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Bcmanogaeno, wo xoméinoeanuii cnocié none-
PeoHb020 0X0J100%CEHHS NIL00I6 GIOPIZHABCA BUCO-
K010 KOHCMAHmMoo weuoKoCni 3HUNCeHH inmen-
cuenocmi OUXanms ma mennosudijents i HU3bKUMU
empamamu macu. Ix xinvxicne snauenns sapirsa-
210 6 mexcax 6i0 0,005 % 0o 0,014 % 3anesxncro 6i0
6udy nnoodie. Ompumani pesyromamu 0arons 3mMo2yY
pexomendyeamu 0anuil Cnocié nonepeonbozo 0xo-
N100%CeHHA NI00I6 0N BUKOPUCMANHA Y 6UPOGHU-
YUX YMOBAX

Kntouosi caoea: nonepedne oxonoodvicenns,
anmuoxcudanmu, 2i0po0X0a00XHCeHH, THMEHCUG-
HicmMb OuxanHs, menaoeuoiienns niooie, empamu
Macu

[m, ]

Yemanoeaeno, wmo xoméunuposanmiii cnocood
npeodsapumenviozo 0XAaANCOEHU NJI0006 OMJU-
4AICA BBICOKOU KOHCMAHMOU CKOPOCMU CHUdNCe-
HUSL UHMEHCUBHOCIU ObIXAHUSL U MENI06bL0CICHUS
u HusKumMu nomepamu maccot. HUx xonuuwecmeen-
Hoe 3Havenue eapvuposao 6 npeoenax om 0,005 %
do 0,014 % e 3aeucumocmu om euda njodos.
Honyuennvie pesynvmamvl N0O360AAI0OM  PEKO-
Mendosamv Oanmblil CROCOO npedsapumenbHoz20
oxaxc0eHUst NI0008 011 UCNOTIL30BAHUSL 6 NPOU3-
600CMBEHHBIX YCNOBUAX

Kmiouesvie cnosa: npedsapumenviioe oxaasicoe-
Hue, aHmuoxcuoanmol, 2u0poxIaNcoenue, uHmen-
cuenocmv Ovixanus, menaosévioesenue nJoooe,
nomepu maccwt

u] =,

1. Introduction

Pome and stone fruits are considered to be indispensable
and important part of the high-quality, balanced diet of
a human [1]. They contain many useful substances which
possess dietary and medicinal properties. The main among
them are vitamins, phenolic compounds, sugars, organic
acids, microelements, enzymes and other biologically active
substances [2].

Today in Ukraine, the problem of establishing a balanced
diet and provision the population with fruits during the
whole year is not a lack of raw materials but the imperfect
technologies of its storage. Maximum preservation of food,
biological value, quality and harmlessness of fruit raw ma-
terials under modern manufacturing conditions may only
be achieved when using artificial cold. And the first stage
of using artificial cold in the technologies of fruits storage is
the pre-cooling.

Pre-cooling is the technological process of fast de-
crease in temperature from the initial to the temperature
of the further storage of fruit. The efficiency of pre-cool-
ing is associated with its significant positive influence on
the preserving factors of fruit raw materials. The faster
the temperature of the fruits after gathering is reduced,
the longer the period of storage will last and the higher is
quality [3, 4].
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The relevance of the research in this direction is due to the
lack of information on the impact of different ways and modes
of pre-cooling on the kinetics of main physical and physiologi-
cal processes that occur in fruit raw materials and are accom-
panied by deterioration of their quality and biological value.

2. Literature review and problem statement

The most important stage of the storage technology is the
pre-cooling of fruits [5—8]. Timely pre-cooling reduces inten-
sity of the fruit breathing, slows the rate of accumulation and
consumption of energy substances on the processes of vital
activity of plant tissues, which significantly delays the process
of ripening. Herewith the fruits organoleptic characteristics
are formed slower that determines consumer ripeness: color,
taste, flavor, their dense consistency and biological value are
maintained longer and better. Rapid temperature drop creates
unfavorable conditions for development of thermophilic and
mesophilic microorganisms, at the same time psycrophilic
microorganisms significantly reduce their activity [9, 10].

So, as a result of timely pre-cooling, the wastes from
microbial diseases, physiological disorders are significantly
reduced as well as the evaporation of moisture. At the same
time, the shelf-life of fruits with high nutrition value signifi-
cantly increases [11].




Technical and economic feasibility of pre-cooling is pre-
determined by simultaneous loading of the entire volume of
the chamber with cooled product that allows creating opti-
mal and stable temperature conditions from the first hours
of storage. Such loading of chambers requires less cooling
productivity of the equipment, and this, in its turn, has a
positive effect on economic indicators of storage [12].

Pre-cooling is performed by one of the following ways: cold
air in conventional storage chambers at relatively low speed
(up to 1 m/s) and multiplicity of air exchange (30—40 vol-
umes per hour); cold air in special chambers of intensive cooling
at relatively high speeds of air motion (up to 3—4 m/s) and
a large multiplicity of air exchange (60-120 or more vol-
umes per hour); cold water (hydro-cooling); in the isothermal
wagons or auto refrigerators [13].

Today the most common way of pre-cooling of fruits is con-
sidered to be cooling in conventional fruit storing chambers.

Its advantage without any doubt is the absence of reload-
ing the fruits from one chamber to another. But the signif-
icant disadvantage of this method is significant duration of
the process, especially for the batches of fruits of large size.
This reduces technological efficiency of pre-cooling signifi-
cantly and sometimes questions the appropriateness of its
conducting. In view of the foregoing, there is a technolog-
ical need for further study of existing methods of the fruit
pre-cooling before storing them for preservation.

On the other hand, it is stated in many scientific studied
[14—17] that traditional storage methods, based only on the
use of artificial cold, do not allow solving in full the problem
of long-term preservation of product quality. Low positive
temperatures do not totally slow redox processes and devel-
opment of pathogenic micro-organisms. Therefore, the effect
of low temperatures during storage in practice is increased
by other ways: the use of the modified external gas medi-
um — controlled and modified (CGE and MGE), ozonation,
ionizing radiation, etc.

Increasingly applied in the practice of storing is the
pre-treatment of fruit and vegetable products by antioxidant
substances [18, 19]. The treatment with antioxidant compo-
sitions can be performed in various ways: by spraying in the
garden or by irrigation or immersion on the line of preparation
the fruits for storage [20, 21]. In the course of conducting fur-
ther scientific research, the question arose about the possibil-
ity of combination of technological operations of treating the
fruits with antioxidant compositions and preliminary cooling.
This research is devoted to the solution of this problem.

3. The purpose and objectives of the study

The conducted studies set the goal of scientific substan-
tiation of expediency of combination of pre-cooling of fruits
and their treatment with antioxidant compositions before the
long-lasting storage, as well as setting the optimum conditions
and ways of performing the given technological operation.

To implement the set goal, it was necessary to solve the
following tasks:

— to determine experimentally duration of pre-cooling of
fruits in different ways;

— to explore and analyze the impact of different ways of
pre-cooling on the intensity of breathing and heat dissipa-
tion and loss of weight of the fruits;

— to determine the best method and the mode settings of
pre-cooling the fruits.

4. Materials and research methods of the process of
pre-cooling of fruits

The object of the study was the process of pre-cooling of
fruits such as apple, pear and plum. Technological process
was performed in experimental chambers of slow (Fig. 1)
and intensive cooling, as well as in baths filled with cooling
solution.

Fig. 1. Pre-cooling of apple fruit in the chambers of slow
cooling: a — external view of the chamber,
b — cooling of apples, ¢ — apples prepared for pre-cooling

The chambers of slow cooling are equipped with radiator
system with the natural movement of air, the chambers of
intensive cooling have air system, in which heat is fed by air
cooler by the forced air circulation.

The methodology of the experiment is described in de-
tail in the previous publication [22]. The intensity of the
breathing of fruits before and after cooling was determined
by standard methods [23].The weight loss — by the method
of fixed samples (Fig. 2) [23].

Fig. 2. Determining the weight loss of the fruits by
the method of fixed samples



In the analysis and processing of experimental data, the
methods of variation statistics were used, with the help of
the “MS Office Excel 2007” computer software, the “Statis-
tica 6” package and a personal computer.

5. Results of the research into the process of
the fruit pre-cooling

5. 1. Experimental determining of the duration of the
process of pre-cooling of fruits

Cooling of the fruits in a conventional storing chamber
proceeded rather slowly (Fig. 3).
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Fig. 3. Kinetics of the fruit cooling in a storing chamber

Thus, the duration of cooling of the batch of apple fruits
with the mean diameter 65 mm was 8 hours, the batch of pear
fruits of the mean diameter 70 mm amounted to 11 hours and
the plum fruits of the mean diameter 38 mm reached 5 hours.

It should be noted that the speed of cooling during the
first hour was almost the same for all types of fruits, as evi-
denced by the calculated velocity constants (Table 1).

Table 1

Velocity constants of the process of
cooling fruits in storing chambers

. . ) Velocity constants, k, min™!
Time of cooling, min - - -
apple fruits | pear fruits | plum fruits
0...60 -0,036 -0,035 —-0,036
from 61 Flll full 0,006 0,004 0,011
cooling

After the first hour of the cooling, the process proceeded
at a slower pace. The highest speed of temperature decrease
was displayed by the plum fruits, and minimal — by the pear
fruits. The calculated coefficient of correlation between the
largest transverse diameter of fruits and velocity constant of
the cooling process (r=—0.99+0.01) confirms the existence
of a close inverse dependence.

The kinetics of the fruits cooling in chambers of inten-
sive cooling was different (Fig. 4). Thus, general period of
cooling the apple and pear fruits to the temperature 0 °C
lasted about 2 hours, and that of the plum slightly exceeded
1 hour. The velocity constant of the cooling process under
these conditions was also much lower. Thus, for the apple
and pear fruits it was the same and equaled k=—0.025 min,
and for the plum fruits it was 1.6 times larger and equaled
k=0.041min"".

At the same time, the velocity constant of the process of
pre-cooling in the chambers of intensive cooling was high-

er than in the conventional storing chambers for the pear
fruits by 6.3 times, by 4.2 times — for the apple fruits and by
3.7 times — for the plum fruits.
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Fig. 4. Kinetics of fruits cooling in chambers of intensive cooling

In the study of the modes of the fruit pre-cooling by
the method of hydro-cooling, the AOC solutions were used
as the cooling medium. To set the optimal temperatures of
the working AOC solutions during cooling of the fruits we
identified their cryoscopic temperatures. Thus, the process
of formation of the DPM composition occurs in the tem-
perature range from 0.7 to minus 0.9 °C, the DL composi-
tion — from 0.6 to 0.1 °C and the AARL composition — at
0.3°C. The duration of crystallization of all working solu-
tions of antioxidant compositions is 2 hours. Therefore, for
pre-cooling the fruits, the temperature of working solutions
of 1.5+0.5 °C can be recommended.

Termograms of the fruit cooling in working solutions of
antioxidant compositions (Fig. 5-7) demonstrate similar
kinetics.

The total duration of cooling the apple and pear fruits
to the temperature of 1°C is about 3.5 hours, the plum
fruits — 1.5 hours.

The velocity constants of hydro-cooling process of the
apple and pear fruits in different antioxidant compositions did
not differ significantly and varied within —0,014...-0,016 min™
(Table 2), of the plum fruits was 2.3 times higher and amounted
t0 0.035 min™.

Analysis of the obtained data shows that the velocity
constant of the process of hydro-cooling the apple fruits
was larger than the velocity constant of cooling in storing
chambers by 2.5 times and lower than the velocity constant
of the intensive air cooling by 1.7 times. For the fruits of
other cultures, similar dynamics is characteristic with
the numeric values for pear — by 3.75 and 1.7 times, for
plum — by 3.2 and 1.2 times, respectively.

20 2

Temperaturein thefruit

-5 S0 100 ILH 200

Durationofcooling, min
—DL —AARL —DPM
Fig. 5. Kinetics of cooling of apple fruits in the solutions of
antioxidant compositions

Therefore, the most intensive way of pre-cooling is the
cooling by air at temperature — 2 ...—4 °C and the airflow
velocity of 3 m/s.
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Fig. 7. Kinetics of cooling of plum fruits in the solutions of
antioxidant compositions

Table 2

Velocity constants of the process of cooling fruits in
the solutions of antioxidant compositions

Velocity constants k, min*!
AOC
apple fruits pear fruits plum fruits
DL -0,015 -0,014 -0,034
AARL -0,016 -0,016 -0,036
DPM -0,015 -0,015 -0,034

3. 2. Study of the effect of the methods of preliminary
fruit cooling on the intensity of breathing and heat release

The difference in the speeds of cooling the fruits is di-
rectly related to the intensity of breathing. Thus, it is gener-
ally known that when breathing, not only COy and H5O are
released, but a large volume of energy, too. This is an addi-
tional heat load, which significantly slows down the process
of lowering the temperature. During cooling, the intensity of
breathing reduces, and, accordingly, the heat release of the
raw materials reduces as well.

The intensity of the fruits breathing before and after
pre-cooling, as well as the intensity of the heat release at
breathing, is shown in Table 3.

Table 3
Intensity of breathing and heat release of fruits during cooling
Intensity of breathing, mg CO/kg-hour Intensity of heat release, k] /kg-*C
Type of fruit Method of cooling
1* Q% 1 2
Slow 11,314%0,580 120,949
Intensive 4,792+0,406 51,227
Apple fruits DL 5,815+0,438 62,157
(average 19,622+0,893 209,763
2005-2006) AARL 5,805+0,327 62,059
DPM 5,712+0,445 61,059
Combined 4,881+0,456 52,178
Slow 14,484+0,852 154,837
Intensive 7,529+0,535 80,490
Pear fruits DL 8,602+0,195 91,957
(average 25,227+1,249 269,679
2002-2003) AARL 8,102+0,272 86,607
DPM 8,442+0,316 90,247
Combined 7,415%0,484 79,261
Slow 7,219%0,424 77,180
Intensive 4,385+0,522 46,879
Plum fruits DL 4,582%0,176 48,977
(average 27,785+0,706 297,023
2010-2011) AARL 4,782+0,128 51,114
DPM 5,057+0,249 54,057
Combined 4,389+0,376 46,917

Note: 1* — before cooling, 2* — after cooling



In this case, the intensity of the heat release of fruits was
calculated by the following formula:

Q=q,L )

where q, is the specific heat of breath, 10.69 k] on 1 g of COy;
I is the intensity of breathing of fruits, mg CO,/kg per hour.

The specific heat of breath was determined as follows: the
process of aerobic breathing simplistically can be described
by the equation:

CsH{2041+609 -6H,0+6C0O,+2824, kJ

Since the molecular weight of CO4 equals 44, then, by
the equation of the breathing process, 44-6=264 g of CO,
is released. Thus, 2824 k] of heat will be released at 264 g
of CO5 and 10.69 k] of heat will be released at 1 g of CO,.

The obtained data indicate the dependence of the intensi-
ty of breathing of the fruits while gathering on their generic
and varietal characteristics with substantial variability over
the years of studies. The largest intensity of breath was char-
acteristic of the plum fruits, somewhat less — pear fruits and
the minimum — apple fruits. The mean coefficient of variabil-
ity of this indicator equaled 24 %, with variation depending
on the species and varieties of fruit within 13 % (plum fruits,
variety Ugorka Italian) to 39 % (pear fruits, variety Cure).

According to this, the intensity of the heat release of the
plum fruits while gathering was maximum and amounted
to around 300 kJ/kg-°C, the pear fruits — 270 kJ/kg-°C, the
apple fruits — 210 kJ /kg-"C.

The correlation analysis revealed that the main weather
factor that has the most significant impact on the intensity of
breathing of fruits is the amount of active temperatures of the
last month of their formation. The defined correlation coeffi-
cients r equaled: for apples — 0.88%0.03, for pears — 0.02%0,92
and plums — 0.95+0.04.

Along with this, the velocity constant of reduction in
the intensity of breathing of the plum fruits was by 2.3 and
2.8 times larger than the apple and pear fruits, respectively
(Table 4). This means that, when cooling the plum fruits, ad-
ditional heat load from their breath is reduced significantly.

Table 4

Velocity constants of reduction in the intensity of fruits
breathing during cooling

.| Velocity constants in the pre-cooling methods, k min!
Type of fruit -
Slow | Intensive DL AARL | DPM
Apple fruits | —0,0043 | —0,0229 | —0,0131 | —0,0134 | —0,0132
Pear fruits | —0,0036 | —0,0238 | —0,0129 | —0,0154 | —0,0150
Plum fruits | —0,0101 | -0,0438 | —0,0361 | —0,0387 | —0,0355

Regarding the methods of cooling treatment, we deter-
mined that the maximum velocity constant was reached at
intensive cooling for all varieties of fruits, with exceeding
the velocity constant of slow cooling by 6.6 times for pear
fruits, by 5.3 times — for apple fruits and by 4.3 times — for
plum fruits. During hydro-cooling in the AOK solutions,
the speed of reduction in the intensity of breathing was
lower compared with the intensive by 1.6, 1.2 and 1.5 times,
respectively.

Thus, pre-cooling by intensive method promotes the
fastest decrease in the intensity of breathing and heat release
of fruits.

5. 3. Study of the effect of pre-treatment methods on
the weight loss of fruit raw materials

Significant technological indicator, which characterizes
changes in the quality of fruits after refrigeration treatment,
is the weight loss (Fig. 8).
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Fig. 8. Loss of weight of fruits at
different methodss of pre-cooling

Graphic image demonstrates that the loss of weight of
fruits during intensive cooling was maximal and varied in
the range from 0.56 % in pear fruits to 0.44 % for plum fruits.
During slow cooling in conventional refrigerating chambers,
the loss of weight of the fruits was lower for apples almost by
2 times, and for the pear and plum fruits — by around 3 times.

Thus, the high speed of the airflow intensifies the process
of fruit cooling. The result is the faster and efficient slow-
down of the breathing process. However, at the same time,
the natural loss of the fruit weight increases.

6. Discussion of the research results into methods and
operational parameters of preliminary cooling of fruits

During cooling the fruits in the AOC solutions, the loss
of weight of fruits was absent at all, and the speed and degree
of slowing down the processes of breathing conceded a little
to the intensive method.

With regard to this, the combined method was examined,
which implied pre-cooling of fruits first in the AOC working
solutions, then further cooling in the chambers of intensive
cooling. During further cooling, the drying process occurs
at the same time. In this case, the excess moisture that re-
mains after preliminary stage of the technological process is
removed from the surface of fruits instead of natural moisture.

The duration of phases 1 and 2 of the combined pre-cool-
ing of fruits was determined based on the speed of the
process of intensive and hydro-cooling. The speed of the
processes of lowering the temperature was defined by the
formula (2):

At
Y=tano=—o1j, 2
an A‘c 2)

where 9 is the speed of the cooling process, °C/min, tano. is
the tangent of the angle of inclination of the straight line or the
first derivative of the equation t=at+b, At is the difference
between the initial and final temperatures, °C, At is the time
difference, min.

The speed of the intensive cooling of apples amounted to
0.15°C/min, pear fruits — 0.16 °C/min, plum — 0.26 °C/min. The
speed of hydro-cooling equaled 0.099, 0.106 and 0.220 °C/min,
respectively.

Based on this, the following modes of the stages of com-
bined cooling were defined:



For the apple fruits: stage 1 — hydro-cooling in the AOC
solutions during 1 hour to the temperature 8.5 °C in the cen-
ter of the fruit, stage 2 — further cooling in the chamber of
intensive cooling for 50 minutes up to the temperature 1 °C
in the fruit center;

For the pear fruits: stage 1— hydro-cooling in the AOC
solutions during 1.5 hours to the temperature 9 °C in the
center of the fruit, stage 2 — further cooling in the chamber
of intensive cooling for 50 minutes to the temperature 1 °C
in the fruit center;

For the plum fruits: stage 1 — hydro-cooling in the AOC
solutions during 40 minutes to the temperature 9 °C in the
fruit center, stage 2 — further cooling in the chamber of in-
tensive cooling for 30 minutes to the temperature 1 °C in the
center of the fruit.

The loss of weight of fruits during combined method of
cooling varied within 0.005 % for plum fruits to 0.014 % — for
the apple and pear fruits. The velocity constant of the reduc-
tion in the intensity of breathing was 0.0245 min™! for the ap-
ple fruits, 0.0215 min"! — for the pear fruits and 0.045 min™
for the plum fruit, that is hardly different from the constant
at the intensive cooling.

Thus, the combined method of preliminary cooling is
the most suited for both mode parameters and technological
index of fruits quality.

7. Conclusions

1. The most intensive way of pre-cooling is the cooling
by air at temperature —2 ...—4 °C and airflow velocity 3 m/s.
Under such conditions, general period of cooling of apple
and pear fruits to the temperature 0 °C is about 2 hours and
slightly longer than 1 hour for the plum fruit.

2.1t was found that the cooling velocity constant of
reduction in the intensity of breathing and heat release of
fruits at the intensive cooling was larger than the velocity
constant of the analyzed indicators at during slow cooling by
4.3...6.6 times, and by 1.2...1.6 times during hydro-cooling
depending on the type of fruit. Along with this, high speed
of air motion increased the natural loss of weight of the fruits
during cooling. The quantitative value of this indicator
during intensive method was maximum and varied in the
range of 0.56 % for the pear fruits to 0.44 % for plum fruits.

3. Combined method, which implies initially the
pre-cooling in working solutions of antioxidant compo-
sitions and further cooling by the intensive method, was
characterized by high velocity constant of reduction in the
intensity of breathing and heat release of the fruits and low
level of the natural loss weight. In this case, the quantitative
value of the weight loss varied in the range from 0.005 % for
plum fruits to 0.014 % for the apple and pear fruits.
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