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Summary.The analytical analysis of roller impact on the medium and its behavior at deformation
influences are carried out, ways of choosing the optimal method of the process for providing the maximum or
minimum value of parameters (criterion) are proposed. The physical essence of the equation of energy flows of
the medium mass deformation intensity, which depends on the method of applying mechanical forces, the degree
of its previous dispersion (recipe) and its physical and mechanical properties, is considered. For more visual view
and understanding of the overall research performance, the scheme of causal relationships between the medium
and the roller, determining the temperature change of the dough injection process, is proposed. It is noted that the
determination of the influence of deformation processes temperature during the process of medium injection by
roller operating bodies plays an important role for calculations and designing of molding, sheeting equipment.
The influence of thermal circulatory chaotic streamsthe character resulting in general heat circulation disfunction
in the medium during the injection is considered. At the same time, the level of such disfunctions can be deep
enough with changes in the contours directions influencing the process, according to each particular period of the
deformation stage in the injection unit of the molding machine.
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Statement of the problem. One of the ways to reduce production cost is optimization
of production hardware implementation in terms of energy, i. e., reduction of thermal and (or)
electrical energy consumption per final product unit. In order to achieve this effect it is
necessary to determine material flows energy potential at each stage of production technological
process, the need of energy for implementation of the given material flow transformations and
possible ways of thermal energy chemical bonds energy loss minimization.

It is well-known that roller machines are used in various branches of Ukraine industry.
Among different directions the food processing industry should be distinguished. Machines
designed for viscous medium formation should influence it in such a way that raw materials and
finished product losses are minimal and product quality is high. Such approach causes the need
to provide complete conformity of processing modes, design shapes and parameters of operating
roller elements, structural-mechanical properties of viscous medium.

Among the thermal processes used in production the process of heat transfer from its
sources to the processed material hold pride of place. The energy exchange between the moving
parts is due to direct collisions. In this case the molecules of more heated body part having
larger energy transfer the part of energy to neighboring particles with less energy. In gases the
energy transfer is due to the molecules and atoms diffusion, in liquid and solid dielectric
materials — by elastic waves. In metals the energy transfer is caused mainly by free electrons
diffusion.
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Peculiarities of heat exchange in dough under the rotating rollers action

Generated thermal circulating flows more often have chaotic character resulting in
general thermal circulation loss in the medium. At the same time the levels of such losses can
be deep enough with direction changes in its contours. Thus, hydrodynamic modes in injection
unit of the forming machine are determined by heat flow produced in the dough while
interacting with roller operating elements surfaces.

The speed of any process and, for this reason, the speed of substance transfer after the
beginning of roller operating elements due to system response changes gradually: at first it
increases to a certain maximum value, remains for some time at this value and then with the
approaching to the equilibrium state it gradually slows down up to zero (process shutdown).
The additional higher temperature constantly emerges between the medium and operating
member. There is the difference in temperature potential At=t;—t> which causes heat transfer
from the more heated point to the less heated one. The difference of temperature potentials At
at relevant points is the deviation measure of their state from equilibrium between them. This
temperature causes heat transfer from the heated point to the less (cooler) one in the medium
located in space between the rollers. Thus, this characterizes the potential difference in the roller
surface and medium (dough) itself. That is why we proposed methods of determining the
temperature differential in the forming machine roller unit in comparison with the new
construction.

Analysis of available investigation results. Determination of temperature flows during
the process of dough injection by roller operating elements is of great importance in the
calculation structural and technological parameters of forming, rolling and mixing equipment.
The obtained data solve a number of problems concerning the application of different methods
for thermal control of the process of operating elements action on medium. However
investigation [1] of the process of dough compression between the rollers only the kinetics of
its injection separately from its structure change does not allow to determine the optimal process
parameters. The change of the dough physical-chemical properties under the operating element
action is considered in paper [2], but the temperature determination method is not presented.
The sequence and mechanism of the temperature change effect on the structure during yeast
dough injection is not considered completely by Bloksma A. B., Niemann W. In their
rheological investigations E. I. Muratova, P. M. Smolihina reveal the temperature value for the
medium structure change, but the method of the process temperature field determination is not
evident. The temperature effect is more clearly shown in paper [3], where the modeling of the
viscous medium in the gap between rollers is described and the temperature distribution is
presented.

Without clarifying the formation and determination of heat flows in yeast dough it is
impossible to substantiate the optimal modes and methods for this process control. Thus, except
rational mechanical rollers action on medium, it is necessary to maintain the optimal
temperature providing nutrients inflow to the bacteria cells and required moisture and gas
exchange.

Nowadays there is the hypothesis [4] of dough temperature change due to the design
parameters of operating elements and operating chamber. The fact is that under intensive
deforming effect on dough caused by certain operating elements the consumed energy is
distributed in two directions. The energy consumed for dough macromolecular structure
produces positive technological effect, and its consumption related to internal friction should
be considered as useful ones. Consumptions related to external friction of operating elements
and mixing container walls followed by heat release have negative impact on technological
process. For this reason the rate of mechanical action on the dough should be hold within strictly
defined limits.
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The method of the optimal energy load control at frictional interaction of friction
couples friction of dough with the rollers at different injection modes makes it possible to define
the inlet heat to its working surfaces.

According to Meacham and Swanson [5] it is assumed to characterize the optimal
control value by specific energy consumption. It is confirmed that there is critical value of speed
and consumed energy which has its limits. However, in our opinion, wrong technical decisions
are often made. A number of researches (R. V. Kuzminsyi, H. F. Kozlov, V. Ye. Nemyrovskyi)
believe that the values of specific works with different force do not give sufficient
understanding of the process technological aspects. In their opinion mechanical action of the
operating elements during deformation according to specific energy consumption is imperfect.

Thermal processes control is necessary from the following reasons: to limit the heat
amount, accumulated by rollers in order to reduce thermal stresses; to decrease surface
temperatures in dough below its permissible ones in order to prevent changes in its structural-
mechanical properties; to ensure the injection unit operation with acceptable energy load in
order to increase wear-friction properties of the roller surface layer; to establish relationship
between the rate of surface layer temperature change and temperature gradient along both its
surface and thickness.

The process of dough injection where forced convective heat transfer occurs makes it
possible to equalize the temperature field in the medium (non-Newtonian liquid), create similar
conditions in any area of the operating chamber. This enables to confirm that the temperature
at any point at certain period of time approaches reaching the average medium temperature at
the beginning and at the end of injection process. However, while injecting yeast bagel dough
there is significant difference — the temperature inside the medium does not approach that one
formed on the surface roller operating member but gradually decreases. Thus, the injection
process after a certain period of time takes the form that practically can be regarded as the
regular thermal conductivity mode.

The boundary temperature to which the temperature in the dough approaches is the one
at the given injection pressure and internal friction generated by the action of rotating roller
operating elements. The produced temperature influences the character of process change:
duration, efficiency at each state of injection discrete mode. For values of the temperature field
in the dough, the temperature of the surrounding medium is influential.

In fact these phenomena occur simultaneously and certainly affect one another.
Convection, for example, is often followed by thermal radiation, and thermal radiation — by
thermal conductivity and convection [6].

During discrete deformation on the medium by rollers, the heat radiation on the
interfaces is approximately uniform. The propagation cycle is rather short and heat losses on
radiation and convection are insignificant. Therefore it can be assumed that the roller lateral
surfaces are in adiabatic boundary state and temperature distribution along the plane parallel to
the friction surface is uniform. Thus, the temperature in this plane is approximated by the value
at the intersection point at one-dimensional analysis by finite difference method.

The rollers together with the dough are the multilayered cylindrical wall with only V4 of
mutual contact (Fig. 1). In this case the thermal resistance of the multilayered cylindrical wall
is equal to the sum of resistances of separate layers. The medium itself can be conditionally
divided into several layers.
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Figure 1. Scheme of pulsed friction contact: 1 — roller operating element, mm; 2 — medium (dough);
T — constant temperature; T1 — temperature on the frictional contact surface

The objective of the paper is to investigate the heat propagation during the injection
process based on heat transfer peculiarities in phase medium.

Statement of the problem. 33% moisture content dough for bagels made of high
quality wheat flour on pressed yeast was prepared by dough method with fermentation period
60 minutes at temperature 32-33°C. The pressed yeast quality comply with DSTU. The
investigation of heating and dough sheeting processes was carried out on the forming machine
B-54 at confectionary plant (Ternopil) and on physical models developed at FPT department
(TNTU).

During the process of dough movement between the rotating rollers (Fig. 2), after
medium compression by rollers zone — 2, it is brought to the main injection zone — 3, which can
be relatively divided into three components — intense heat radiation zone — 111, transition
zone — 11, and heat rejection one — 1. For this part in most injection unit structures the
convective thermal mode is implemented. This mode involves simultaneous heat transfer by
radiation and convection.

The generated circulation flows occurring during the injection have mainly chaotic
character. They result in failures of general heat circulation in medium. The levels of such
failures are rather deep with changing directions in generated dough contours.

Figure 2. Scheme of injection temperature distribution:
1 — rotating rollers; 2 — dough is the operating medium

Thus, the emerged hydrodynamic modes in the forming machine injection unit can be

78 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 3 (95), 2019 https://doi.org/10.33108/visnyk_tntu2019.03


https://doi.org/10.33108/visnyk_tntu2019.0

Igor Stadnik, Oksana Lyasota, Volodymyr Poddubny, Lidiya Korets

determined on the basis of two main reasons. The first one refers to the heat flow produced on
the roller surfaces. The second concerns the flow generation involving the gas phase of dough
fermentation process.

Each of the above mentioned reasons is characterized by its driving factors: for the first
reason it is the medium temperature differences and roller operating element of heat transfer-
coolant: for the second one is availability of dispersed gas phase. Therefore the total value of
temperature flows depends on movement speed, discrete action of roller operating speed. The
weight of yeast wheat dough and in the operating chamber and charging hopper resulting in
partial fermentation of sugar in it is important.

Experimental data for determination the temperature of the roller operating element
heating in the injection process were obtained by means of thermocouples located in the
interaction zone (Fig. 3). The temperature change was recorded by three thermocouples fixed
on the roller surface relatively at the distances 5; 15 and 25 mm from the roller end.

In order to determine the heat radiation on the friction surface (the boundary roller-
dough) the converse thermal conductivity model was constructed. The dough heating
temperature in the contact area with rollers was determined by calculations and on the basis of
the obtained data the flow axial force defined. As the temperatures gradient in the solid body is
determined on the basis by experimental measurements, the heat flow can be calculated as the
product of thermal conductivity coefficient of the solid body on the surface temperature
gradient. In the inverse temperature setting the finite difference method is used to estimate the
heat flow q(t) on the boundary under friction provided that transition temperature values on the
roller surface are known.

Figure 3. Scheme of the injection unit for determining the temperature and flow capacity:
1 — potentiometer; 2 — medium (dough); 3 — roller operating elements; 4 — tachometer; 5 — electric motor;
6 — watt meter

Method of complex determination of effective thermophysical characteristics of bagel
dough is used and thermal conductivity dependence 4, volumetric heat capacity c,, temperature
conductivity a on temperature at the stages of its discrete injection of the whole mixed mass is
determined in this paper. The calculations are carried out under injection conditions: the
medium temperature 7. — 18°C; the dough temperature 7; — 25...28°C; the thickness of dough
layer on the roller is assumed to be 20-22 mm; the average dough speed 2.0 m/s, density
p=1165 kg/m>.

The hot copper constantan joint of thermocouple with relatively graduated table is used.
During the complex temperature measurements simultaneously in several object coordinates
the battery of differential microthermocouples with six single joints is used. The cold joint of
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the battery is common. The hot joints in batteries are equal to the amount of the measuring
device points.

The occurring thermocouples thermo-EMF is proportional to the hot and cold joints
temperature difference measured by compensating type devices — potentiometers or
milivoltmeters. The results reliability during the temperature measurements by thermocouples
was provided by previous calibration of produced thermocouples directly in the laboratory.
Thermocouples calubration includes determination of potentials of the produced thermocouples
battery and relative indicators of the reference thermometer (Fig. 4).

After thermocouples calibration according to measuring data, the table and calibration
curve of thermocouple E in milivolt, E = f(t) — thermo-EMF dependence developed by
thermocouple (according to milivoltmeter indicators) on the temperature of its hot joint are
constructed.

The rule of the 3" metrological indicator A for used measuring devices is taken as the
basis for metrological indicator determination:

A
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Figure 4. Installation for thermocouples calibration: 1 — measuring self-recording device; 2 — Dewar vessel
with ice; 3 — electric heater; 4 — container with working fluid; 5 — fixing tripod for thermometer and
thermocouples; 6 — glass rod for mixing; 7 — mercury thermometer; 8 — single copper-constantan
thermocouple; 9 — fixing thread for hot joint of thermocouple

The rule of the 3™ metrological indicator A for used measuring devices is taken as the
basis for metrological indicator determination:

where o is the root mean square deviation in repeated measurements,

Z;lzl(y] - }7})2
n—1

)

where y; — is the average value of the measuring parameter,

n
_ Lj=1)j

] n ’
where n is the number of repeated measurements.
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The condition for sufficient accuracy for experimental investigations is the value A=0,1:

3 2?21(3’j_3_’j)2
n—1
A=

n
j=1Yj
n

For the investigated parameter / ¢, / y; / 1 series the value A is calculated:

38,68
A—l—OOBS
o161 T

Since, for the measuring temperature values the metrological indicator A do not exceed
0,1, it is sufficiently accurate in measuring devices.

On the basis of metrological analysis the measurement mean square errors are
determined.

Statistical analysis of the investigation. For unbounded plate (roller surface) with
corresponding thickness ¢ heated by thermal flow with constant density gq the differential

2
equation of non-stationary thermal conductivity: %~ g2t

. at ax2
t(x,0)=to=const is used.
Heat transfer by thermal conductivity is due to the mass transfer energy:

with initial conditions

n
g = —Agradt + Z kY
1

where g is the surface heat flow density of the heat flow, W/m?; i. is water or steam enthalpy,
J/kg, transferred in the presence of temperature gradient grad t with intensity %, kg/(m?s).
The boundary conditions of the second order:

at(6,7)  g(®) at(O,T)_O
ox A ox

The solution of the given equation under the given boundary conditions makes it
possible to determine the temperature field t(x, z) and the field of heat flow in the roller (surface)
plate.

The determination A was carried out on the basis of generalized equation obtained by
means of the second order mode and solution of other equations for temperature field
determination:

ien F(u™t(Atit + At3Y) —u™ (At + AL))) r -

ul — ull

where F is Fourier number, nondimensional process time F = “7/62; u is dough surface
heating rate, K/c, u = at/dt; At is temperature differential on the dough surface, X in (}) and
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(1) different thermal modes; h is the dough layer thickness, m; R is ballast heat resistance,
m2K/W, equal to 4/A.

Direct measurements were carried out in the experiments, i. e. The required values were
obtained directly as the result of the experiment. A number of repeated direct measurements of
the same value were processed mathematically using the probability theory and statistics
methods. The law of Student random error distribution was used to analyze the result error for
large and small number of measurements.

For physical experiment planning we used Seidel-Gauss method which ending is the
multifactor correlation dependence on the basis of the obtained Protodiakonov function. Its
application for processing the results of chemical investigations made it possible to get
reasonable results

k
i=1Yi

Th=—1>
Yeep

where yi are partial functions determined by means of the smallest squares method; k is factors
number; yav is the average of all taken into account experimental results.

The investigations were carried out according to the plan with relative experiment
planning matrices with indicated number of experiments and factors change limit. The
temperature occurring in dough during motion was used as optimization parameter. This
temperature depends on the input parameters and can be represented in the following way:

T= (P)d)h)l

where T is temperature, P is pressure, d is roller diameter, h is the thickness of dough mass
between the rollers.

While planning the experiments for determination of the functional dough temperature
change the standard symmetric plan-matrix of three-factor experiment on three stages of factors
variation for total number of experiments of one replication N = p* =33 =27. The
experiments were carried out in three replications of each numbered plan-matrix line. The
sequence conducting the first and the following experiments were determined according to
numbered order of randomized plan-matrix of three-factor experiment,

The experimental data array was processed by means of application software program
«Statistica-12» for computer.

The approximate response function, or optimization parameter, that is the dough
temperature 7, determined experimentally, was defined in the form of mathematical model of
complete second order polynomial.

+by3xyx3 + by X2 + byyx3 + +bysx3,

where x4, x,, x5 —is relatively coded dough pressure notation P, rollers diameter d, gap between
the rollers h; h; by, by, by, b3, b1, by3, bas, b11, bay, b33 — IS constant term and coefficients of
values of the corresponding factor x; and their interaction.

At probability level p=0,95 and value t — alpha criterion equal 2,053, we got the
following statistic data (Fig. 5): coefficient of multiple determination D=0,962; coefficient of
multiple correlation R=0,981; standard estimate deviation is S=0,637; F — Fisher criterion
F=47,671. Coefficient D is significant with the probability level P=0,9999.

Estimation of experiments reproducibility was carried out according to Cochran
criterion at 5% significance level.
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Coefficients of regression equation or approximation function represented in the form
T = fr(x1, x5, x3) under the conditions of orthogonality and symmetry of plan-matrix of the
planned factor experiment were determined in accordance with the standard method by known
dependences.

After the estimation of statistic significance of regression equation coefficients by t; —

Student test and verifying approximation model validity according to F — Fisher test and
transition from coded factors notations to natural ones we derived the regression equation
characterizing the dough temperature change 7"depending on change 200< P <700 N, 15< h <
35mm, 155< d <165 mm

T =36,4+42-10"3P —1,7L 4+ 0,06h + 2,5-10"*PL — 6,8 - 10"°Ph + 8,3 -

2
+1073Lh +5,8-107°P2 + 0,01L% — 8,0 - 10~*hZ2. @)

I STAT

4 —KDA—EBO NEPEMEHHBMX 3 NMOAHHOM BTODDIi CTEMNEHM; 3ABMCHMOCTh b
UpoeeHe BepoATHocTu F=0.95 t—asbpa KpuT.= 2.053

iKoppe— i Koagouuuenr iCtaTHCcTHu . | t— iKoago. [3nauumocTe
e— iAAUMH | PErpeccHH IOUHEKA laAbPa 1934ACTH— IKO3®P .
per. 1¥ c X lAvHeapusoB. iKoag.perp. | iYHOCTH IperpeccHM

3aBMCHMAA NepemMeHHasn
+36.382118225098
e3ABMCHMBE MEpEHMEHHBE
0.38 +

-380 0.004192296236 o o o HEZHAYMM
682927608470 o - - FHAYMHM
-063795365393 o o o HEZHAYMM
- 000005778575 o o o HEZHAYMM
000242271141 o o o FHAYMM
-000067673653 o o o HEZHAYMM
-010276683606 o o - ZHAYMM
-D083I087300EE o o - ZHAYMM
-D00801684160 o o o HEZHAYMM

HaxrmTte
Figure 5. Program file «Statistica-12»

Based on the obtained regression equation (2), characterizing the functional
dough temperature change 7 depending on the pressure change in the injection unit within
200< P <700 N, gap between the rollers 15<h<35mm, and rollers diameter
155<d <160 mm, the response surface and two-dimensional cross section of the functional
dough temperature change is constructed (Fig. 6).
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Figure 6. The response surface and two-dimensional cross section of the functional dough change as
the functional T = f, (P;d)
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Conclusions. Analyzing the above given results of measurements and calculations we
can make the following general substantiation of rotating rollers action on the medium:

- the temperature of operating medium in the radial direction increases while
approaching to the operating roller with difference in 4-7°C at speeds u = (0,4 — 1) m/s and
relative radius of medium on the roller and the roller itself r,/r, = 1,2; the value of this
difference depends on the value of compression growth degree;

- the temperature of the operating medium on the compression and injection area
changes practically by the roller rotation angle indicating its intensive transportation and partial
mixing;

- the temperature of the roller body surface t, is uniformly distributed according to its
rotation angle, when the pressure increases the injection rises linearly and repeats the outlet
temperature increase with difference about 7°C;

- the temperature of the operating medium on the roller surface in axial direction is
uniformly distributed in new structures. While determining the temperature in axial direction
no changes were detected.
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BIIJIUB OBEPTOBUX BAJIKIB HA OCOBJIMBOCTI
TEIIVIOOBMIHY B TICTI

Irop Cragnuk'; Oxcana JIsacora'; Boxogumup Iinnyonnii’; Jdinis Kopens®

Y Tepuoninocoruii nayionanvruii mexniunuil ynieepcumem imeni leana Ilynios,
Tepuonins, Ykpaina
2Kuiscokuil HAYIOHATbHUTI MOP206ENbHO-eKOHOMIYHULL YHIGepcumen,
Kuis, Ykpaina
SHayionanvnuii ynisepcumem 6iopecypcie i npupodokopucmysanis Ykpainu,
Kuis, Ykpaina

Pestome. Ilposedeno ananimuunuil ananiz Oii 8aiKi6 Ha cepedosuue ma U020 NOGEOIHKA Npu
OdehopmayiiHux 8nausax. 3anponoHos8ano WiisAXu 6ubOpy ONnMUMAIbHO20 8apianma npoyecy 01 3a0e3nedeHHs
MAKCUMATLHO20 a60 MIHIMANIbHO20 3HAYEHHS napamempis (kpumepito). Posensinymo gizuuny cymuicmo pieHsHHs
eHepeemuyHUX NOMOKI6 IHMmeHcUsHoCmi depopmayii macu cepedosuyd, o 3a1exicums 6i0 cnocoby npUKIa0aHHs.
MEXAHIYHUX CUl, CMyneHs 1020 nonepeouvboi oucnepcHocmi (peyenmypa) i 1020 Qi3uKko-mexaHiuHux
enacmusocmeil. [{nsa 6invus HAOUHO2O 6USTAOY Ul PO3YMIHHA 3A2ANbHO20 BUKOHAHHSA 00CHIONCEHb 3ANPONOHOBAHO
cxemy NPUYUHHO-HACTIOKOBUX 3A8 A3KI8 MIdC cepedosuuyem i 8aNKOM, WO SUSHAYAIOMb 3MIHY memnepamypu
npoyecy HazHimauHa micma. Biosnayeno, wo eusHauenHs eéniugy memnepamypu oeghopmayilinux npoyecie npu
NPOXOOHCEHHI NPoOyecy HACHIMAHHA Cepedosuya 8AIKOBUMU POOOUUMU Op2aHaMu 8I0ipAE BANCAUBY POJb OJis
PO3PAXYHKIG Ma KOHCMPYIOBAHHSL (DOPMYBAILHO20, PO3KOUYBANbHO20 00aa0Hanus. I[Iposedeno docuidcenus
NOWUPEHHST TMenIOMU 8 NPOYeci HACHIMAHHA, WO TPYHMYEMbCA HA 0COONUBOCHAX MENI000MIHY 8 (paz08omy
cepedosuwji. Pozenanymo eniue menniogux YUpPKYIAYIHUX XAOMUYHUX HNOMOKIB, XaApaxkmep AKUX MAKOMC
npu3600uUms 00 NOPYUleHb 3a2aibHOi Meni06oi yupkyaayii @ cepedoguwi npu HacHimauui. Bcmanoaneno éniug
SMIHU KOHCIPYKMUBHUX | MEXHONI02IUHUX NapamMempie Ha memnepamypu pobouozo cepedosunyd, 3a1eHCHICMb
302aNIbHO20 3HAYEHHS MeMNepamypHux NOMOKI@ 8i0 weuoKocmi pyxy micma u Ouckpemnocmi Oii 8aIK08020
pobouoeo opeany. Busnaueno 2iopoounamiuni pexcumu, SKi GUHUKAIOMb Y 8Y31i HASHIMAHHSA OPMYEANbHOT
MAWUHU HA OCHOBI MEeNN08020 NOMOKY, WO YIMBOPIOEMbCA HA NOBEPXHAX BANKA Ul YMEOPEHHS NOMOKIE 3d Y4acmio
2a3080i ¢aszu npoyecy 6podinus micma. Ilpu yvbomy pieni maxux nopyutens Mox*Cynv Oymu 00Cums 2iubOKUMU 3i
SMIHAMU HANPAMKIG Y IX KOHMYPAX, AKI GNIUBAIOMb HA NPOYeC, 8IONOBIOHO 00 KOMCHO20 NeBHO20 nepiody cmadii
Ooehopmayii' y 8y3ii HAZHIMAHHS HOPMYEANbHOT MAUUUHU.

Knrwuosi cnosa: micmo, HacHimauHs, menjionpogioHicmb, NOWUPEHHS Menjiomu, Mmeniosuil Nomix,
eanok, gaza, cepedosuuye.
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