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Abstract. It is known that the cooling of food prevents the reproduction
of microflora, thus contributing to the preservation of the beneficial
properties of products. Despite this, the cooling process is still the least
studied stage of cold processing, which necessitates further in-depth study
of the problem discussed in the article. Given the diversity and volume of
processing facilities and the energy resources they consume, it is important
to justify the analytical and numerical apparatus to address many
engineering and plant-based cooling products of technological challenges.
Below, in the article, computer-based tools are used to be different from
the method used conveniently enough for practical purposes to quantify
and calculate the common in production process of food freezing.

1 Introduction

It is known that, along with the problem of cooling plant-based substances, while
achieving a reduction in energy costs, a similar problem is forced to solve, in general,
and the entire human community in a wide variety of tasks to justify the most rational
technologies in the field of organic and inorganic systems. Where does the importance
of the research carried out in the cooling technology of various substances, both
theoretically and experimentally, arise [1-9]. Since in some cases heat transfer takes
place in objects with a complex, greatly complicating problem of physical and
mathematical formalization of the studied phenomenon geometric structure, researchers
as imitating the form of a real body have to choose one or more surfaces of the canonical
species, usually a plane, a cylinder or a sphere.

This paper theoretically explores the process of freezing a ball-shaped product such
as a test blank. The task of forming frozen and cooled areas of the body in question is
interpreted as a complicated (due to phase transition) change in the aggregate state of the
environment, the problem of heat exchange between the cooled zone | and the frozen
zone 1l (Fig. 1).
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Fig. 1. Scheme to calculate the freezing process of the test blank (r — current radial coordinate,
12 — the radius of the blank, & — the coordinate of the temperature front)

Since heat-physical ratios at the boundaries of the environment are supposed to change
in leaps and bounds, additional heat is required at the crossings. The problem is solving on
the basis of the model of the paired task of the cooling of the heat transfer task of Stefan for
two zones of product I and II in two different aggregate states. At the same time, on the
basis of the developed algorithm, the quantitative dependence of the coordinates of the
temperature front on the time of the freezing process of the preparation is justified, at
different values of temperature indicators on the boundaries of zones and the content of the
product.

In the accepted assumption that the cooled product is geometrically modeled by the ball,
as limiting zones I and II surfaces choose the sphere.

Since Stefan's task is non-linear in the overall setting, it is not analytically solvable, so
that approximate methods are used for her research.

2 Material and methods

It is assumed that in the refrigeration chamber with a constant temperature T, suddenly
placed modeling frozen cooled product homogeneous spherical body radius r» (Fig. 1). In
the future, to analyze the dynamics of the formation of the freezing zone in the ball,
preliminarily, decide the system of differential equations of thermal conductivity for each
of the zones | and Il. After that, based on the received ratios on the temperature profile in
the zones and the structure of the differential equation of the first order, Stefan's condition
on heat exchange at the front of the temperature & = £(t) calculated the dependence of the
coordinates of the temperature front on the time of the process of freezing the ball harvest.

Inside each of the frozen and cooled zones | and Il, the temperature of the environment
in spherical coordinates satisfies the differential equations of thermal conductivity and the
boundary conditions of the first kind (Fig. 1)
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Uy (rp,t) =Ty, (6)

where t — time; ui, Uz, Us — respectively, temperature in zone I, zone Il and on the
temperature front; a1, a> — temperature ratios for areas | and 1l (Fig. 1 area is not shown).
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If it is believed that on the border & = &(t) the supply of heat from zone I and from the
side of zone Il is implemented by the law of Fourier's heat transmission, then in the
assumption that the density of the frozen and cooled areas of the product is approximately
the same (p1 = p2 = p) on the moving boundary of freezing is true condition of Stefan

O(Aquy — A,Uy)
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where A1, Ao — respectively, the thermal conductivity factor for areas | and 11; m — in-water
content of the product, £ — the hidden heat of the phase transition of water to the ice.

Then come to a system of three joint differential equations (1), (2), (7) relative to the
required values ui, Uy, & whose solution is generally difficult. If the temperature difference
in the zones is small and the process of heat transfer develops for a long time, the mode of
heat transfer in zones | and 11 can be relied on quasi-stationary. In this case, the equations
(1), (2) are written in the form of:

2

M:O (t>0, n<r<g),
or
2

W:o (>0, E<r<n,),

(3) - (6) is a decision that is consistent with the terms and conditions

+ E(r —n)(T, - T;)

u(re) = Ty - 8 (t>0,1r<r<g), 8
U(re) = T, + & ;(;2)_(Tr32)_ T2) (t>0,E<r<r,). (9)

Then in effect (7)-(9) get
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(10)
Ordinary first-order differential equation (10) relative & deciding to reconcile it with

the initial condition
£ =0att = 0. (11)

Solution to the problem (10), (11) is

me]Z- (rl — é:)(ég - rz)é:d%g )
£ /L.rl(ég - rz)(Tl o T3)_ Azrz(rl - é)(Ts o Tz)
Since the equation (12) contains the resulting value - the variable & - implicitly, this

ratio is resolved relatively & using the standard root procedure of the Mathcad computer
environment.

T=

(12)
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3 Results and discussion

The quantitative simulation of the process of freezing the product of the spherical shape by
dependency (12) was carried out on the basis of the following physical-mechanical and
geometric parameters of the processing process: the size of the ball: r; =0, r=0,06 m (i.e..
as the object of the study choose the body in the form of a solid ball); the temperature,
respectively, on the surface of the body T, = 293 K, placed in the cooling environment, the
phase transition of water into the ice Tz = 272 K, on the outer boundary of the body
temperature attached to the values of T, = 253 and 263 K, thermal conductivity ratio for areas
I (water) and Il (ice), respectively, A1 = 0,6; A. = 2,3 W/(m-K); in-content of the product
m = 0,5; 0,7; Hidden heat of phase water transition into ice £ = 0,33x10° J/kg; body density
p =1100 kg/m3,

Which, according to the parameters of the study, in aggregate. typical, for example, for
a product such as a test preparation.

Visualization of the data of the numerical experiment shows a natural exponential
relatively slow increase in the time of processing of the product cold to the temperature of
the cooling environment. That is, on the one hand, the assumption about the quasi-
stationary nature of the process of heat transfer is confirmed. On the other hand, the
graphics reflected are Fig. 2 results of the calculation reveal the consent of the calculation
results with the physical meaning of the phenomenon under study. Thus, with all other
fixed parameters, a large difference in the temperature of the external environment and the
cooled body initiates its faster cooling (Fig. 2 of the temperature front graph 1 above
schedule 2). In turn, greater body water content naturally reduces the effect of the transfer
of heat to the cooled body, as the thermal conductivity ratio of the ice is higher than that of
the water (Fig. 2 of the temperature front graph 1 above schedule 3).
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Fig. 2. Dependences of the coordinates & the front of the freezing from time t the process
of freezing the ball harvest at the temperature of 7; = 293 K in the center of the O and
temperature of 75 = 272 K to the phase transition at the front of » = & at different values of
T> temperature on the surface » = r» and the ice-holding m in the blank (m = 0,5: 1 — T» =
253,2-Tr=263K;m=0,7:3—T,=253,4—T,=263 K)

4 Conclusions

Thus, within the framework of the restrictions and conditions for changing the aggregate
state, an important effective and simple way to quantify the process of transferring heat to a
ball-shaped solid body has been developed in the context of the set of the task. That
simulates the dynamics of the temperature field in processing time when the product of this
kind is frozen. It is obvious that the study can be developed in conditions of unsteady cold
transport or when the body is treated with cold under the influence of a high-intensity
temperature gradient.
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