be conditionally divided into three
components - the zone of intense heat release-3, the transition zone-2, and the heat dissipation
zone-1. For this part, in most designs of the injection unit, a convective heat mode is realized,
which involves the simultaneous transfer of heat by radiation and convection.

The formed thermal circulation flows often have a chaotic nature, which also leads to
disruptions in the overall thermal circulation in the environment. In this case, the levels of such
disruptions can be quite profound with changes in the directions of the dough circuits.

Thus, the hydrodynamic modes in the injection node of the forming machine are
determined by two reasons. The first one concerns the thermal flow formed on the roller
surfaces. The second reason relates to the formation of flows involving the gas phase.
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Figure 1. Scheme of temperature distribution at injection:1 — rotary rollers; 2 — working medium dough

It is evident, that each of the above-mentioned reasons is characterized by its driving
factors. For the first reason, the temperature difference between the environment and the roller
heat agent-coolant is a driving factor. In the second case, the presence of dispersed gas phase is
the driving factor. The value of thermal flows depends on the speed of the environment
movement and the discreteness of the roller action, the mass of the dough in the working
chamber and in the loading hopper, which leads to partial fermentation of sugar. A certain level
of generalization can be represented by the fixing capacity of the environment for the gas phase.

In the system under consideration, the primary energy source is present in the form of the
chemical energy of carbohydrates, which should be transformed into carbon dioxide. In this case,
the formation of carbon dioxide has a double thermodynamic manifestation, that is accompanied
by the release of thermal energy and the formation of dispersed gas phase CO.. The gas
permeability of the dough is a criterion for assessing the amount of the holding gas phase.

The released thermal energy in combination with the thermal energy of viscous friction
is realized in a form that can hypothetically be considered as a system for transforming thermal
energy into mechanical work of mixing (reverse movement) of the environment. In accordance
with the ideal Carnot cycle, the efficiency of such a system is determined by a well-known
dependence [8]:

n=—T— 2)

where T;— the dough absolute temperature and viscous friction respectively, T.=T:+Tx.;
T> — the dough temperature at the exit from the roller gap.

When we assume T, =300.3 K and T, =297.4 K, then we obtain

_300.3-294.4

-100=1,864%.
300.4

The efficiency calculation in the form of an expression can be considered noticeably
approximate. The circulation mode is affected by structural parameters, dough structure
(available gas), and the gravitational field. However, at significant volumes of the medium, the
mode is disturbed and leads to limited efficiency values.
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The value At instability is caused by the fact, the more increased value ho (the dough
layer in the chamber), the lower temperature in the circulation section of the liquid phase is.
The temperature has the biggest values when the dough leaves the roller clearance. The heat-

transfer coefficient o, from the medium to the roller wall depends on physical-chemical

parameters of the medium, the rollers motion velocity, their structural parameters; the rate of
updating of the liquid phase in transverse planes and the contact area of the liquid phase in the
roller clearance (compression). The last one should be a full-value reaction of the system to a
change of holding capacity in the gas phase.

The elastoplastic deformation of the dough shearing has caused some decrease in the
walls thickness, their breaking, merging (coalescence) of separate bubbles to create a smaller
volume [9]. To compare the level of change of the main characteristics of spring-elastic
properties the density rarefaction coefficient has been used [8].

ag

K=1 - 2,

an

where ax and an — final and initial values of modulus of viscosity.

Thus, taking into account the complexity of theoretical determination of the convective
heat flow value Qk , the conception of a heat flow from the dough compression Qcm has been
used in calculations which includes the value of the specific heat of absorption of the convective
heat flow. The determination of the specific heat of absorption q, is based on general principles
of the specified mass exchange process in a roller working chamber.

A heat flow transferred to or from the liquid phase of the working environment can be
calculated by the equation [8]:

gdMy1(Xg—Xn)
QA=gd'mA=%’ (3)

where g, — differential heat of gas dissolution (gas component); x;, x, — final and initial
relative molar fractions of the absorbed gas in the liquid phase of the working environment;

4, —molar mass of the liquid; m, —mass rate of the absorbed gas (gas component).

Since there are some technological requirements to spongy structure of bagels, so the
equilibrium concentration in the dough should take place regarding the gas phase. Accordingly,
it is described by Henry’s law [7, 10]

1
X =—:p:, 4
=P @
where x. — molar concentration of the absorbed gas in the dough that is in thermodynamic

equilibrium with the gas phase where the partial pressure of the absorbed component is equal
to p,; E — Henry’s constant that is found from the dependence:

9a
_ 5
InE = R_T+const %)

For the boundary conditions, for example, at atmospheric pressure we have:

|n(L:g_d. (l_l)_ (6)
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The final concentration of the absorbed gas in the dough x, when calculating can be the

one that equals to the concentration under equilibrium conditions. In this case, on the basis of
the above-mentioned, the heat flow transferred to or from the dough during the process of
injection will be as follows:

That is why in the general theory of calculation of the injection unit it is necessary to
take into account the processes of absorption in the working chamber, which haven’t been
described yet at all theoretically. Obviously, the considerable complication of the processes is
the main reason of this situation.

The average temperature of the gas-liquid phase t=0,5-(t, +t,) and the pressure
p=0,5-(py,+ Ppy,) Ccan be assumed as the working temperature in the above-mentioned

technique of calculation of absorbed gas consumption.
The total heat exchange of the roller surface with the environment, taking into account

an insignificant difference in temperatures Tx — Tnc, the specific heat flow g, . can be taken into
consideration in the following form:

€ (Tem=Tne)™ Fem 7
nc— My, ] ( )

where Tem — temperature of the roller external wall that does not interact with the environment;
Fem — the calculated surface of the roller; ¢, n — empirical coefficients that are chosen
according to the table 1 for different types of surfaces.

Table 1

Empirical coefficients to determine heat loss into the external environment

Surface type T n
Vertical 1,4 1,33
Horizontal 17 133
upper
Horizontal 0.64 1.25
lower

When calculating the roller temperature in the period of all stages (tightening,
compression, injection), the equation of heat transfer as a flat plate with two-sided heat transfer
can be used [7, 8]:

Vc,o5(_aﬂ)dx =na(T —T,)dx
X

where — the roller speed of motion; ¢ — specific heat capacity of the roller; p — specific weight
of the roller material; & — thickness of the roller cylindrical wall; x — the distance traveled by
the roller with the medium from the previous stage; o — the coefficient taking into account the
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cooling scheme of the roller (at two-sided heat transfer n=2, and at one-sided — 1); a — heat-
transfer coefficient; T. — temperature of the external environment (cooler).

After integration and taking into account the roller temperature at the exit from the
section Tent, We have obtained the equation:

—nxa
T =Ty + (Tone = Texp (—r)

pcK V)’ (8)
where K1 — the coefficient of correction characterizing a fraction of the roller length with some
dough on its surface.

To determine the dough temperature after discrete action of the roller on it, as well as
the temperature of cooling at the exit from roller’s clearance, the problem of heat conductivity
for an unlimited flat wall has been used

or(x,7) 4 O°T(x,7)
ot p o’

Under conditions t >0; 6/2<x<d/2;

T(x,0) = f(x)
A d(;_r)_ [ T(_)]

A -1 D)

where — & — thickness of dough strips; a; and «a, — heat-transfer coefficient on the upper
(external) and the lower (internal) strips of dough; To — temperature of the external environment
(room).

Having taken into account, that cooling lasts seconds in the open space before the feed
for formation, we have used the formula:

0.04

+1.20°Y),
9

a=a,

where a. — coefficient of correction; v — speed of the dough strip motion m/c.

The first adjunct of the formula shows the heat removal from the roller due to radiation,
the second one — due to the convection.

When calculating the heat model of the roller state, 150 Kcal/m?2.g.°C was assumed as a
base value of the heat-transfer coefficient under air cooling conditions. The coefficient of
correction Kz for each specific state can be determined by means of comparison of the
experimental and calculated data. It can be obtained by experiments by means of the roller
temperature measuring at the beginning and at the end of the discrete process. Nevertheless,
these measurements can’t be made with the necessary degree of accurateness. So, the single
way to determine Ky is the comparison of the estimated and the actual temperature of the roller
at the known temperature of the environment.

In order to qualitatively assess the heat losses to the environment, which are known to
depend on the temperature of the object, a thermal imaging survey of the experimental setup
was performed, the results of which are presented in Figure 2. The thermal imaging survey was
carried out for a range of old and new rollers under the specified technological modes of the
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forming machine. The results presented in Figure 2 were obtained for the first time using
thermal imaging with the Fluke Ti25 thermal imager.
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Figure 2. Thermal imaging of the roller working chamber: a) a new design of the roller; 6) the conventional
design of the roller

The results of temperature calculation of the rollers made of steel 08kp at injection are
shown as the curves of cooling in fig. 3.
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Figure 3. Change of temperature of the rollers’ surface during the injection process

According to the process, the rollers were cooled naturally with calm air in the
workshop. Starting from 18...27 ¢ of the compression and injection process (curve -1), the
cooling of the old design roller at calm air environment has a characteristic temperature increase
on both the external and internal surfaces by 25...28°C. At the same time, the curves of the new
roll have a smoother temperature transition with a better heat transfer to the environment. This
process takes 5 seconds less to cool the roll to a temperature of 260°C for the new design,
compared to 280°C for the old design. This phenomenon is caused by the heat release during
the viscous flow of the environment and the friction of the roll surface. There is no additional
heat release for new designs.

At the necessary resistance of deformation, the calculation of temperature is closely
connected with the phase transformations in the environment. Such thermal-physical
parameters as heat capacity c and heat transfer coefficient a define the accuracy of temperature
prediction.

The change of temperature of the roller in the deformation and cooling area during an
idling period has been calculated by the formula (8). The calculations have been made under
the following injection conditions: temperature of the environment Te was 18°C; the
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temperature of the dough was 28°C; the thickness of the dough layer on the roller was assumed
as 25...35 mm; the average velocity of the dough was 2.0 m/c, the density p=1165kg/m?. The
thermal-physical dependences of the bagel dough properties on the temperature are determined
by the formulae A(W/mK), c(J/kgK):

4 =1.153(0.278 +0.00457)
C = 4167.4(0.58 +0.00117)

The temperature calculations have been made for two designs of the rollers at the
specified technological parameters of injection (fig. 4).

temperature , CD
| \
y
[
/
fl
l'

process discreteness

Figure 4. Impact of the injection stage on the temperature of the roller:
1 — for the old design; 2 — for the new one

In fig. 4 there are dependences showing thermal efficiency of rollers of old and
new designs after each discrete injection. In the coordinate system these dependences
look like straight lines with almost the same angle of inclination but with different values.
We should admit some quite significant difference in efficient accumulation and transfer of
the obtained temperature by the roller when interacting with the environment.
Simultaneously, as we can see on the figure, after the third cycle of injection, the
temperatures have the same values. It proves the temperature stability in further injection
of the medium.

Having analyzed the above-mentioned results of measurements and calculations, we
have made some general substantiations concerning the rotary rollers action on the
environment:

— the temperature in the working environment in radial direction is increasing when

approaching the working roller with a drop in (4-7) °C at velocity u=(0.4-1) m/s and the

relative radius of the medium on the roller and the roller itself r,/r, =1,2; this difference

depends on the value of compression increase degree;

— the temperature in the working environment in the compression and injection section
is practically changing by the angle of the roller rotation that proves its intensive transportation
and partial mixing;

— the temperature of the roller body surface tqis is distributed uniformly by the angle of
its rotation, and when the injection pressure increases it is increasing linearly, and repeats the outlet
temperature increase with the difference of approximately 7°C ;
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— the temperature of the working environment and the roller surface in the axial
direction is distributed uniformly in new designs. When determining the temperature in the
axial direction any change hasn’t been observed.

Conclusions. Having considered the above-mentioned general substantiated actions of
rotary rollers on the environment, we have come to the following conclusions:

- it is possible to intensify the process of injection by means of constant temperatures
assurance;

- by means of contact interaction of the dough surfaces with a rotating roller due to
heat exchange;

- the constructive implementation of the roller using the material with the
heat-conductivity coefficient for maximum heat emission of the temperature to the
environment.
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OCOBJIMBOCTI TEILJIOOBMIHY B TICTI ITPU JIf OBEPTOBUX
BAJIKIB

Boaogumup HiImyﬁHI/lifll; Jlroamuiia KaraHeuL-FaBanmoz;
Biktop ®enopis®; Bikrop Cenunmun®; Irop Craguux®

Y Kuiscoxuti nayionanohuti mop2oéenvbHo-exonomiuHuil ynieepcumen,
Kuis, Ykpaina
2 Vo1c20poOChKutl mopeo6enbHO-eKOHOMIYHULL (PaXO6ULL KONEONHC OePIHCABHO20
MOp206eNbHO-eKOHOMIUHO20 YHigepcumemy, Yorceopoo, Ykpaina
3[Tooinbcvruti Oepocasnutl yuieepcumem, Kam'aueyo-Ilooinecoxuti, Ykpaina
4 Tepnoninocoruil HayionanbHull mexuivnull yuisepcumem imeni leana ITynios,
Tepnoninw, Yxpaina

Pe3tome. Bniug mexawiunoi Oii ma 6’a3Kke cepedosuwye cnpusc GopmysanHro 00'emuoi eybuacmo-
cimuacmoi CyyinbHOI CMpPYKmMypu 6 2nI0MeHO8Ull KApPKAc, OCKINbKU 6iH 6USHAYAEC eNACUYHI mda NPYICHI
61aCMUBOCMI cepedosuwa i aKmyaibHull npu oucnepeyéanti eazy 6 piouni. Tomy mema OocnioxncenHs — Oyio
BCTNANOBNIEHHSL 36 "S3KY MIdC p06O1010 NosepxHelo pobouoeo opeana ma Kitvkicmio meniomu Q, wo nepedacmocsi
3a 0OUHUYIO YACy BI0 CMIHKU 8anKa 00 cepedosuwa. Bupiweno sadauy pospobrenns y3aeanvHeHoi mooeni
Ppobouoeo npoyecy 0ii anxie Ha cepedosuiye. Bona cnpsamosana Ha OMpUMAants KOHCIMPYKMUGHUX, SUIMPANMHUX
ma eHepeemuyHUX XapaKmepucmux i GU3HAYEeHHs. WIsIXI6 nioGuyenHsl eqhekmueHoCmi pobomu mako2o Kiacy
Mawun 'y 0eqhopMayitiHux pexrcumax.

Poszensanymo ocobausicmv OinsaHKU CMUCHEHHSA, Oe 6elUYUHA MEeMNEPAmypHO20 HANOpYy 3d Kymom
nogopomy 6ecb uac 3MiHwemoucs. Biosnaueno, wo eemuuuna xoegiyicnma mennogiooaui O modce Oymu
BUBHAYEHA 00CUMb NPUOIUHO, OCKIILKU HEOOXIOHO 6PAX08YEAMU HASLGHICMb OLIAHKU, WO BNIUBAE HA MENI00OMIH
ma weudKicmv pyxy Ha NoGepxHi 8anka poboyoco micma )y 30HI HacHimanuA. Bcmanoenemo 3mimy
memMnepamypHo20 cmauy micma npu eupobHuymei 6y6aukie y npoyeci 1020 CMUCKAHMA, HASHIMAHHA mMa

mpancnopmyeanns. Biosnaueno, wo niue memnepamypu piounnoi ¢asu pobouoeo cepedosuwa 1y

BUSHAYACMbCA  6EAUYUHON 1T KinemamuuHol 6’askocmi  Vy . Bushauenns sminu memnepamypu 6UKOHAHO

MENI0GI3IIHON 3UOMKOH QOCTIOHOT YCIMAHOBK.

Ananiz HageOoenux pe3yrbmamie UMIPIOBAHb MA OOYUCIEHb 6CHIAHOBUS, WO I3 PI3HUYI eheKmUH020
HAaKONuueHHs ma 8i00aui OmpuUMaHoi memnepamypu 8aIKOM Npu 63aemMoOii 3 cepedosuujem Nicisi Mpemvoco
YUKTY HASHIMAHHA MeMnepamypa Mae ooHaxoge 3HauenHs. Lle cgiouums npo cmabirbHicms memnepamypu 8
nooanvuiomy HacHimauwi cepedosuwa. Takooic memnepamypa pob6ouozo cepedosuwja Ha OLIAHYI CIMUCHEeHHS U
HAZHIMAHHA NPAKMUYHO 3MIHIOEMbCA 34 KYMOM HOBOPOMY 6dJKd, WO C8i0Yumb npo ii iHmeHCusHe
MPAHCNOPMYBAHHA Ul YacmKoee nepemiwyganus. Ilpu eusnauenHi memnepamypu 8 OCbOBOMY HANPAMKY He

Knrwuosi cnosa: micmo, nachimaHHs, mMenjionpogioHicmv, NOWUPEHHS Menjiomu, Mmenioeuil nomix,
8ano0k, gpaza, cepedosuuye.
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