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Abstract: Cheeses are analyzed as vacuum drying objects. An experimental vacuum drier and its elements are
schematized. The operating principle of the experimental setup is described. Moisture is demonstrated to be among
the most important components of cheese. The physicochemical composition of cheeses is considered. The forms and
energy of moisture binding in cheese are discussed. The hygroscopic and thermophysical properties of cheeses are
reported. The kinetics of the vacuum drying of cheeses has been investigated. The vacuum drying of cheeses includes
two stages: the drying rate is constant at the first stage and decreases at the second stage. The temperature curves of
cheeses have been plotted in the temperature—moisture weight fraction coordinates. Drying curves in the heat load—
time, temperature—time, and moisture weight fraction—time coordinates have been obtained and analyzed for various
cheeses. Cheese drying rate curves have been constructed by graphical differentiation. The maximum cheese drying
rates have been determined. Equilibrium moisture content values for cheese drying have been found. The cheese
shrinkage ratio has been correlated with the thickness of the cheese bed being dried and with the shape and size of
cheese pieces. Cheese shrinkage at both stages of vacuum drying proceeds uniformly. Raising the drying temperature
above the prescribed temperature reduces the shrinkage ratio.
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INTRODUCTION

When considering cheese as a vacuum drying
object, note that the variation of the properties of
cheese during drying depends on the physicochemical
properties, structure, and binding forms of moisture in
the material and on the thermophysical characteristics
of the cheese, including specific features of mass and
energy transfer. The basic structural elements of cheese
are macrograins, interlayers between macrograins,
microvoids, and micrograins. The main element of
each macrograin is a protein network, whose cells
contain numerous included micrograins as fat drops,
lipoid drops, and crystals.

The passage of fat from milk into cheese depends
on many factors. Other conditions being equal,
medium-size fat globules primarily pass into cheese,
followed by small and large ones [1, 2]. Milk fat is
viewed as the most valuable constituent of milk, even
though milk proteins are still more valuable from the
standpoint of nutrition physiology. The following four
factors contribute to the particular significance of milk
fat in milk and dairy products: economic attractiveness,
nutritional value, taste, and the physical properties of
dairy products that are due to the presence of fat [3].

During cheese ripening, all cheese components
undergo profound changes and, as a result, the given
cheese brand acquires its characteristic texture and
pattern [4].

The moisture content of cheese depends on
processing conditions, namely, renneting temperature
and time, second-heating temperature, partial salting of
cheese curds, water addition in the second heating, and
cheese curds processing time. As the curdling
temperature and second-heating temperature are
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decreased, the moisture capacity of the cheese curds
and the water content of the finished product increase.
As the temperature is raised, the water content of the
cheese decreases. Moisture is lost at the salting stage
due to osmotic water transfer and at the ripening stage
via evaporation. The intensity of the microbiological
and biochemical processes occurring in a cheese
depends on the initial moisture content of the cheese
after pressing [4, 5].

For most hard and semihard cheeses, the weight
fraction of fat in dry matter is 45-50% and the weight
fraction of moisture is 40—44%.

Fat in cheese is mainly in the form of micrograins
10-15 pm in diameter. There are also larger fat
inclusions, which are referred to as fat drops and are
uniformly distributed throughout the cheese bulk. The
fat drops and lipoid micrograins in cheese are milk fat
destabilized during cheese making and ripening. This is
true because, above 20°C, cheese fat can melt out of
cheese curd, and this is the main obstacle in thermal
cheese dehydration.

OBJECTS AND METHODS OF THE STUDY

The objects of our study were the Sovetskii,
Shveitsarskii, Altaiskii, Gornyi, Moskovskii,
Gollandskii, Kostromskoi, Poshekhonskii, Yaros-
lavskii, and Ozernyi brands of cheese. The study was
carried out using standard, commonly accepted, and
modified physicochemical, rheological, microbiolo-
gical, and biochemical methods.

The drying techniques and drier designs employed
in cheese making are very diverse. First of all, any
drier design should ensure uniform heating and drying
of the product and reliable control of its temperature
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and moisture content. The driers should have a
sufficiently high output capacity, but at the same time
they should be economical in terms of heat and
electricity requirements and should be metal-intensive
to the least possible extent. Present-day driers should
be multipurpose, capable of drying various materials
[6, 7].

Only a few types and sizes of driers are
manufactured at present. Many of the various driers
operated by cheese makers are single-copy models
designed by the manufacturer itself or, much more
frequently, by a branch research institute or education
institution, and many have been purchased from
foreign companies.

Drier designers should take into consideration that
drying is a unit operation involved in manufacturing, so
the design of the apparatus should ensure establishing
optimal processing conditions and obtaining a high-
quality dry product. Although each product as an object
of drying has its specific properties, for organizing full-
scale drier production at machine-building plants it is
rational to develop versatile apparatuses intended for a
group of similar materials and fitted with up-to-date
automated monitoring and process control systems
[8-101].

When selecting a rational drier design and drying
method, one should be guided by the following
requirements:

— high quality indexes of the product (reconsti-
tutability, unaffected odor);

— minimum heat, steam, air, and electric power
consumption per kilogram of moisture evaporated or
per ton of finished product;

— high process intensity minimizing the dimensions of
the apparatus (in terms of the amount of water removed
from 1 m’ of the apparatus volume or 1 m® of the
working area);

— maximum possible automatability and mecha-
nizability of the drying process.

In all cases, it is necessary to thoroughly study the
effects of the main parameters of the drying agent and
the material to be dried on the dehydration process. In
particular, it is necessary to understand whether it is
possible to increase the drying temperature, the air flow
rate, and the relative humidity of the air and to use
oscillating drying modes, combined heat supply and
drying methods, and feedstock pretreatment. It is also
necessary to take care of the chemical composition of
the finished product (retention of vitamins, proteins,
and fat) [11-14].

Taking the aforesaid into account, we designed the
cheese vacuum drying unit schematized in Fig. 1.

This drying unit is versatile and can be employed in
the drying of practically any feedstock of vegetable and
animal origins. The drying chamber 2, shown in Fig. 2,
is a horizontal cylinder with a wall thickness of 15 mm,
an inner diameter of 290 mm, and a length of 530 mm.

The chamber is heat-insulated from the outside to
prevent heat dissipation to the environment. The heat-
insulating material is sheet Termafleks, whose heat
transfer coefficient is below 0.034 W/(m” K) at 25°C
(RF State Standard GOST 7076-99). One end of the
chamber is convex; it is made from steel, like the
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cylindrical part of the chamber, and welded to the
latter. The second end is removable, made from a 40-
mm-thick organic glass sheet.

L
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Fig. 1. Schematic of the experimental vacuum drier:
(1) vacuum pump, (2) vacuum drying chamber,

(3) compressor, (4) condenser, (5) liquid separator,
(6) desublimator, (7) receiver, (8) vacuum gage, and
(9) thermal expansion valve.
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Fig. 2. Drying chamber: (/) body, (2) heat insulation,
(3) heaters, (4) balance, (5) vacuum-tight rubber,
(6) organic glass, (7) sealing ring, and (&) product.

The heat supply system should ensure uniform
heating of the product being dried. The heaters should
allow the applied power to be regulated and should
have a low thermal inertia. The sources of heat in the
unit are two KGT 220-1000 infrared lamps 3, each
having a power of 1 kW. The IR heaters are in the
upper and lower parts of the chamber, 50-70 mm away
from the pan on which product &8 is placed.
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The design of the vacuum chamber allows the
distance between the product pan and the heaters to be
varied. The product bed is heated by IR radiation
pulses to the preset temperature. A specific feature of
the IR lamps is their low thermal inertia. This feature
enables one to fairly precisely maintain the necessary
temperature during vacuum drying. In the lower part of
the drying chamber, there is a pipeline connecting the
chamber with a desublimator. The desublimator is a shell-
and-coil, in-tube boiling, heat exchanger serving as the
evaporator in the refrigeration unit shown in Fig. 3.

UL L
U

Fig. 3. Schematic of the desublimator: (/) vacuum
chamber, (2) desublimator, (3) evaporator coil, and
(4) vacuum pump.

The desublimator is intended for removing, from
the vacuum chamber, the water vapor released by the
product being dried. The cold surface of the coil
condenses the moisture removed from the product,
intensifying the drying process by generating a water
vapor partial pressure drop between the drying
chamber and the condenser. This difference between
the partial pressures makes the vapor move from the
product to the evaporator surface. Throughout the
drying process, the moisture evaporated from the
product freezes progressively on the coil surface. In the
lower part of the desublimator, there is a valve for
unsealing the system and for removing the ice that will
have frozen on the evaporator surface by the
completion of the drying process.

The vacuum in the system is maintained with a
2TW-1C two-stage vacuum pump. The evaporated
moisture and noncondensable gases are removed in the
following way: the moisture evaporated from the
product moves through a pipeline to the desublimator,
where it passes through the evaporator and freezes on
its surface; the wunfrozen water vapor and
noncondensable gases are pumped out by the vacuum
pump and are discharged into the environment.

A block diagram of the control and measurement
system of the vacuum drying unit is presented in Fig. 4.
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Fig. 4. Block diagram of the experimental bench:

(1) vacuum chamber, (2) pan, (3) material being dried,
(4) IR heaters, (5) interface block, (6) PC,

(7) condenser, (8) vacuum pump, (9) microcontroller,
(10) PC interface, (/1) executor control unit,

(12) analog-to-digital converter, (/3) pressure sensor,
(14) temperature sensor, and (/5) load cell.

The drying parameters and algorithm are set by the
researcher from the console of PC 6 and are input in
the interface block 5 through an RS 232 serial port. The
interface block 5 consists of a microcontroller 9
controlling the operation of the measurement unit, a
data exchange interface 10 between the microcontroller
and the PC, an executor control circuit 11, and an
analog-to-digital converter circuit 12. The signal from
the executor control block 11 is directed through a
control bus to the heaters 4 and vacuum pump 8 for
maintaining the preset temperature, heat load, and
residual pressure.

The weight of the material being dried is monitored
using an electronic load cell (strain gage) 15 mounted
inside the drying chamber, and the residual pressure in
the system is measured with a pressure sensor 13. The
temperature sensors 14 are used to monitor the
temperature inside the chamber, in the cheese bulk, and
on the cheese surface. The amount of heat supplied by
the IR heaters is also recorded. The temperature and
pressure, and weight sensors are connected with the PC
through the interface block. The signals received from
the temperature and pressure sensors and load cell
(strain gage), which are proportional to the change in
the corresponding process parameters, are digitized by
the analog-to-digital converter 12 and are input into the
PC to be stored and processed.

RESULTS AND DISCUSSION

Moisture is among the most important components
of cheese. The moisture content of cheese has an effect
on the ripening process, cheese structure, and the
thermophysical properties of cheese. We quantified
different forms of moisture and their bonding energies
in some cheeses (Tables 1, 2).
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Table 1. Amounts of different forms of moisture in cheeses, %

Physicochemical binding PhySl%?:lﬁizamcal
Cheese brand adsorbed moisture osmotically bound wetting moisture and
monomolecular polymolecular moisture and macrocapillary
adsorption adsorption microcapillary moisture moisture
Sovetskii 7.0 11.0 12.0 10.0
Gollandskii 5.0 8.0 19.0 12.0
Ozernyi 4.0 6.0 21.0 17.0
Table 2. Moisture binding energies in cheeses 107, J/kg
Moisture—material binding form Soverskii | ggfas; dbslifirild | Ozernyi
Physicochemical binding
Monomolecular adsorption 4.20-2.70 3.90-2.50 3.40-2.50
Polymolecular adsorption 2.20-0.50 2.30-0.70 2.20-0.70
Osmotically bound moisture 0.45-0.12 0.65-0.10 0.60-0.10
Physicomechanical binding

Microcapillaries 0.45-0.12 0.65-0.10 0.60-0.10
Wetting and macrocapillary moisture <0.10 <0.10 <0.10

The total weight fraction of moisture is 40% in So-
vetskii cheese, 44% in Gollandskii, and 48% in Ozer-
nyi. Sovetskii cheese has the largest proportion of
bound moisture, specifically 18.0%; the bound water
content of Gollandskii is 13.0%, and that of Ozernyi is
10.0%. Sovetskii cheese, which contains the smallest
total amount of moisture among the three cheeses con-
sidered, contains the largest proportion of bound mois-
ture. The proportion of high-energy bonds in cheeses
depends on the production technology and on the ri-
pening time. P.F. Krasheninin and V.P Tabachnikov
established that cheeses gain water-holding capacity as
they ripen. That is, in the first approximation, the ri-
pening time can be viewed as a factor in the amount of
bound water in cheese: the longer the ripening process,
the higher the bound water content of the cheese. This
correlation is in full agreement with our data.

Our studies demonstrated that the forms of bound
moisture differ in their energetic characteristics and, on
passing from free moisture (wetting and macrocapillary

Table 3. Hygroscopic properties of cheeses

moisture) to bound moisture (mono- and polymolecular
adsorption), the moisture—dry cheese matter binding
energy increases markedly. The binding energy
(x107°, J/kg) is <0.10 for wetting and macrocapillary
moisture, 0.45-0.12 for osmotically bound and micro-
capillary moisture, 2.30-0.50 for polymolecularly ad-
sorbed moisture, and 4.20-2.50 for monomolecularly
adsorbed moisture. Therefore, monomolecularly and
polymolecularly adsorbed moisture is most strongly
bound owing to its highest binding energy. In view of
this, monomolecularly adsorbed moisture is the main
index of the hydration of cheese components and is
essential for dried foods to be reconstitutable.

Dry foods are known to absorb water from ambient
air during storage until they come to the equilibrium
state. The equilibrium moisture content of dairy prod-
ucts has been investigated by R.I. Ramanauskas.

We studied the hygroscopic properties of a number
of cheeses (Table 3).

Relative air humidity, %

‘ 10 ‘ 20 ‘ 30 ‘ 40

‘ 50 ‘ 60 ‘ 70 ‘ 80 ‘ 90

Sovetskii cheese

Equilibrium moisture content, %

7.0 ‘ 10.0 ‘ 11.5 ‘ 13.5 ‘ 15.5 ‘ 17.5 ‘ 19.5 ‘ 22.0 ‘ 26.5

Gollandskii cheese

Equilibrium moisture content, %

5.0 ‘ 6.5 ‘ 8.0 ‘ 9.5 ‘ 11.0 ‘ 13.0 ‘ 17.0 ‘ 25.0 ‘ 33.0

Ozernyi cheese

Equilibrium moisture content, %

41)‘ 5.0 ‘ 6.0 ‘ 7.0 ‘ 8.0 ‘ 10.0 ‘ 15.0 ‘ 22.0 ‘ 31.0
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The equilibrium moisture content of cheese de-
creases with a decreasing relative humidity of ambient
air. As the equilibrium air humidity decreases, the
energy of binding between moisture and the dry matter
of the product increases.

Table 4 lists thermophysical characteristics of
cheeses. In order to find appropriate drying conditions
for any product, including cheese, it is necessary to
know not only its physicochemical properties, but also
its thermophysical characteristics. Knowledge of ther-
mophysical characteristics is essential for finding both

Table 4. Thermophysical properties of cheeses

processing conditions and technological parameters.
When choosing processing conditions (temperature,
heat flux density, and residual pressure), it is necessary
to know the heat capacity and thermal diffusivity of the
product for gaining insight into the temperature profile
across the bed and into the temperature variation rate.
In the determination of technological parameters
(thickness of the bed to be dried and degree of commi-
nution), it is necessary to know the heat conductivity of
the product, because the optimum thickness of the bed
being dried depends on this property.

Thermophysical property
.. . thermal
Cheese . 3 heat conductivity. eat capacity. o e
density, kg/m ’ ’ diffusivity,
W/(m K) J/(kg K) 10° ml/s
Sovetskii 1070 0.34 2570 0.135
Gollandskii 1060 0.35 2530 0.133
Ozernyi 1040 0.35 2540 0.132

Drying kinetics is commonly understood as the var-
iation of the volume-average moisture content of the
material being dried () and its temperature () with
time . The drying process is most precisely described
by drying curves in the time—moisture content coordi-
nates, by drying rate curves in the moisture content—
drying rate coordinates, and by temperature curves in
the moisture content—material temperature coordinates.
The performances of driers differing in output capacity
cannot be compared in terms of material weight varia-
tion during drying. This is done by plotting the mois-
ture content of the material versus time (¢ versus T
curves).

Data required for constructing these curves are
usually obtained in the laboratory by recording the
weight and temperature of the material during its dry-
ing. Here, drying is commonly carried out using hot air
under fixed conditions. For vacuum drying, fixed con-
ditions mean a constant material temperature and resi-
dual pressure. Naturally, the laboratory measurements
need to be corrected prior to be carried over to the in-
dustrial process, in which drying is typically conducted
under variable conditions. The time variation of the
volume-average moisture content of the material, ¢ =
f(1), is graphically represented as the so-called drying
curve. In the general case, the drying curve consists of
several segments corresponding to different drying
stages. Fi-gure 5 shows vacuum drying curves (heat
load versus time, temperature versus time, and mois-
ture weight fraction versus time) for Shveitsarskii
cheese.

For 9-15 min, until the preset residual pressure
(2-3 kPa) is reached, no heat is supplied from the hea-
ters (Fig. 5a) and the cheese temperature decreases
from 17-15 to 12-10°C.

This decrease in temperature is due to the intensive
evaporation of moisture from the cheese surface. The
decrease in the moisture weight fraction during the
period of time required to bring the drier to the preset
operating conditions is 2-3%. The segment A—B indi-
cates the time required to reach the preset residual
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pressure (2—3 kPa). This period is followed by the first
drying period, specifically, the constant-rate drying
period, represented by the segment B-K; of the mois-
ture weight fraction curve. In the first period, the mois-
ture weight fraction decreases at a practically constant
rate; that is, equal amounts of moisture are removed in
equal periods of time.

The cheese temperature increases owing to the heat
supplied from the heaters. The cheese temperature in
the first period reaches the preset value and is main-
tained at this level (Fig. 5b). By the end of the first
period, the temperature distribution in the bulk of the
cheese being dried becomes uniform. The heat load at
the beginning of the first period has the maximum al-
lowable value. Once the cheese has reached the preset
temperature, the heat load is reduced. This decrease in
heat load is necessary to prevent the cheese drying
temperature from exceeding the preset value.

In the first drying period, the amount of moisture
removed from the cheese is the largest. In this period,
the moisture weight fraction decreases by 24% in
Shveitsarskii cheese, by 23% in Gollandskii cheese,
and by 34% in Poshekhonskii cheese. The duration of
the first drying period is 74 min for Shveitsarskii
cheese, 83 min for Gollanskii cheese, 92 min for Ko-
stromskoi cheese, and 80 min for Poshekhonskii
cheese. The constant drying rate period lasts until the
first critical moisture content point. The point K; in the
moisture weight fraction versus time curve indicates
the instant the straight line BK; turns into the K;C
curve. The critical moisture content point is the boun-
dary between the constant drying (first) period and the
decreasing drying rate (second) period.

In the constant drying rate period, the intensity of
the process is determined only by the parameters of the
drying agent and is independent of the moisture content
(moisture weight fraction) and physicochemical pro-
perties of the material. At a certain value of the mois-
ture weight fraction, the moisture removal rate starts
decreasing and the second, decreasing drying rate pe-
riod begins. The onset of the second period corres-
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ponds to the critical moisture content of the material. In
the second period, the moisture that is most strongly
bound to the product is removed. Here, the evaporation
rate decreases, the drying process slows down, and the
temperature equalizes throughout the cheese bulk.
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Fig. 5. Drying curves for Shveitsarskii cheese: (a) heat
load, (b) surface and bulk temperatures, and (¢) moi-
sture weight fraction. Drying conditions: ¢ = 60°C,

g =15.52 kW/m*, P=2-3 kPa, and # = 10 mm.

In the decreasing drying rate period, the drying rate
falls as the moisture content of the material decreases.
In this period, bound moisture is removed and the
gradual decrease in the drying rate is due to the
increasing moisture—material binding energy.

In the decreasing drying rate period (segment K;C),
the moisture weight fraction of Shveitsarskii cheese
decreases by 12%; that of Gollandskii cheese, by 15%;
that of Kostromskoi cheese, by 24%; that of Poshe-
khonskii cheese, by 12%. The duration of this period is
108 min for Shveitsarskii cheese, 100 min for
Gollandskii cheese, 17 min for Kostromskoi cheese,
and 100 min for Poshekhonskii cheese.

The curve segment representing the decreasing
drying rate period (K;C) can be divided into segments
corresponding to the first and second phases of this
period (K;K, and K,C). The junction point K, for the
two phases of the decreasing drying rate period
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indicates the second critical moisture content. By the
second critical point, the evaporation zone reaches deep
layers of the product. At this point, moisture is
transferred only as vapor and adsorbed moisture is
mainly evaporated.

At the end of drying, the moisture weight fraction
versus time curve asymptotically approaches the
equilibrium moisture content for the given drying
conditions. Once the equilibrium moisture content is
attained, drying stops; that is, the drying rate becomes
Zero.

By taking the first derivative of the ¢ = f(1)
function, we obtain the drying rate understood as a
change in the moisture content of the material per unit
time (dg/dt, %/min) . The drying rate curves were

constructed by graphical differentiation of drying
(moisture weight fraction) curves: the drying rate at a
given point in time is defined as the slope of the
tangent to the drying curve at the corresponding
moisture content point (Fig. 5¢):

do
tany = ——. 1
V=1, (1)

The maximum drying rate N in the constant drying
rate period is

tanw=(j¢} =N, %/h or %/min- (2)
T max

At the end of the process, when the equilibrium
moisture content is reached, the drying rate is

Figure 6 plots the drying rate curves for the cheeses
examined. At the beginning of the drying process, as
the residual pressure decreases to the preset value, the
drying rate increases from zero to its maximum value.
The maximum drying rate is 0.62 %/min for
Shveitsarskii cheese, 0.71 %/min for Gollandskii
cheese, 0.88 %/min for Kostromskoi cheese,
0.78 %/min for Poshekhonskii cheese, 0,92 %/min for
Rizhskii cheese, and 0.75 %/min for Rossiiskii cheese.

In the constant drying rate period, the drying rate
takes its maximum value. In this period, the moisture
content of Shveitsarskii cheese decreases by 18%; that
of « Gollandskii cheese, by 17%; that of Kostromskoi
cheese, by 22%; that of Poshekhonskii cheese, by 28%;
that of Rizhskii cheese, by 48%; that of Rossiiskii
cheese, by 32%.

The drying rate begins to decrease at the first
critical point. The run of the curves in the decreasing
drying rate period is typical of colloidal, capillary
porous gels.

The second critical point K, indicates the second
critical value of moisture content. It corresponds to the
moisture content limit at which the mechanism of
moisture transfer in the material changes. This point
indicates the onset of the removal of polymolecularly
adsorbed moisture.
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The second critical point occurs at the following
moisture weight fractions in the cheeses: Shveitsarskii,
10%; Gollandskii, 10%; Kostromskoi, 13%; Poshe-
khonskii, 8%; Rizhskii, 10%; Rossiiskii, 9%. The
moisture weight fraction in the dry cheeses is 4-5%.
The difference between the moisture weight fraction at
the second critical point and the moisture weight
fraction in the dry cheeses is the amount of

1

polymolecularly adsorbed moisture; therefore, the
weight fraction of polymolecularly adsorbed moisture
in the cheeses is 4-9 %.

The temperature curves, = f(¢), are very
informative. These curves, introduced by A.V. Lykov,
are of high significance for drying analysis. Figure 7

presents the temperature curves for the vacuum drying
of the cheeses.
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Fig. 6. Cheese drying rate curves: (/) Shveitsarskii, (2) Gollandskii, (3) Kostromskoi, () Poshekhonskii, (5) Rizhskii,

and (6) Rossiiskii.
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Fig. 7. Temperature curves for the vacuum drying of cheeses: (a) Shveitsarskii, (b) Gollandskii, (c) Kostromskoi, and

(d) Poshekhonskii.

At the ecarly stages of drying, the cheese tempera-
ture decreases, because no heat is supplied from the

heaters. At the beginning of the first period of drying,
once the heaters are switched on, the surface tempera-
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ture of the material begins to rise to reach the wet bulb
temperature. In this period, heat removal is most inten-
sive and almost all of the heat supplied to the material
is spent on moisture evaporation. By the end of this
period, the temperature equalizes throughout the bulk
of the cheese bed.

Starting at the first critical point, the moisture re-
moval rate decreases. Once the moisture content of the
cheese has reached its equilibrium value, the drying
process is complete. The equilibrium moisture content
of Shveitsarskii cheese is 5.21%; that of Gollandskii
cheese if 4.46%:; that of Kostromskoi cheese is 5.46%;
and that of Poshekhonskii cheese is 4.26%.

Most materials (peat, grain, leather, dough, bread,
etc.) shrink throughout the drying process. However,
some materials (clay, ceramic masses, and some oth-
ers) shrink during the constant drying rate period and
their shrinkage ceases near the critical moisture content
if the moisture content gradient in the material bulk is
not large. Other materials (wood, coal) shrink only in
the decreasing drying rate period, starting at approx-
imately critical moisture content.

The lowest shrinkage is observed for cheese
processed at a residual pressure of 2-3 kPa. It was es-
tablished that the shrinkage ratio of Gollandskii, Ko-
stromskoi, and Poshekhonskii cheeses increases with
an increasing size of cheese pieces and with an increas-
ing thickness of the cheese bed being dried. As the bed
thickness is increased from 10 to 30 mm, the shrinkage
ratio changes from 3 to 14%. At a bed thickness of
40 mm, the shrinkage ratio is 15-24%. Cheese drying
at appropriate regime and technological parameters
minimizes moisture weight fraction drops and the
shrinkage ratio and leaves the shape of cheese pieces
unchanged.

Figure 8 plots the shrinkage ratio of cheese as a
function of the initial moisture weight fraction.
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Fig. 8. Shrinkage ratio of cheeses as a function of
moisture weight fraction.

The shrinkage ratio increases with an increasing
moisture weight fraction in cheese. The largest increase
in the shrinkage ratio is observed at moisture weight
fractions over 50%. As the moisture weight fraction in
cheese changes from 40 to 50%, the shrinkage ratio
increases by 2.5%; and, as the moisture weight fraction
increases from 50 to 60%, the shrinkage ratio increases
by 6.5%.

The surface layers, which have an effect on the par-
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ticle size of the material being dried, tend to shrink in
proportion to the moisture content of the surface rather
than the average moisture content. This is the reason
why almost no shrinkage is observed starting at some
moisture content (moisture weight fraction), as is
shown in Fig. 9.
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Fig. 9. Shrinkage curves for (/, 2) Sovetskii and
(3, 4) Gollandskii chesees:

(1) t=60°C, g =5.52 kW/m?, P=2-3 kPa;

(2) t=80°C, ¢ = 5.52 kW/m%, P=2-3 kPa;

(3) t=60°C, g = 7.36 kW/m%, P=2-3 kPa;

(4) t=80°C, ¢ = 7.36 kW/m?*, P=2-3 kPa.

The shrinkage curves for Sovetskii cheese (curve /)
and Gollandskii cheese (curve 3) were recorded at the
prescribed drying temperature, 60°C. Shrinkage curves
2 and 4 were obtained at 80°C, above the prescribed
temperature. At this elevated temperature, surface lay-
ers dry up rapidly. Inner layers have a rather large
moisture weight fraction. The shrinkage ratio at the
increased temperature is smaller, but the dry cheese has
a large moisture weight fraction.

As the drying temperature is raised, the shrinkage
ratio decreases because of the increasing moisture
weight fraction gradient inside the material. When
there is a moisture weight fraction gradient, the surface
layers tend to shrink to a larger extent than the inner
layers. However, the shrinkage of the surface layers is
impeded by the inner layers, which are richer in mois-
ture than the former. As a consequence, the actual
shrinkage of the surface layers is smaller than the
shrinkage that is equivalent to the amount of moisture
removed from them. Therefore, an increase in the
moisture weight fraction drop between the inner and
surface layers leads to an increase in the difference
between the actual shrinkage and the theoretical shrin-
kage corresponding to the amount of liquid removed.

Thus, the shrinkage ratios of cheeses were
correlated with the thickness of the bed being dried and
with the shape and size of cheese pieces. At a bed
thickness of 10 to 30 mm, the shrinkage ratio of the
cheeses is 3 to 14%, depending on the shape and size
of cheese pieces. The shrinkage ratio increases with an
increasing moisture weight fraction in cheese.
Shrinkage was observed to proceed uniformly in both
periods of vacuum drying. As the drying temperature is
raised over the prescribed value, the shrinkage ratio
decreases because of the increasing moisture weight
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fraction gradient in the bulk of the material.

The shrinkage of a wet material at a uniform
moisture content and temperature distribution is a
physical property of the material, its response to loss of
liquid, and does not induce any detrimental stresses.
However, the shrinkage of a material at a nonuniform
moisture content distribution does bring the material
into a stressed state that can lead to cracking of the
body and to breaking of its structure. Therefore, the
main obstacle to the rapid drying of many materials is
their cracking. This cracking (local disruption) and
complete breakup (structure disintegration) are caused
by the development of bulk stresses in the material
being dried that exceed the stress limit set by the
strength of the material.

This stressed state of the material results from a
nonuniform moisture content and temperature distri-
bution in the material bulk [15-18].

The existing method of investigating shrinkage
stresses does not exclude use of a phenomenological

(o]
w2

approach in the study of the shrinkage of moist bodies.
Note that the capillary and disjoining pressures of a
liquid phase in a solid are functions of moisture
content. Accordingly, the field of capillary contractions
under isothermal conditions will be similar to the
moisture content field. Therefore, a nonuniform
moisture content distribution (nonuniform moisture
content field) is the most significant characteristic of
the bulk-stressed state of a moist body being dried.

A similar situation is observed for thermal stresses.
In the phenomenological approach, the bulk-stressed
state of a body being heated is considered to be
unambiguously determined by the nonuniform
temperature distribution, or by the temperature field.
The main cause of drying-induced cracking is the
existence of high-gradient moisture content and
temperature fields.

Figure 10 shows moisture content profiles along the
thickness of cracky and noncracky cheese beds.
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Fig. 10. Moisture content profiles along the thickness of (1) cracky and (2) noncracky cheese beds.

The drying of cheese as 10-mm-thick rectangular
parallelepipeds at a moisture weight fraction drop of
12% causes cracking, but there are no cracks at a
moisture weight fraction drop of 6%.

CONCLUSIONS

Cheese was investigated as an object of drying. The
physicochemical composition of a number of cheeses
was studied, binding forms and binding energies of
moisture in the cheeses were considered, the
hygroscopic  properties of the cheeses were
investigated, and the thermophysical characteristics of
the cheese were analyzed.

The kinetics of the vacuum drying of the cheese
was investigated. It was found that the vacuum drying
of the cheeses includes two periods, namely, constant
and decreasing drying rate periods. Drying curves (heat
load versus time, temperature versus time, moisture
weight fraction versus time) for various cheeses were
recorded and examined. Drying rate curves for the
cheeses were constructed by graphical differentiation
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of drying curves. The maximum drying rates were
determined for some cheeses: Shveitsarskii, 0.62 %/min;
Gollandskii, 0.71 %/min; Kostromskoi, 0.88 %/min;
Poshekhonskii, 0.78 %/min. Using the same method, the
amount of polymolecularly adsorbed moisture in the
cheeses was determined to be 4-9%. Cheese temperature
curves (temperature versus moisture weight fraction)
were investigated. Equilibrium values of moisture
content were determined for vacuum-dried cheeses.

The shrinkage ratios of cheeses were correlated
with the thickness of the bed being dried and with the
shape and size of cheese pieces. At a bed thickness of
10 to 30 mm, the cheese shrinkage ratio is 3 to 14%,
depending on the shape and size of cheese pieces. The
shrinkage ratio increases with an increasing moisture
weight fraction in the cheese. Cheese shrinkage in both
vacuum drying periods takes place uniformly. Raising
the temperature over the prescribed value diminishes
the shrinkage ratio owing to the increase in the
moisture weight fraction gradient in the bulk of the
material.



8.

9.

ISSN 2308-4057. Foods and Raw Materials Vol. 2, No. 2, 2014

REFERENCES

. Ermolaev, V.A. and Prosekov, A.Yu., Vakuumnye tekhnologii molochno-belkovykh kontsentratov (Vacuum

Technologies for the Production of Milk—Protein Concentrates), Kemerovo: Kuzbassvuzizdat, 2010.

Ermolaev, V.A. and Kushevskii, 1.V., Tekhnika i tekhnologiya pishchevykh proizvodstv (Engineering and
technologies in food production), 2010, no. 3, pp. 67-71.

Ermolaev, V.A., Sadovaya, T.N., and Kushevskii, 1.V., Khranenie i pererabotka sel'khozsyr’ya (Storage and
processing of agricultural raw materials), 2010, no. 10, pp. 28-30.

Kushevskii, I.V., Cand. Sci. (Eng.) Dissertation, Kemerovo: Kemerovo Institute of Food Science and Technology,
2011.

Popov, A.M., Gurin, V.V., Rasshchepkin, A.N., and Rasshchepkina, E.A., Khranenie i pererabotka sel'khozsyr’ya
(Storage and processing of agricultural raw materials), 2007, no. 9, pp. 30-32.

Semenov, G.V. and Brazhnikov, S.M., Vestnik MAKh (Bulleting of the International Academy of Refrigeration),
2002, no. 3, pp. 43-46.

Semenov, G.V. and Kas'yanov, G.I., Sushka syr'va: myaso, ryba, ovoshchi, frukty, moloko (Drying of Raw
Materials: Meat, Fish, Vegetables, Fruit, and Milk), Rostov-on-Don: MarT, 2002.

Kharaev, G.I., Kotova, T.I., Komissarov, Yu.l., and Khanturgaeva, G.1., Khranenie i pererabotka sel'khozsyr’yva
(Storage and processing of agricultural raw materials), 2007, no. 9, pp. 28-29.

Ermolaev, V.A., Tekhnika i tekhnologiya pishchevykh proizvodstv (Engineering and technologies in food
production), 2011, no. 2, pp. 28-32.

10. Ermolaev, V.A., Syrodelie i maslodelie (Cheesemaking and buttermaking), 2009, no. 6, pp. 36-37.
11. Ermolaev, V.A., Vestnik KrasGAU (Bulletin of Krasnoyarsk State Agrarian University), 2010, no. 1, pp. 148—151.
12. Devahastin, S. and Suvarnakuta P., Superheated steam drying of food products, in Dehydration of Products of

Biological Origin, Mujumdar, A.S., Ed., Enfield, N.H.: Science Publishers, 2004, pp. 493-512.

13. Devahastin, S., Suvarnakuta, P., Soponronnarit, S., and Mujumdar, A.S., Drying Technology, 2004, vol. 22,

pp. 1845-1867.

14. Mathematical Modeling and Numerical Techniques in Drying Technology, Turner, 1. and Mujumdar, A.S., Eds.,

New York: Marcel Dekker, 1997.

15. Mujumdar, A.S., Handbook of Industrial Drying, Boca Raton, Fla.: CRC, Taylor and Francis Group, 2005.

16. Pan, Z., Shih, C., McHugh, T.H., and Hirschberg, E., Food Science and Technology, 2008, vol. 41, pp. 1944—-1951.
17. Prakotmak, P., Soponronnarit, S., and Prachayawarakorn, S., Journal of Food Engineering, 2010, vol. 96, pp. 119-126.
18. Serrano, J., Velazquez, G., Lopetcharat, K., Ramirez, J.A., and Torres, J.A., Journal of Dairy Science, 2004, vol. 87,

no. 2, pp. 3172-3182.

139



