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Abstract: It has been established that one of the main problems in the technology of the production of
loose food products is the sticking of vegetables or fruits into one block. It has been proven that one
of the steps to solve this problem is the use of berries, fruits, or vegetables during freezing in the form
of a fluidized bed in air. However, a significant part of the energy is spent precisely when creating a
fluidized bed with the help of fans. By improving the separation efficiency of small products in the
freezing process, it would be possible to significantly reduce the energy costs of freezing worldwide.
The purpose of this work was to determine ways to increase the efficiency of devices for freezing
small products. The goal was achieved through the use of a modified method for studying energy
costs, taking into account energy costs for fluidization and mechanical shaking. For comparison,
two options for the efficient separation of small products during freezing were considered. Namely
the separation of small products in the process of freezing with the help of fluidization, and with
the help of mechanical shaking. Comparison of these variants showed that it was advisable to
separate small products during freezing by mechanical shaking. It was established that their energy
parameters, as well as fractional properties, are significantly different. The product temperature was
determined for the case of a constant temperature of the cooling air and equipment elements. The
results obtained confirmed the possibility of achieving significant energy savings of 1.5–3.5 times
by using the mechanized device we proposed for freezing fruits and vegetables. The main result of
this paper is the proposed method, or algorithm, for calculating energy costs for fluidization and
mechanical shaking, which could be used in the design of devices for the freezing of small products;
as well as the obtained data confirming the correspondence of the theoretical calculations to reality.
The novelty of the research consists in presenting a model or algorithm for calculating the energy
costs for fluidization and mechanical shaking. The importance of the results of the work lies in the
possibility of using this technique to assess the energy effectiveness of devices for the freezing of
small products.

Keywords: mechanized device; small-piece; fluidized bed; quick freezing; fruit and vegetable; energy
savings; experimental studies; thermal conductivity; equivalent diameter; time of pre-freezing; heat
capacity; energy consumption; cascade freezer; result; graph; analysis

1. Introduction

In terms of energy savings and increased environmental security, being grown season-
ally in the open ground, fruit and vegetable products become the main source of nutrients
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and vitamins [1–4]. Long-term storage of fruits and vegetables is currently a very pressing
problem. Freezing is one of the most effective ways of prolonging the use of fruits and
vegetables beyond the harvesting period; the technological regimes and conditions of which
are constantly being improved [5,6]. Freezing is one of the most widely used methods of
food preservation because of two main reasons: The first is that many microorganisms
cannot grow at the low temperatures used in freezing [7]. In addition, when a food is frozen,
part of the water is transformed into ice, thus decreasing the food’s water activity [8]. This
decrease influences the growth of many microorganisms, since they cannot develop in low
water activity conditions [9–11].

The effect of the freezing process on the state of plant cells can vary, depending on
the size of the ice crystals formed at different freezing rates. One method of progressive
is to improve the freezing technology. An effective method is to freeze small pieces of
products in a dense weighted layer using rapid freezing. In all the freezing processes
in this work, strawberries were frozen in a perforated stainless steel container [12]. This
method allows speeding up the process, in combination with an increased simplicity in the
sanitary-hygienic treatment of the equipment [13–15].

Considerable attention has been paid to the thermophysical aspects of the freezing
of fruit and vegetables. The coefficients of thermal conductivity of different fruits during
freezing were determined. The empirical dependences for determining the amount of heat
during freezing and thawing and other thermo-physical calculations were obtained [16–18].
Of considerable interest are the studies on the prevention of freezing of the layer of fruits
and berries, by pre-freezing them in a layer or using fluidization devices [19,20].

The weakness of the existing processes and devices is the significant energy consump-
tion for fluidization, and the removal of moisture from the product due to high speeds
(2.7–3.9 m/s) of the air that blows the berries or fruits. In addition, if you have seen how the
fluidization apparatus works, then of course you have noticed that the flow of strawberries
just flops up and down all the time. At the same time, the berries are beating against each
other and against the conveyor [20]. When using a cascade quick freezer, the thickness of
the freezing layer can be adjusted to one berry, cube, or slices.

Analytical and experimental studies are presented in [5,21–25]. However, it should be
noted that the comparative study of energy consumption when using fluidization devices
and mechanical or semi-fluidization quick-freezers has received little attention [10,26–30].

This is why it is absolutely necessary to reduce the energy consumption for creating a
fluidized bed, as well as to reduce the time in the preliminary stage, needed to create an
ice crust.

In fluidization freezing, the freezing of the fruit is due to the flow of cold air, while
in mechanical or pseudo-fluidizing freezing devices, the fruits are constantly moved by
fluctuations in the working surface of the conveyor.

The purpose of this work was to determine ways to increase the efficiency of devices
for freezing small products. The tasks of the article include: to compare the cascade freezer,
we offer an option for improving refrigeration processing equipment for freezing small-
scale products in a dense suspended layer using quick-freezing devices with fluidizing
devices. The task is to simplify the design, reduce energy consumption, improve the
stability of the layer of suspended frozen product, and increase the rate of heat transfer in
the fluidized bed and the performance of the freezing process as a whole.

The following positive effects are expected from the proposed method:
Reducing energy consumption for creating a pseudo-fluidizing layer, reducing the

time for the preliminary stage needed for creating an ice crust, and a more delicate pouring
of the product into a mesh drum until a protective ice crust has formed.

2. The Basic Part of the Study
2.1. Model Representation of the Problem and Its Solution

In this section, we present a model or algorithm for calculating energy costs for
fluidization and mechanical shaking.
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The calculation results will be compared. The comparison will show which method of
freezing is energetically more beneficial.

We determine the energy costs of fluidization and mechanical shaking.
To perform calculations, first of all, we determine the energy consumption for fluidiza-

tion using the Formula (1):
E f l = V·∆P·F, (1)

where
E f l—energy consumption for fluidization, W;
V—operating air velocity, m/s;
∆P—pressure drop when moving air through the fruit layer, Pa;
F—the cross-sectional area, m2.
The following quantities are unknown in Equation (1): pressure drop when air moves

through the fruit layer, air velocity, and cross-sectional area. Let us define them one
after another.

Therefore, the pressure drop in the layer is determined by Formula (2):

∆P =
(

ρ f − ρair

)
·g·(1− ε)·H, (2)

where
ρ f the density of the layer of fruits, kg/m3;
ρairair density, kg/m3;
εporosity of the fluidized bed;
Hlayer height, m.
Let us clarify the pressure drop in the layer. The pressure drop in the fluidized bed is

more specifically determined by the Ergan equation, taking into account the viscosity of
the liquid or gas phase and the equivalent diameter of the fruit. The pressure drop in the
layer according to the Ergan equation [31–33] is determined by the Formula (3):

∆P = 150· (1− ε)2

ε3 ·µ·V
d2

e
·H + 1.75

1− ε0

ε3
0
·
ρ f ·V2

de
·H, (3)

where
µthe viscosity of the liquid or gaseous phase, Pa·s;
de—the equivalent diameter of the fruit, m;
ρ f the density of the layer of fruits, kg/m3.
Now, let us start by determining the air speed. To determine the air speed, we first

find the Reynolds criterion and the Archimedes criterion using the criterion dependences
of O.M. Todes [34,35].

The Reynolds criterion is determined by Formula (4):

Re =
Ar

1400 + 5.22
√

Ar
, (4)

where
Re—Reynolds’ criterion;
Ar—Archimedes’ criterion.
However, to calculate the Reynolds criterion, you must first calculate the Archimedes

criterion. Archimedes’ criterion is determined by Formula (5):

Ar = g
d3

e
ν2 ·

ρ f − ρair

ρair
, (5)

where
g—acceleration of gravity, m/s2;
de—equivalent fruit diameter, m;
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νthe kinematic viscosity of the air, m2/s;
ρ f the fruitdensity, kg/m3.
ρairthe air density, kg/m3.
Taking into account Formulas (4) and (5), the air speed at the beginning of fluidization

is determined from expression (6):

V0 =
Re·µ

de·ρair
, (6)

where
V0the air velocity at the beginning of the fluidization, m/s,
µdynamic viscosity of air, Pa·s;
Operating air speed is determined by Formula (7):

V = 2·V0, (7)

where
Voperating air velocity, m/s.
To carry out calculations to determine the energy consumption for fluidization accord-

ing to Formula (1), it is necessary to carefully perform all calculations according to Formulas
(2)–(6). Then, substitute the found values of air velocity and pressure drop when air moves
through the fruit layer into Formula (1). One also needs to find out the cross-sectional area
of your equipment, according to the technical data sheet and also insert it into Formula (1).

At the second stage, determine the energy costs for the mechanical tossing of berries
or fruits.

The energy costs for mechanical tossing by a mesh conveyor, is determined by
Formula (8):

Em.con =
4·
(

Mm.con. + Mpr
)
·π2·n3·A2

10.2·g , (8)

where
Em.con.—the energy costs for mechanical tossing by a mesh conveyor, W;
Mm.con.the mass of the mesh conveyor, kg;
Mprthe mass of frozen product, kg;
n—oscillation frequency, 1/s;
A—oscillation amplitude, m.
We determine the mass of the mesh conveyor by the Formula (9):

Mm.con = 10·mg·zn.g., (9)

where
mg—the mass of one grid, kg;
zn.g.the number of grids in the mesh conveyor, pc.
Furthermore, the mass of frozen product is determined by Formula (10):

M f = ρpr·vpr, (10)

where
Mprthe mass of frozen product, kg;
ρprthe density of the layer of product, kg/m3;
vprvolume of the product, m3.
Then, the oscillation frequency of the mesh conveyor n, 1/s, is determined by Formula (11):

n =
1
20
·
√

10·j0
A

, (11)

where



Materials 2022, 15, 2412 5 of 16

nthe oscillation frequency of the mesh conveyor, 1/s;
j0optimum acceleration of the mesh conveyor, m/s2;
A—oscillation amplitude, m.
Finally, the amplitude of vibrations of the mesh conveyor A, m, is determined by

Formula (12):
A = e·k, (12)

where
Athe oscillation amplitude of the mesh conveyor, m;
eeccentricity, m, (e = (5... 10)·10−3 m);
kcoefficient taking into account the oscillations of the frame of the machine, depending

on the optimal acceleration of the mesh conveyor.
To carry out calculations to determine the energy consumption for mechanical tossing

according to Formula (8), it is necessary to carefully perform all calculations according to
Formulas (9)–(12). Then we substitute the found values into Formula (8). You also need to
find out the characteristics of your equipment according to the technical data sheet and
also insert them into the Formula (8).

Having carefully performed all the calculations according to Formulas (1)–(12), it is
possible to build graphs. Compare the results obtained and draw conclusions. Namely,
we will compare the results of calculating the energy consumption for fluidization and
mechanical throwing.

For example, in the results and discussion section, a comparison is made that will
show which method of freezing is energetically more beneficial.

Another of the main problems of the technology of freezing juicy food products, such
as sliced vegetables, berries, or fruits, is their adhesion during freezing. One of the steps to
solve this problem is to pre-freeze them to create a protective layer of ice on the surface of
the product pieces during freezing.

Pre-freezing is the process of lowering the temperature of products below cryoscopic,
in which partial crystallization of moisture in the surface layer occurs. That is, when
exposed to low temperature, ice formation occurs on the surface of the products; in our
case, this is a preliminary operation, preventing the juicy fruits, berries, and chopped
vegetables from sticking together. The product is placed in a fluidization freezer or a
mechanized small-piece freezing device that we designed, where the peripheral layer of
the product is frozen to a limited depth; and in the next stage, freezing is performed to the
temperature specified by the technology.

The model for freezing the product cube can be represented in the form of a schema
(Figure 1).

When pre-freezing a cube of small-piece product, the amount of heat that needs to
be removed through its faces is denoted by: dQx, dQy, dQz. Then, taking into account the
time of freezing, we obtain the equation:

dQx = qx·dy·dz·dτ,dQy = qx·dx·dz·dτ,dQz = qx·dy·dx·dτ, (13)

where
d—the projection of the heat flux density along the corresponding axis, J/(m2·s);
τ−the time of freezing, s.
The amount of heat allocated from the volume of the cube is found using the formula:

dQpr = −
(

∂qx

∂x
+

∂qy

∂y
+

∂qz

∂z

)
·dx·dy·dz·dτ, (14)

where
Qpr−the initial amount of heat in the product, J.
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Figure 1. Product cube freezing model: 1—frozen layer, 2—layer of the product that will be frozen,
and which has an initial temperature, 3—cooling air, 4—thermal insulation of a mechanized device
for small-piece freezing.

The amount of heat due to the specific heat contained in the cut element of vegetables
is found using Formula (15):

dQch = cpr·ppr
dt
dτ
·dvpr·dτ, (15)

where
Qch−the amount of heat due to the specific heat contained in the cut element of the

product, J;
cpr−the heat capacity of the product, J/(kg·K);
t —temperature in the product, K;
vpr−volume of the product, m3.
The boundary conditions for the case of freezing a cube of a juicy product in air can be

represented as (16):

λ

[
∂t(ε, τ)

dz

]
i.c.

+ α·[ti.c.·τi.c. − te·τe] + h·U(τ) = 0, (16)

where
λthe thermal conductivity of the product, W/(m·K);
α the heat transfer coefficient from the surface of the product, W/(m2·K);
ti.c. initial temperature in the product, K;
te the initial ambient temperature, K;
U(τ)the drying rate, kg/(m3·K);
h the specific heat of vaporization, J/kg.
To determine the temperature distribution over the thickness of the product cube and

the thickness of the frozen layer (δ), with specific heat removal (q) and freezing time (τ),
we apply the Laplace transform and obtain the solution for the original (17):

ti.c. − t(ε, τ) =
[
ti.c. +

ρ·U//

α − t(e)0
]
+

h·(U/−U//)
α ×

(
m
α ·R2· α·Rλ ·

ε
R

)
· exp(−m·τ)−

−
∞
∑

n=1
Ar,H

[
ti.c. +

h·U//

α − t(e)0 −
h·(U/−U//)

α × µ2
i.c.

m·R2−µ2
i.c.

]
×Φr,H ·

(
µi.c.· ε

R
)
·exp

(
−µ2

i.c.·
α·τ
R2

)
−

−
τ∫
0

t/
e (τ − θ)×

[
1−

∞
∑

n=1
Ar,H ·Φr,H

(
µi.c.· ε

R
)
× exp

(
−µ2

i.c.·
α

R2 ·θ
)]
·dθ

, (17)
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where
t(e)0 is the initial temperature of the cooling air, K.
For the case of a constant temperature of the cooling air and the absence of evaporation,

the temperature of the product cubes can be found by Formula (18):

t(ε,τ) − te

ti.c. − te
=

[
∞

∑
n=1

Ar,H ·Φr,H

(
µi.c.·

ε

R

)
· exp

(
−µ2

i.c.·F0

)]
, (18)

or using the Bio criterion, which takes into account the relationship between the transfer of
heat from the surface of the product to the heat sink medium and vice versa, we can use
the Formula (19):

t =
tct·(Bi + 2) + te·Bi

2·(Bi + 1)
, (19)

where
Bithe Bio criterion:

Bi =
α·δ
λpr

(20)

where
αthe heat transfer coefficient during freezing, W/(m2·K);
δhalf the thickness of the product, m;
λprthermal conductivity coefficient of the frozen product, W/(m·K);
tcttemperature in the center of the product, K;
tethe ambient temperature, K.
To determine the time τ of pre-freezing a layer of a certain thickness, we can use the

modified Planck formula [20] (21):

τ(∆) =
Φ·q·ρ·R2·w
λ·(tcr − tc)

×

( 1
Bi

+
Φ

2Φ− 1

)
·
(

1−
(

1− ∆
R

) 1
Φ
)
−

1−
(

1− ∆
R

)2

2·(2Φ− 1)

, (21)

where
∆—the thickness of the frozen layer of the product, m;
Φthe coefficient of the shape of the product;
qthe specific heat of crystallization of water, J/kg;
ρthe density of the product; kg/m3;
Rthe characteristic size of the product, m;
λthermal conductivity of the frozen part of the product, W/(m·K);
tcrthe ambient temperature of the refrigerant product, K;
wthe moisture content of the product, kg/kg.
To determine the thickness of the frozen layer during the preparation of chopped

cubes of vegetables, it is necessary to fulfill the condition that the amount of heat in the
cube body is less than the amount of heat required to melt the freezing layer.

The condition for creating a pre-freezing layer of sufficient thickness to prevent their
adhesion is written in the form of the heat balance, Equation (22):

Qi.c. −Qpre f r ≤ Qmlt, (22)

where
Qi.c.initial amount of heat in the product, J;
Qpre f ramount of heat in pre-freezing layer of product, J;
Qmltamount of heat to melt the frostbitten layer of product, J.
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Furthermore, the amount of heat of the previously frozen layer of the product is
determined by Formula (23):

Qpre f r = c f r·ρ f r·Vf r(ti.e. − tcr), (23)

where
c f r specific heat of the frozen product, kJ/(kg·K);
ρ f r density of the frozen product, kg/m3;
Vf r volume of frozen product, m3;
ti.e.initial temperature in the product, K;
tcrcryoscopic temperature of the product, K.
The amount of heat for melting the frozen layer of the product is determined by

Formula (24):
Qmlt = λpr·ρ f r·Vf r, (24)

where
λprspecific heat of fusion of the frozen product, kJ/kg.
In Formula (24), the volume of the frozen part of the fruit is unknown.
The volume of the frozen part of the product can be determined using the scheme

presented in Figure 1, according to the Formula (25):

Vf r = 2·L2
f r·δ f r + 2·L f r·

(
L f r − δ f r

)
·δ + 2·(L f r − 2·δ f r)

2·δ f r, (25)

where
L f rlinear cube size of the frozen portion of the product, m;
δ f rthickness of the pre-frozen layer of the product, m.
The volume of the non-frozen part of the product can be determined using the scheme

shown in Figure 1, according to the Formula (26):

Vn− f r = (L− 2·δ)3 (26)

Solving Equations (15), (18) and (22)–(26) together, with respect to the thickness of the
layer that we freeze, we find the layer thickness that ensures that the cube surface of the
frozen product does not thaw.

This value will ensure that the cubes are not frozen into a single block:

δ f r = f
(

ci.e., ρi.e., ti.e., tcr, c f r, ρ f r, L, λ, t(ε,τ)

)
(27)

For example the thermophysical characteristics of squash required for calculations are
given in Table 1.

2.2. Materials and Methods

The research method is based on an improved method for studying the process of
freezing juicy food products, such as sliced vegetables, berries, or fruits [15–17,28–37]. Two-
stage freezing was used with the formation of a frozen layer (ice crust), which prevented
the possible sticking of vegetable cubes when the internal moisture passed to the crystalline
structure. For the formation of an ice crust in the first stage, a vessel with liquid nitrogen
Kharkov-31 and a PPK-5 potentiometer were used. The juicy food products, such as
sliced vegetables, berries, or fruits, in the second stage were finally frozen in air in a
stationary refrigerating chamber, the temperature of which was maintained using two
FAL-56 refrigerators. The temperature at the center of the juicy foods, such as sliced
vegetables, berries, or fruits, was measured with a calibrated chromel-alumel thermocouple,
electromotive force, which is 8.3 mV/100 ◦C. Before freezing, the berries were initially
stored in a pre-cooling chamber at a temperature of 5–2 ◦C [28]. In a freezer with a
mesh conveyor, forced air circulation was provided at a speed of 1.0–2.5 m/s at a relative
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humidity (ϕ) of 88–93%. The temperature at which the adhesion of pieces of squash in one
block ceases was determined by the termination of the adhesion of a piece of product to
the strain gauge beam. Freezing was considered complete when the berries were frozen to
the full depth and reached a temperature of minus 20 ± 2 ◦C in the center of the berries.
At this temperature, protein denaturation is significantly reduced, which creates optimal
conditions for long-term storage [28].

Table 1. Thermophysical characteristics of squash.

Parameter Designation Meaning

Temperature, K:
initial ti.e., 298
cryoscopic tcr 272
freezing medium te. 233

Specific heat capacity, kJ/(m3·K):
at positive temperatures cp 3.8
at low temperatures cfr 2.3

Density, kg/m3:
at positive temperatures ρ 940
at low temperatures ρfr 700

Specific heat of fusion, kJ/kg λmlt 333
Coefficient of thermal conductivity, W/(m·K):

at positive temperatures λp 0.23
at cryoscopic temperature λcr 0.2
at low temperatures λfr 1.5

3. Results and Discussion

We will calculate the energy costs for creating a fluidized bed and for mechanical
tossing of frozen raspberries. We accept the air velocity V = 2.7–3.9 m/s; the pressure
drop when moving air through the layer of fruits ∆P = 919 Pa; cross-sectional area
F = 0.5 m2; density of the layer of fruits ρ f = 580 kg/m3; the fluidity of the fluidized
bed ε = 0.4 . . . 0.55; air density ρair = 1.42 kg/m3; layer height H = 0.1 . . . 0.27 m. The
graph in Figure 2 shows that the energy costs for creating a fluidized bed compared to the
mechanical shaking of frozen raspberries are 1.5–3.5 times greater.
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Figure 2. Dependence of energy E, (W) consumption on the cross-sectional area F, (m2) to create a
fluidized bed and mechanical shaking when freezing raspberries; 1—fluidized bed at V = 3.9 (m/s),
2—fluidized bed at V = 2.7 (m/s), 3—mechanical shaking.

Based on the results of the study, we received a patent for the cascade freezer that we
proposed [27]. A functional diagram of the cascade freezer is shown in Figure 3.
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Figure 3. Functional scheme of the cascade freezer; 1—download block, 2—thermally insulated
chamber, 3—a rotating hollow inclined drum made of mesh, 4—mesh conveyor, 5—unloading
window, 6—eccentric mechanism, 7—springs, 8—evaporator of the refrigeration unit, 9—fan, 10—
distribution channels of low temperature air.

The cascade freezer contains a download block, a thermally insulated chamber for
freezing products with a mesh conveyor connected to the evaporator of the refrigeration
unit through low-temperature air distribution channels, a fan, a mesh hollow rotating drum
is inclined in front of the mesh conveyor, and the mesh conveyor is made in the form of
vibratory conveyors with an eccentric mechanism and springs, while, at the outlet of the
chamber is unloading window. The cascade freezer uses the evaporator of the refrigeration
unit or stationary refrigerating chamber.

The application of the cascade freezer of the proposed design is as follows: In the
freezing shop, the heat-insulated chamber (2) is installed for freezing the products, at the
entrance to the chamber a download block (1) is installed; in the chamber (2), there is a
rotating hollow inclined drum made of mesh (3), a mesh conveyor (4) with an eccentric
mechanism (6), springs (7), and an unloading window (5). The chamber (2) is connected
to the evaporator (8) of the refrigeration unit through channels (10) for distribution of
low-temperature air and a fan (9) for supplying low-temperature air to the chamber (2).
The product to be frozen is continuously fed to the download block (1) into the mesh
hollow rotating drum (3), simultaneously turning on fan (9). The rotational motion and free
falling of the product begins, with vigorous heat exchange with low temperature air, which
causes the outer layer of the product to freeze. Next, the product is poured onto a mesh
conveyor (4), where, under the action of the eccentric mechanism (6) and the springs (7),
its vertical and horizontal movement begins and a fluidized bed is formed. The fan (9)
through the evaporator (8) of the refrigerating unit and the channels (10) for air distribution
supplies the cooled low-temperature air to the chamber (2). The air stream passes through
the mesh conveyor (4) and, finally, freezes the product in the fluidized bed. From the mesh
conveyor (4), the product is poured through an unloading window (5), from which it is fed
into the packaging machine (not shown).

The joint solution of Equations (22)–(27), taking into account a more detailed distribu-
tion of thermophysical parameters versus temperature, is presented in Table 2.

Solving Equations (13)–(27) together, we find a dependence of the thickness of the
frozen layer on the amount of heat removed during preliminary freezing. The data obtained
are presented to construct graphically the dependence of the thickness of the frozen layer
on the amount of heat (Figure 4).
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Table 2. Distribution of thermophysical parameters versus temperature.

Parameter
Temperature, K

273 268 263 258 253 248

The coefficient of thermal
conductivity, W/(m·K) 0.21 1.23 1.34 1.43 1.53 1.56

Specific heat capacity, kJ/(m3·K) 3.8 2.3 2.27 2.23 2.22 2.21
Density, kg/m3 940 870 836 821 770 700
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Figure 4. Dependence of the thickness (mm) of the frozen layer on the amount of heat (J) removed
during preliminary freezing, 1—experimental curve, 2—approximating curve.

As a result of processing of the experimental data, a semi-empirical dependence is
obtained, which is presented in the form of Formula (28):

Qpre. f r = −6.9e− 0.07·δ3 + 1.3e− 0.05·δ2 − 1.6e− 0.05δ + 13.3, (28)

where
Qpre. f r the amount of heat in the pre-frozen layer of the product, J;
δthe thickness of the frozen layer, mm.
The dependence of the thickness of the frozen layer on the amount of heat removed

during preliminary freezing has a cubic character.
Investigating the dependence of the thickness of the frozen layer on the amount of

heat removed during preliminary freezing to an extremum, it was found that the minimum
thickness of the pre-frozen layer, which ensures the absence of adhesion when freezing
chopped squash cubes into single block, lies in the range 0.4–0.9 mm.

Simultaneously, with the change in the phase state, namely, the freezing of the surface
of squash cubes, the adhesive properties of their surface decrease, which also reduces the
possibility of the sticking of squash cubes into one block.

It is rational to use a cascade device for freezing, as offered by us as one of the elements
of freezing lines for juicy fruit and vegetable products and sliced products.

In a cascade freezer, fruits or vegetables are continuously mixed. At the same time,
low-temperature air cools them to cryoscopic temperature, and then freezes the surface
layer. Due to this, the pieces cease to stick together. The frozen surface layer also protects
the fruit from damage, forming a protective coating.

Thus, the prepared product can be frozen in conventional refrigeration equipment.
As a result of the determination of the temperature at which the adhesion of pieces of

squash in one block ceases, the dependence was obtained (Figure 5).
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Figure 5. The dependence of the adhesion (Pa) of pieces of squash to each other on the temperature
(K) on their surface; 1—experimental curve, 2—approximating curve.

As a result of processing the experimental data, a semi-empirical dependence was
obtained, which is presented in the form of Formula (29):

Qpre. f r = 0.00011·T7 − 0.21·T6 + 1.7e + 0.02·T5 − 7.8e + 0.04·T4 + 2.1e− 0.03·T3 + 3.5e + 0.09·T2 + 3.2e + 0.11·T− 1.3e + 0.13 , (29)

where
Tcurrent temperature of the frozen product, K.
It can be seen from the graph that adhesion practically ceases at a temperature of

minus 3–5 ◦C. This fact provides additional information on the temperature sufficient for
preliminary freezing of the surface layer of squash cubes.

We also investigated the temperature change in the freezing of squash over time.
This data are necessary to determine the residence time of the product pieces in a cascade
freezer. The length of time the product slices are in the cascade freezer is determined by the
temperature change schedule.

This is equal to the time the sample needs to reach a temperature 2–3 degrees below
cryoscopic temperature.

In graph 7, the cryoscopic temperature is clearly visible as a direct horizontal isotherm.
For this, thermocouples were installed on the surface and at various depths from it,

up to the center of the sample, and the product was placed in a cooling medium.
In this experiment, thermocouples were installed on the surface and at different depths

from it, to the center of the sample, and the product was placed in a cooling medium. What
interests us in this case is precisely the temperature dependence of only the top layer when
freezing pieces of squash against time at the temperature of the freezer, which is presented
in the graph.

The results of the studies are presented in Figure 6.
As a result of processing the experimental data for freezing pieces of squash in air, a

semi-empirical dependence is obtained, which is presented in the form of Formula (30):

T = −8.5e− 0.14·τ7 + 8.6e− 0.11·τ6 − 3.4e− 0, 08·τ5 + 7.1e− 0.06·τ4 − 0.00081·τ3 + 0.052·τ2 − 1.8·τ + 3.002 (30)

where, τ—time, s.
It can be seen from the graph 6 that the period in our cascade device for freezing juicy

fruits, berries, or sliced vegetables lasts 5–10 min, until the formation of an ice crust on their
surface. Further freezing can be carried out in conventional refrigeration equipment.
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Figure 6. The temperature (K) dependence of the upper layer when freezing pieces of squash from time
(s), to the time at a freezer temperature of −25 ◦C; 1—experimental curve, 2—approximating curve.

The time in the cascade freezer for our juicy fruits, berries, or chopped vegetables
can be significantly reduced if other refrigerants are used instead of air. Therefore, we
investigated the freezing of juicy berries, fruits, and chopped vegetables in nitrogen vapors
and in liquid nitrogen. The results of the study are presented in Figure 7.
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2—freezing pieces of squash in liquid nitrogen.

As a result of processing the experimental data for freezing pieces of squash in nitrogen
vapor, a semi-empirical dependence was obtained, which is presented in the form of
Formula (31):

T = −5e− 0.06·τ4 + 6.9e− 0.05·τ3 − 0.0029·τ2 − 0.025·τ + 3.002 (31)

As a result of processing the experimental data for freezing pieces of squash in liquid
nitrogen, a semi-empirical dependence was obtained, which is presented in the form of
Formula (32):

T = −7.9e− 0.09·τ5 − 3.4e− 0.06·τ4 + 0.00054e− 0.04·τ3 − 0.04·τ2 − 0.15·τ + 3.002 (32)
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An analysis of the obtained formulas and graphs shows that the formation time of
the ice layer on the surface of the pieces in nitrogen vapors, which can be determined by
passing zero degrees and cryoscopic temperature, is two minutes; and even less in liquid
nitrogen, only 25–30 s.

4. Conclusions

Application of the cascade freezer of the proposed design, by installing a mesh hollow
rotating drum, and the implementation of a mesh conveyor in the form of a vibrating
conveyor with eccentric mechanism and springs, allows simplifying the design, reducing
energy consumption, improving the stability of the fluidized bed of the product being
frozen, and increasing the intensity of heat transfer in the fluidized bed and the performance
of the freezing process as a whole.

We presented a model or algorithm for calculating energy costs for fluidization and
mechanical throwing. A model for freezing the product cube was presented.

The energy costs for creating a fluidized bed compared to mechanical shaking during
freezing raspberries are 1.5–3.5-times higher.

This methodology for determining the energy cost criteria and the main design pa-
rameters of a cascade freezer can be used in future designs.

We offer a cascade freezer, as an option for improving the refrigerating process equip-
ment for freezing small-sized products in a dense fluidized bed, and which is of practical
importance and can be used in production.
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