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MATHEMATICAL MODELING AND EXPERIMENTAL STUDIES
OF FREEZING DRYING OF BLACKCURRANT, BLUEBERRY, STRAWBERRY,
RASPBERRY AND SEA-BUCKTHORN BERRIES

KAPA KAPAKAT, KOKXUAEK, K¥NMbIHAW, TAHKYPAW XXOHE TEHI3 LUbIPFAHbI
XWOEKTEPIH M¥3OATbIN KENTIPY NMPOLUECIH MATEMATUKANBIK MOAENBLAOEY
XOHE 3KCNEPUMEHTTIK 3EPTTEY

MATEMATUYECKOE MOOEITMPOBAHUE U SKCNEPUMEHTAJIbHBIE
MCCNEOOBAHUA NPOLIECCA CYBJIIMMALIMOHHOM CYLUKU Aroa YEPHOU
CMOPOAUHbDI, HEPHUKW, KNYBHUKW, MAJNTMHbI 1 OBNENUXU

Annotation. The article presents a general solution for understanding changes in the moisture content
in blackcurrants, blueberries, strawberries, raspberries, and sea buckthorn berries. A model of the
experiment was built using the Box- Behnken method with coded values of shelf temperatures and drying
durations as input parameters during the sublimation process of berries. Output values of the obtained model
are consistent and appropriate to the experimental data.
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AHOamna. Makanala Kapakam, KOKXUOeK, KynrnbiHal, maHKypal >XoHe mMeHi3 WbipFaHak
XudekmepiHOeai binFandbibIKmbIH 632epyiHiH xannbl wewimi kepceminzeH. Cybnumayusi npouyeciHoe
cepe memriepamypachiHbiH Kipicrie napamempnepiHiH kodmarsnfaH MaHOepi MeH xudekmepdi kenmipy
y3aKmbifbl YCbiHbiiFaH bokc-beHkeH o0iciH KondaHa OmbIpbir, 3KcrepumeHm MoOersi xxacasbIHObI.
AmbIHFaH HOMUXXeiep 3KCrnepuMeHmmik Manimemmepae colikec kenedi.

Tylin ce3dep: xudekmep; kerimipy; cybnumayusi; eakyymoay.

AHHOMauusi. B cmambe u3n0XeHO nonydeHue obuweso peweHuss 80rnpoca U3MeHeHUsT co0epKaHUsi
sriaxHocmu 8 si200ax CMOPOOUHbI, 2071yOUKU, KilyOHUKU, MamuHbl U obnenuxu. bbina nocmpoeHa mModesib
aKcriepumeHma ¢ ucrosib3oeaHuem memoda Bokca-BaHkeHa ¢ KOOUPOBaHHbIMU 3HAYEHUSIMU 8800HbIX
napamempoe memrnepamypb! MOSI0K 8 npouecce cybnumauyuu U npodormKkUMenbHOCMU CyWwkKu $S200.
lMonyyeHHble pesynibmamel adeKkeamHbl IKCrepuMeHmMarnbHbIM OaHHbIM.

Knroyeenle crnoea: s5200bi; cywka; cybnumayusi; 8aKyymuposaHue.

Introduction. Fresh berries containing biologically active compounds are easily perishable
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under natural conditions. Drying is one of the most effective processing methods to extend the
shelf life of berries, while the nutrients and active components in them can be preserved to a larger
extent. However, the taste and texture of the final product significantly depend on the drying
methods used [1-3].

The drying process helps to preserve the quality of the product, enabling the production of
value-added products [4, 5].

Freeze drying is a relatively new technology in the field of food preservation. It was originally
developed for the pharmaceutical industry and drug drying. Simplified, freeze-drying is a process
that removes water through ice sublimation from a previously frozen product [6, 7].

Vacuum freeze-drying or lyophilization is characterized by a high speed of the drying process,
high oxygen deficiency, and low process temperature, which maintains the structural integrity
and preserves most of the original organoleptic properties of raw materials, including shape,
aroma, color, taste, texture, biological activity, nutritional value, vitamins and minerals.
Substances dissolved in water are deposited in the sublimation process, and inorganic salts
dissolved in water are uniformly present, which avoids the nutrient loss caused by the migration
of internal moisture to the surface, as observed in the conventional drying methods [8].

By keeping the product temperature lower than conventional drying methods and preventing
contact with air, vacuum drying reduces product oxidation. Vacuum drying is used for
dehydration of citrus juices, apple flakes, and various heat-sensitive products, where the
preservation of ascorbic acid is important [9].

Some studies have investigated the impact of freeze-drying on the active ingredients and
phytochemical composition of berries [10]. However, the efficiency of the drying process of
products depends on a set of parameters, including the sublimation vacuum drying time,
temperature conditions, and vacuum parameters. Therefore, it is important to experimentally
determine the complex effect of all parameters on the final product.

The study of drying parameters requires expensive laboratory and experimental work, as well
as a significant amount of time [11]. Ndisanze M. A. & Koca I. (2022) dried Tree Tomatoes using
350W, 500W, and 650W power outputs and then Freeze-Dried them to find the most appropriate
mathematical modeling among various expressions of the moisture ratio [12]. Mathematical
models are useful in optimizing drying conditions in addition, drying conditions and simulation
model parameters are interconnected [13, 14].

This work is devoted to the mathematical modeling of drying various types of berries through
sublimation.

Materials and methods of research. strawberries, raspberries, blackcurrants, sea buckthorn,
and blueberries. All samples of berries were harvested during the period of active vegetation and
fruiting period. A model of the experiment was built using the Box- Behnken method [15] with
coded values of shelf temperatures and drying durations in the process of berry sublimation as
input parameters.

Results and discussion. In order to obtain a general solution for changing the moisture content
in the berries of currant, blueberry, strawberry, raspberry and sea buckthorn, an experimental
model was built using the Box-Behnken method with coded values of temperature and drying
time as input parameters. The coded values of the model are given in Table 1.

Table 1. Coded values for sublimation temperature and time

Parameter
Time Actual 18 o'clock | 20 o'clock 22 o'clock
Encoded value -1 0 1
Temperature Factual 35°C 40°C 45°C | 50°C
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| | Encodedvalue | -1 | 0 | 1] 2

The results of empirical observations carried out in accordance with experience are shown in
Tables 2, 3, 4, 5, 6.

To obtain a descriptive model of the sublimation process for each berry, an analysis was
conducted by fitting empirical data into various types of equations. These equations included a
polynomial equation with multiple unknowns, a Lorentz plane curve, a Gaussian plane curve, and
a paraboloid plane equation (equations 1, 2, 3, 4, 5). It has been established that the process of
sublimation of currant and blueberry berries is best described by curves of the Gaussian plane, as
indicated by high coefficients of determination, which were 0.9413 and 0.8883 for currant and
blueberry, respectively (Figure 1, 2).

At the same time, changes in humidity observed in raspberries, strawberries, and sea buckthorn
depending on the temperature and drying time are best described by paraboloid planes. The
coefficients for the equations obtained in the course of the research were 0.9992, 0.9018, and
0.9696, respectively (Figures 3, 4, 5).

Blackcurrant

faishre sorbet, %

Figure 1. Graph of the equation describing the process of freeze-drying currant berries,
depending on the temperature and duration of the process

Currant:

((x—z7.4415))*(x—27.4415)) (y—18.7426)*(y—18.74—26))
Moisture content = 83’6706 *x e 13.7919 13.7919 3.0336 3.0336

Where: x — time in hours

y is the temperature of the shelves in degrees Celsius

e — Euler number, constant value

The topology of the regression equation indicates the natural dependence of sample moisture
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content on each parameter, with an increase to a maximum and a decrease to a minimum of a
function similar to a 3"-order sigmoid. It can be seen from the equation graph that drying below
42°C is impractical due to high humidity values. Determination is R?=0.9413, standard error of
predictions is 5.7495.
Table 2. Results of the ANOVA test for the regression equation
of the drying process of currant berries

ANOVA
D.F. SS MS
Regression 5 21220.2281 4244.0456
Residuals 7 231.4003 33.0572
Outcome 12 21451.6284 1787.6357
With correction to the average values of observations
D.F. SS MS F P
Regression 4 3709.3481 927.3370 28.0525 0.0002
Residuals 7 231.4003 33.0572
Outcome 11 3940.7484 358.2499
P<0.05
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Figure 2. Graph of the equation describing the process of freeze-drying of blueberries,
depending on the temperature and duration of the process

Blueberry:

((x—5.764-3))*(x—5.7643)) (y—18.9504)*(y—18.9504)
Moisture content = 7910.069 % e*\ 2.0870 2.0870 1.9621 1.9621

Where: x — time in hours

y is the temperature of the shelves in degrees Celsius

The topology of the regression equation indicates a natural dependence of the moisture content
of the samples depending on each parameter, with an increase to a maximum and a decrease to a
minimum of a function similar to a 3rd order sigmoid. However, as the drying time increases, the
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temperature dependence becomes linear. It can be seen from the graph of the equation that
durations shorter than 19 hours are impractical due to high humidity values below this limit. The
coefficient of determination of the regression equation is R2=0.8883, the standard prediction error
is 3.7511.

Table 3. Results of the ANOVA test for the regression equation
of the process of drying blueberries

ANOVA
D.F. SS MS
Regression 5 4407.0556 881.4111
Residuals 7 08.4973 14.0710
Outcome 12 4505.5529 375.4627
With correction to the average values of observations
D.F. SS MS F P
Regression 4 783.3255 195.8314 | 13.9173 | 0.0019
Residuals 7 98.4973 14.0710
Outcome 11 881.8228 80.1657
P<0.05
Strawbenmnry
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Figure 3. Graph of the equation describing the process of freeze-drying strawberries,

Strawberry:

Where: X —time in hours

depending on the temperature and duration of the process

Moisture content = 254.0158 — 0.2452x — 22.5156y + 0.0022x% + 0.5291y? (3)

y is the temperature of the shelves in degrees Celsius

The topology of the regression equation indicates that the equation takes on a leveled character,
which indicates that the humidity has come to equilibrium, which is especially noticeable in the
areas described, in terms of drying time, which is longer than 20.5 hours. Any drying parameters
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chosen within the time limits above 20.5 hours lead to the same, within the statistical error, the
final moisture values. Determination coefficient is R 2 =0.9992, standard prediction error is

0.1313.
Table 4. Results of the ANOVA test for the regression equation
of the process of drying strawberries
ANOVA

D.F. SS MS
Regression 5 1345.2496 269.0499
Residuals 7 0.1207 0.0172
Outcome 12 1345.3703 112.1142

With correction to the average values of observations

D.F. SS MS F P
Regression 5 71.9636 17.9909 1043.4548 <0.0001
Residuals 7 0.1207 0.0172
Outcome 12 72.0843 6.5531
P<0.05
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Figure 4. Graph of the equation describing the process of freeze-drying of raspberries,
depending on the temperature and duration of the process

Raspberries:

Moisture content = —20.2073 + 0.4605x + 2.5075y — 0.0065x? — 0.0712y
Where: x — time in hours
y is the temperature of the shelves in degrees Celsius

2

(4)
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The topology of the regression equation for the process of drying raspberries is leveled and
does not have significant topological features. This phenomenon indicates that any combination
of input parameters leads to the same, within the statistical error, values of the final moisture
content. Coefficient of determination is R?2=0.9018, standard error of prediction is 0.3362.

Table 5. Results of the ANOVA test for the regression equation
of the process of drying raspberries

ANOVA

D.F. SS MS
Regression 5 966.3510 193.2702
Residuals 7 0.7912 0.1130
Outcome 12 967.1422 80.5952

With correction to the average values of observations

D.F. SS MS F P
Regression 4 7.2678 1.8169 16.0745 0.0012
Residuals 7 0.7912 0.1130
Outcome 11 8.0590 0.7326

p=<0.05

Sea Buckthorn
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Figure 5. Graph of the equation describing the process of freeze-drying of sea buckthorn berries,
depending on the temperature and duration of the process

Sea buckthorn:

Moisture content = 88.0694 + 13.9011x — 20.7706y — 0.2106x% + 0.4309y2 (5)
Where: x — time in hours
y is the temperature of the shelves in degrees Celsius
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The topology of the regression equation has a natural character along the temperature axis, and
a linear dependence along the time axis, which indicates that the drying process of sea buckthorn
berries has a greater dependence on the drying temperature than on the drying time. Determination
coefficient is R 2=0.9696, standard prediction error is equal to 5.4951.

Table 6. Results of the ANOVA test for the regression equation
of the process of drying sea buckthorn berries

ANOVA

D.F. SS MS
Regression 5 36675.3738 7335.0748
Residuals 7 211.3705 30.1958
Outcome 12 36886.7443 3073.8954

With correction to the average values of observations

D.F. SS MS F P
Regression 6748.3294 1687.0824 55.8715 <0.0001
Residuals 7 211.3705 30.1958
Outcome 11 6959.6999 632.7
p=0.05

In further studies, the change in the limiting drying temperature and time was studied under

different pressure modes of the sublimation process (Figure 6-7).
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Figure 6 shows that the optimum temperature for the sublimation of berries is observed when
the pressure in the chamber ranges from 100-80 Pa. In Figure 7, the sublimation time decreases

Blackcurrant

Seabuckthorns

W 100-80 Pa

Blueberries

m 80-60 Pa

M 60-40 Pa

strawberries

Raspberries

Figure 6. Change in freeze drying temperature, depending on the vacuum
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as the pressure decreases to 60-40 Pa. Lowering the operating pressure in the sublimation chamber
tightens the operating conditions of vacuum pumps and results high energy costs, which
consequently leads to equipment wear.

1111
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Figure 7. Change in freeze-drying time, depending on the parameters of evacuation

As a result of the research, it was concluded that pressure reduction negatively affects the
quality of the finished product. The pressure of 100-80 Pa is optimal, at which the organoleptic
characteristics of the berries are preserved, and due to the low humidity, the berries can be stored
for a long time.

Conclusion. As a result of research, it was revealed that as pressure of sublimator decreases,
the temperature on the shelves increases, which, in turn, has a negative impact on the quality of
the final product. Additionally, experimental evidence reveals that lower pressure in the
sublimator results in a shorter drying time for the berries.

According to the conducted research, the optimal parameters of freeze-drying of black currant
berries, blueberries, strawberries, raspberries and sea buckthorn will be selected. In further
research, it is planned to continue mathematical modeling of the physio-chemical properties of
freeze-dried berries.
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