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Abstract: Low temperature preservation of perishable produce is a widespread technology of it's long-term
conservation, at the same time freezing of foods being an extremely power-consuming process. When developing low
temperature preservation technology it is important to aim both at retaining high quality of frozen food and improving
the energy efficiency of the processes. This article presents the results of research that explores the energy efficiency
when freezing the sea buckthorn (Hippophae rhamnoides) fruits in a fluidized bed quick freezer. The study offers a
method to calculate an amount of energy consumed in the freezing process of the sea buckthorn cultivars in an air-blast
quick freezer. It also outlines geometrical and mass parameters of the cultivars. The study simultaneously demonstrates
an air flow rates calculation for the sea buckthorn fruits fluidization to occur; defines the air circulation energy cost at a
velocity necessary for fluidization to be accomplished at different air temperatures, and calculates the energy
consumption to produce an artificial cold to ensure the required temperatures of heat transferring air. Further, the article
conducts an analysis of the overall interconnected factors that impact the berries freezing energy consumption. Based on
data obtained through research the authors reveal the energy efficient regimes of the sea buckthorn fruits low
temperature treatment in an air-blast quick freezer; types of refrigerating machines and refrigerant that would ensure the
less power consuming quick freezing of the sea buckthorn. The research used the species grown in Kemerovo region.

Keywords: Sea buckthorn, quick freezing, freezing technologies energy efficiency

DOI 10.21179/2308-4057-2016-1-110-120 Foods and Raw Materials, 2016, vol. 4, no. 1, pp. 110-120.

INTRODUCTION Formation of ice crystals accompanies the freezing

Nowadays, vitamin and mineral deficiency has
become one of the most common features in the
modern individual diet [1]. Fruits and berries are the
natural source of biologically active substances.
Entering the human body the substances reveal their
physiologically active properties. They have a
substantial effect on metabolism and organism vital
activity [2]. The sea buckthorn is known to be one of
the most valuable vitamin rich plants in the flora of
Russia. The sea buckthorn fruit accumulates a
significant amount (up to 350 mg%) of carotenoids, up
to 450 mg% of ascorbic acid, up to 165 mg% of
vitamin E, up to 0.8 mg% of folic acid, and also
vitamins B, F, and P. It contains up to 3.5% of sugars
and 3.2% of organic acids, oils, flavones, sterols,
minerals of iron, boron, manganese, etc. [3].

Freezing is considered to be one of the most efficient
food preservation methods. Frozen fruits and berries can
be stored for many months as the moisture transfers into
a solid state. Low temperatures and crystallization of
moisture contained in fruits and berries create
unfavorable conditions for the biochemical processes to
occur, and speed of the process decreases [4].

of product that contains moisture and destroys the
object’s structure. Both mechanical and osmotic factors
lead to the destruction. In the process of freezing,
crystals form outside cells, increase in size, and thus,
deform and rupture cell membranes. Besides, growth of
ice crystals found in intercellular space causes cell
moisture to diffuse though membrane, and cells
dehydrate.

The intensity and nature of changes occurring in the
product treated by the low temperature depend on the
conditions and parameters of the process, and the quality
characteristics of the object being treated. The
intensification of heat removal increases the amount of
crystallization clusters, which encourage the formation
of microcrystalline structure. Moreover, the higher the
intensiveness of heat transfer is, the smaller crystals in
the frozen product are [5]. The conditions provided,
crystalline structure will be more homogenous and ice
crystals will form both inside intercellular space and
inside the cells.

An increase in the quantity of heat removed during
fruit freezing can be achieved either through temperature
decrease in heat transfer medium or acceleration of its
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circulation. The first scenario is of an extensive nature
and can be attained at the expense of temperature
difference increase between object treated by low
temperature and heat removal medium. In the second
case, a change in the quantity of heat removed will be of
an intensive nature and accomplished at the expense of
heat transfer coefficient increase between refrigerated
object and refrigerating medium [6].

Intensification of heat transfer during fruit and berry
freezing causes growth in energy use in both scenarios.
The real processes use the combined effect of the two
above listed factors to intensify heat removal during
fruits and berries freezing.

Energy component in the cost of final product
prepared from fresh-frozen fruits and berries plays an
important role in the development of low temperature
processing technology. Hence, the relation between
temperature and convection factors becomes an essential
element in optimization of energy consumption during
low temperature treatment of fruits and berries.

The objective of this paper is to determine the low
temperature treatment regimes that would minimize the
amount of energy used in production of the quick frozen
sea buckthorn fruits.

OBJECTS AND METHODS OF STUDY

The sea buckthorn fruits were fast frozen in a quick
freezer, which is a mechanism providing high air
circulation velocity and temperatures required for the
low temperature treatment processes.

Fruits mass and volumetric characteristics are
necessary to determine parameters of air flow in the
freezer. Characteristics of fruits used in research are
shown in Table 1 for each cultivar.

Critical air flow velocity w’.. (m/s) characterizes the
onset of fluidization process [7].
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where d,, is the product’s equivalent diameter (m); v, is
the kinematic viscosity of air (m?s); Ar is the
Arckimedes number.
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where g is the gravitational acceleration (m/s%); Pors LPuir
are the product and air densities respectively (kg/m’).

Critical air velocity w”, (m/s) characterizes
the velocity of air medium when fruits can be blown
away [7].
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The sea buckthorn fruits freezing time was
calculated from the equation of Plank [8]:
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where @ is the heat transfer coefficient (W/(m* K));
Aris the heat transfer value of the frozen fruits portion
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(W/(m K)); p, is the frozen sea buckthorn fruits
density (kg/m’); gy is the heat of solidification (J/kg);
teryo 18 the sea buckthorn fruits cryoscopic temperature
(°C); t.ir 1s the air temperature (°C).

Heat removal is determined by the air condition and
air flow velocity depending on the product’s
geometrical parameters.

Heat transfer coefficient was calculated according
to the formula [9]:

a=Nu-2,/d, )
where A, is the air thermal conductivity; Nu is the
Nusselt number.

During the fluidization we use the following
empirical equation to determine Nusselt number [10]:

(6)

where Pr=c -t/ Aair 18 the Prandtl number; t4,,, Cair
are the air dynamic viscosity and specific heat
respectively; Re=w-d,,0u/ Hair1s the Reynolds number;
, p,ir are the air velocity and air density respectively.

The air mass mg;, (kg) and air volume V;, (m3)
required to freeze lkg of the sea buckthorn fruits are
determined from the formulas:

Nu=0.03-Pr'*-Re,

mair ZL’ (7)
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where 4# is the difference between the fruits enthalpies
before and after freezing (J);

®)

Quantity of heat removed from fruits A% equals the
quantity of heat transferred to air 4k, in refrigerated
volume.

Air heating At,;, during the sea buckthorn fruits
freezing determined according to the formula:

Vair:mair /pair-

)

where F), is the sea buckthorn fruits surface area (m?);
At, is the logarithmic mean difference between air
temperature and the temperature of the sea buckthorn
fruits being frozen (°C):

At =a 'Fpr At

Laira ~ Lain
At, = — =

cryo airl
In =222

(10)
[c)‘ya ~ Lo

here ¢, is the initial air temperature; #,;, is the final air
temperature, At,;, = ¢ —t4ir1-

The following formula determines consumption of
energy (L,, J) necessary to reach the required air
circulation velocity:

La:Vair'AP/ s (11)

where 77, is the fans performance factor; AP is the
aerodynamic resistance of quick freezer (Pa) [7].
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where Hy is the fluidized bed depth (m); G, is the
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mass; F, is the fluidized bed depth flow area of the

1-¢
Hf:H{l—;}
where Hy, & is the depth and porosity of the bed;
0.21
g:(wj is the porosity of the fluidized

product (m?).

Ar
bed.

(13)

The aerodynamic resistance of the tray (4P,):

AP,=13.72-w>~43.12:w + 119.36,

where w is the air flow velocity.
Aerodynamic resistance of air cooling agents
(4P,.) was calculated according to the formula:

AP,.=1.35-ARe " p;,- w7,

(14)

(15)

where A4 is the coefficient to account for the form

factors.

Aerodynamic resistance to air flow in the circuit of

quick freezer:

AP=(AP/+AP+AP,.)a,

where a =1.1 is the air friction coefficient.

Working substance of the refrigerating machine
removes heat from the low temperature treated object
and transfers it towards the surrounding environment.

(16)

This substance largely determines refrigerating system
efficiency [11].

The research studied the efficiency of artificial cold
production in one-, two-stage, and cascade refrigerating
machines, their operation based on Freons R-134a,
R-22, R-404a, R-23, R-717. Energy consumption was
measured in accordance with the work [12].

RESULTS AND DISCUSSION

Based on the experimental data shown in Table 1
and formulas 1+3 we obtained values of critical
velocities of the studied fruits. Fig. 1 displays the
results of the calculations.

Drawing from the calculations, velocities that allow
stable fluidization process to occur, range from 1.8 to
12 m/s. The velocity regime holds for the air
temperature -43+-13°C.

In accordance with formulas 4+6 the sea buckthorn
fruits freezing time was determined in relation to the
air velocity and temperature. Fig. 2 displays the results
of the calculations.

From formulas 7+16 we found energy inputs
required to circulate the air in quick freezer at variable
velocities and temperatures. Energy consumption
during the sea buckthorn fruits freezing determined
from initial temperature # = 10°C to #= -18°C. The
results are represented in Fig. 3.

Table 1. Mass and geometrical characteristics of the fruits by cultivars used in the research

Sea buckthorn Diameter of a Mass of a single | Product density, Bulk density, Bed porosit
cultivar single product, mm product kg/m’ kg/m’ P Y
Chuyskaya 10/12 0.6 943 662 0.301
Panteleevskaya 10/15 0.8 968 679 0.315
Dar Katuni 9/12 0.6 957 672 0.309
Maslyanichnaya 9/11 0.4 932 654 0.311
Zolotoy pochatok 11/11 0.7 960 674 0.310
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Fig. 1. Critical fluidization velocities dependence for the sea buckthorn fruits:

1 —“Zolotoy pochatok”; 2 — “Panteleevskaya”; 3 — “Chuyskaya”; 4 — “Dar Katuni; 5 — “Maslyanichnaya’

(a) initial fluidization velocity; (b) final fluidization velocity.
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Fig. 2. The sea buckthorn fruits freezing time in relation to the temperature of air medium and fluidization velocity.
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Fig. 3. Energy consumption (kJ/kg) to provide air flow in quick freezing machine to freeze 1kg of the sea buckthorn

fruits in relation to air velocity and temperature.

The sea buckthorn fruits have quite a significant
variability of air flow optimal velocity where energy
consumption for its circulation is minimal. The optimal
air velocity in the sea buckthorn freezing depends on
the fruit cultivars. The fruit has oblong shape. During
the freezing of the sea buckthorn cultivar “Zolotoy
pochatok™, its fruits having the least oblong shape, the
optimal velocity regime for fluidization range from 5 to
6 m/s. And to freeze the sea buckthorn cultivar
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“Panteleevskaya”, the fruits having the most oblong
shape, the optimal fluidization regime is a velocity of
approximately 2 m/s.

An increase in fluidization speed improves heat
transfer from the fruits being frozen and hence, reduces
the time of low temperature treatment and lowers
consumption of air needed to remove the heat from
freezing process. At the same time as the air flow
velocity increases in quick freezer, the aerodynamic
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losses rise proportionally to the square of velocity.
Thus, in the initial stage, an increase in air flow
velocity leads to the reduction of energy consumed
during product freezing. It occurs because energy used
for reduction related to the decrease in amount of air
consumed for freezing is more intensive than energy
input growth, necessary to overcome aerodynamic
resistances. Provided air velocity in quick freezer
increases  further, energy consumption growth
necessary to overcome dynamic resistance takes the
lead over the reduced amount of energy related to the
decrease in the required amount of circulating air;
therefore, total energy consumption for providing for

Refrigeration capacity required to freeze 1 kg of the
sea buckthorn fruits is calculated in relation to the air
temperature in quick freezer and the temperature of
surrounding air and is shown in Fig. 4.

The results outlined in Fig. 4 show that the
Refrigeration capacity required to freeze the fruits of
different cultivars varies insignificantly — not more
than 1.9%.

For comparative energy efficiency analysis of the
different refrigerating circuits we studied the cultivar
“Zolotoy pochatok™.

Fig. 5 shows the results obtained through the
comparative analysis of energy inputs to freeze the sea

air circulation drows buckthorn  fruits in  single-stage  compression
9 ' refrigerating machine.
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Fig. 4. Refrigeration capacity required to freeze 1 kg of the sea buckthorn fruits at temperature from 10°C to -18°C in
relation to the temperatures of surrounding air and the air in quick freezy; 15°C, 25°C, 35°C are the temperatures of

surrounding environment.
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Fig. 5. Energy inputs to freeze 1 kg of the sea buckthorn fruits in single-stage refrigerating machine.

It is not desirable to use Freon R-134a in single-
stage refrigerating machine because of excessive
energy consumption.

Values of energy consumed to produce artificial
cold with cooling unit temperature up to -25°C in
single-stage refrigerating machines working on R-22
and R-404a are close. Further decrease of air
temperature in quick freezer leads to a sharp rise in
energy consumption for the refrigerating machine
working on K-22. Single-stage refrigerating machine
working on Freon R-404a can be used to attain -30°C
temperature levels in quick freezer.
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Fig. 6 shows the results of the energy efficiency
analysis in relation to air temperatures in quick freezer
and surrounding environment air when two-stage
compression refrigerating machines used to freeze the
sea buckthorn fruits.

Drawing upon the obtained results, application of
Freon R-134a is not desirable for quick freezing in
two-stage refrigerating machines either. Energy inputs
are significantly higher compared to other refrigerants.

Energy efficiency of the refrigerating machines that
use R-717 u R-22 as refrigerants, are approximately
similar. Two-stage ammonia refrigerating machine has
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insignificant advantage over two-stage refrigerating
machine that works on R-22 within temperature range
up to -35°C. Having said that, the latter is more
efficient than ammonia refrigerating machine at the
temperatures lower than -35° C. However, Freon based
refrigerating machine has better performance and costs
less in comparison with ammonia refrigerating
machine. Hence, it appears to be more efficient to
utilize refrigerating machines using R-22 than
ammonia-based.

Energy efficiency rates of the R-404a two-stage
refrigerating machine are lower than those of the
refrigerating machines working on R-22 u R-717.

Calculations for the energy consumed by cascade
refrigerating machines to produce cold for quick
freezers are shown in Fig. 7.

From the all studied cold producing circuits the
cascade refrigerating machines perform best in terms of
energy efficiency. However, practical application of the
scheme is more complex.

With the volume refrigerated to attain temperatures
ranging to -30°C the amount of energy used by cascade
and two-stage refrigerating machines working on R-22,

R - 134a
500 \ \
NN\
on
= 400 NN\
=
=
g 300
> N 35
5 N
& 25
= 200 S 15
@)
100
-45 -40 -35 -30 -25 -20 -15
Air temperature in freezer, °C
R -404a
500 \
) N
~ >
= 400 ix
=) ~ N
£ N N
EJ \ ~ 35
< \\s 25
< 200
@) ~» 15
100
-45 -40 35 30 25 -20

Air temperature in freezer, °C

Fig. 6. Energy consumed to freeze 1 kg of the sea buckthorn fruits in two-stage refrigeration machine in relation to the

-15

vary insignificantly. Freezing and operational
performance of two-stage refrigerating machines being
more straightforward and reliable, their application
(with R-22) is advisable to the temperature values of -
30°C. To reach temperature levels lower than -30°C the
cascade refrigerating machines should be preferred.

Our study revealed that the highest energy efficiency
of quick freezing processes can be achieved with optimal
air velocity value that relate to geometrical and
thermophysical parameters of the objects being treated
by low temperatures. Change in the velocity of air
medium in quick freezers, both and increase and
decrease of the optimal values, causes energy cost of the
low temperature treatment process to rise.

The lower the air temperature in quick freezer is, the
higher heat transfer efficiency is. At the same time, it is
accompanied by growth in energy consumption towards
refrigerating machine drive. Fig. 8 shows the impact of
the combined actions of these two factors on energy
inputs required to freeze the sea buckthorn fruits.

Tables 2 and 3 offer the most efficient sea
buckthorn fruits freezing regimes, the cold supplied by
cascade and two-stage refrigerating machines.
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temperatures of air in quick freezing unit and surrounding environment.
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Fig. 7. Energy consumed to freeze 1kg of the sea buckthorn fruits in cascade refrigerating machine working on Freon
R-23 in the lower branch and R-22 in the upper branch of cascade for variable air temperatures in quick freezer and of

surrounding environment.

Table 2. Optimal freezing regimes (energy efficiency) for the fruits studied in quick freezing unit of cascade

refrigeration machine

Temperature of surrounding air, °C
Sea buckthom |15 | 25 30 [ 15 [ 25 35 [ 15| 25 35 [ 15 | 25 | 35
cultivar Air temper.ature in the Air flow velocity, m/s EEi%eZZﬁQ?F ?1?2 (oka Freezing time, s
machine, °C berries
Chuyskaya -39 -39 -39 4.4 4.4 44 | 410.1| 449.4| 493.6 | 6789|6789 | 678.9
Panteleevskaya -35 -35 -35 2.8 2.8 2.8 | 358.3| 395.5| 437.8 | 1321.6(1321.6 | 1321.6
Dar Katuni -39 -39 -39 2.8 2.8 2.8 | 392.4| 431.5| 4755 | 99599959 | 9959
Maslyanichnaya -39 -39 -39 44 44 44 | 418.4| 457.5| 501.5| 6244|6244 | 6244
Zolotoy pochatok | -39 -39 -39 52 52 52 | 412.8| 451.2| 4943 | 5932|5932 | 5932

Table 3. Optimal freezing regimes (energy efficiency) for the fruits studied in quick freezing unit of two-stage

refrigeration machine

Temperature of surrounding air, ° C

Seabuckthom | 15 | 25 | 30 15 | 25 [ 35 [ 15[ 25 | 35 |15 ] 25 | 35

cultivar Energg é::zsi'; I;iﬁf/ll(lg urng Freezing time, s Air velocity, m/s Air temperature, °C
Chuyskaya 4649 | 511.3 | 565.1 | 893.5 | 893.5| 893.5 | 4.4 | 44 44 | 31| -31 | -31
Panteleevskaya | 401.4 | 4472 | 500.4 | 1527.8 | 1527.8| 1527.8| 28 | 28 | 28 | =31 | -31 | -31
Dar Katuni 4403 | 486.5| 540.0 | 13132 | 13132 13132| 2.8 | 2.8 | 28 | -31 | -31 | -31
Maslyanichnaya | 4753 | 524.4 | 578.0 | 714.6 | 829.8| 8298 | 4.4 | 4.4 44 | 35| 31 | -31
Zolotoy pochatok | 471.6 | 516.9 | 569.4 | 780.0 | 780.0| 7800 | 52 | 52 | 52 | -31 | -31 | -31

Optimal sea buckthorn fruits freezing regimes
greatly vary depending on the cultivars. Presumably,
this can be explained with the significant differences in
geometrical parameters of fruits harvested from
different cultivars.

The least energy consuming regime for cascade
refrigerating machine appears to be freezers air
temperature of -39°C, and for two-stage refrigerating
machine it appears to be -31°C. The optimal air flow
velocity in quick freezer ranges from 2.8 m/s for the
fruits of cultivars “Dar Katuni” and “Panteleevskaya”
to 52 m/s for the fruits of cultivars “Zolotoy
pochatok”. The smaller air flow velocities correspond
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to the fruits with more oblong shape. The sea
buckthorn fruits freezing times in the most energy
efficient regime at the temperature of -39°C were
determined to range from 22 minutes for the cultivar
“Panteleevskaya” and 17 minutes for the cultivar “Dar
Katuni” to 10 minutes for the cultivar “Zolotoy
pochatok”. At temperature of -31°C the freezing time
will vary from 25 and 22 minutes (“Panteleevskaya”
and “Dar Katuni” respectively) to 12 minutes for the
cultivar “Zolotoy pochatok”. On average, in terms of
energy efficiency the use of cascade refrigerating
machine for the sea buckthorn fruits freezing is 13.8%
more productive when compared with two-stage
refrigerating machines.
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Fig. 8. Energy cost per unit (kJ/kg) in the process of freezing the sea buckthorn fruits of the cultivar “Panteleevskaya”
in quick freezer receiving cold from cascade (R-23/R-22) and two-stage (R-22) refrigerating machines.

CONCLUSION

Thus, the performed calculations and analysis of
the obtained data demonstrate that the use of cascade
refrigerating machine for the sea buckthorn fruits quick
freezing is significantly more energy efficient in
comparison with other types of refrigerating machines.
Moreover, sea buckthorn fruits quick freezing in the
freezers that receive cold from cascade machines
occurs under lower temperatures, which significantly
accelerates low temperature treatment process and
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hence, improves the quality properties of the frozen
fruit.

Cascade refrigerating machines has a higher price
tag than two-stage machines. Their assembly and
maintenance costs more, it requires more qualified staff
to service them. However, increase in the equipment
productivity due to the freezing time reduction and
lower energy inputs to their drive in cascade
refrigerating machines makes them more attractive
economically for quick freezing of fruits and berries.
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