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Abstract.

Introduction. One of the promising methods in the production of dairy and other food in concentrated, condensed and dry forms
is a consistent combination of dehydration methods. The subject of this research relevant now is approaches to the calculation
of such processes. The work objective is to analyze the dehydration staging effect on the energy consumption in this process.
Study objects and methods. Liquid, concentrated and powdered dairy products: whole and skim milk, milk whey, whole milk
substitutes, as well as their dehydration parameters at certain stages. The determination of moisture and solids mass fraction in
products was carried out with a standard method.

Results and discussion. The feasibility of using a multi-stage dehydration method for the production of various types of powder
milk products has been justified. The characteristic boundaries of solids mass fraction at different stages of the process were
determined. The material-balance equation made it possible to define the formula for the total specific energy consumption
relative to the unit of the final dry product at an arbitrary number of dehydration stages. The paper contains examples of a
comparative efficiency assessment of the dehydration process carried out at different stages from the point of view of energy
costs of its implementation.

Conclusion. The research featured various issues related to the use of dehydration methods in the production of milk powder
products. An equation has been drawn up to estimate the specific energy consumption of the multi-stage dehydration process
relative to a unit of the final dry product. The use of a multi-stage process allows to effectively reduce the specific energy
consumption, as well as to generate new high quality products.

Keywords. Dairy products, skim milk powder, whole milk powder, dry whey, milk replacers, vacuum evaporation, spray drying,
specific energy costs, dehydration
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AHHOTALMSA.

Bseoenue. I1pu npon3BOACTBE MOJIOYHBIX U APYTUX MUIIEBBIX MPOJYKTOB B KOHIIEHTPUPOBAHHOH, CTYIIEHHOI U CyXoi (opmax
OJIHIM U3 NIEPCIEKTUBHBIX HAIIPABJICHUH SBIIIETCS MOCIIEA0BATEIEHOE COUSTAHNE PA3THIHBIX METONOB 00e3BokuBaHus. [Toaxost
K pacueTy MOZOOHBIX MPOLECCOB SABISIOTCS MPEIMETOM IPOJODKAIOIMINXCS HCCIEIOBAaHUH 1 00J1aaloT aKTyalbHOCTHIO. L{enbio
JaHHOHN paboThI ABIAETCS aHATU3 BIUSHUA CTAAMHHOCTH 00€3BOXKHMBAHNSA HA YHEPTr0O3aTPAThl OCYIIECTBICHHS 3TOTO MpoIecca.
Obvexmbl u Memooul ucciedoganus. JXKunkue, KOHICHTPUPOBAHHBIC U CYyXHE MOJOYHbIE IPOIYKTHI: IIeJIbHOE U 00€3)KUPEHHOE
MOJIOKO, MOJIOYHAsI CBIBOPOTKA, 3aMEHUTEIH L[EIbHOTO MOJIOKA, a TAK)KE MapaMeTpPhl IPOLIECCOB X 00E3BOKHMBAHUS HAa OTACIBHBIX
craausax. OnpenenaeHne MacCOBOIT 10JIN BIaru ¥ CyXHX BEIECTB B IPOAYKTaX MPOU3BOIHMIN CTAHJAPTHBIM METOOM.
Pesynvmamor u ux o6cyacoenue. OG0CHOBaHA IETECO0OPA3ZHOCTH UCIIOJIE30BAHUS MHOTOCTAANITHOTO CII0c00a 00€3BOKUBAHUS IIPU
BEIPa0OTKE Pa3IMIHBIX BUJOB CYyXUX MOJIOYHBIX IPOAYKTOB. OnpeaeneHsl XapakTepHbIe TPAHUIIBI MACCOBOH JOTH CYyXHX BEIIECTB
Ha OTJEeNbHBIX CTaAHUsX mporecca. Ha ocHOBe ypaBHeHHI MaTepuanbHOTO OanaHca MOTYYeHO BBIPAXKEHUE [T OIEHKH OO0MMX
YIENBHBIX 3aTPaT YHEPIHU OTHOCUTENBHO €JUHUIIBI KOHEUHOTO CyX0ro MpoyKTa MpH MPOU3BOILHOM KOJIMYECTBE CTaAUI mpolecca
00e3BoxxuBaHus. [IpUBeIeHBI MPUMEPbI CPABHUTEIBHOM OLICHKH 3P (PEKTUBHOCTH Mpoliecca 00e3BOKUBAHUS, OCYIIECTBISIEMOTO
B pa3IMYHOE KOJIMYECTBO CTaJANH, C TOUKH 3PEHHUS] YHEPreTHYECKUX 3aTpaT Ha €ro OCYIIeCTBICHNUE.

Bb1600b1. PaccMOTpEeHBI BOIIPOCH!, CBSI3aHHBIC C IPIMEHCHUEM PA3INIHBIX METOI0B 00€3BOKUBAHMS TP MOJTYIEHHN CYXUX MOJIOYHBIX
npoaykToB. CocTaBI€HO ypaBHEHHUE IS OLEHKH yAETBHBIX 3aTpaT YHEPTUH HA OTACTBHEIX CTAAHUAX MIPoIlecca MHOTOCTAIUHHOTO
00€3BOXKHMBAHNS OTHOCHUTENBHO €MHUIIBI KOHEUHOTO CYyXO0ro npoaykTa. [IpuMeHeHre MHOrOCTaAnHHOTO MpoIlecca MO3BOISIET B
HECKOJIbKO Pa3 yMEHBIIHUTD yelIbHbIE 3aTPAThl SHEPTHH, a TAKXKE BHIPAOATHIBATh MPOYKTHI BHICOKOTO KaUeCTBAa U OPraHU30BaTh
MIPOU3BOJCTBO HOBBIX BUJOB NPOJYKTOB.

KawueBsblie cioBa. CyXI/Ie MOJIOYHBIC TTPOAYKTBI, CYXO0€ 0683){(I/IpeHHOG MOJIOKO, CYXO€ LCJIbHOC MOJIOKO, CyXas CbIBOPOTKa,
3aMCHUTEJIb LCJIbHOTO MOJIOKA, BAKYYM-BbIIIApUBAHUEC, PACTIBUIUTEIIbHAS CYIIIKA, YACIbHBIC SHEPICTUICCKUC 3aTPAThI, 00€3BOKHBAHIE

@uHaHCHpOBaHMe. PaboTa BBIIONHCHA B PAMKAX IOCY1apPCTBCHHOIO 3aiaHust MUHUCTEPCTBA HAyKH U BBICLIETO 00pa3oBaHus
Poccuiickoit ®enepanun (Munodpraayku Poccun)ROR (Tema Ne AAAA-A20-12001 1500098-1) na 6aze PI'AHY «Bcepoccuiickuii
HAYYHO-HCCIENOBATENLCKUNA MHCTUTYT MOJIOYHOU TipombinuieHHocTH» (BHUMM)ROR,

JU1si LUTHPOBAHUS: AHAJIN3 YHEPIreTUYCCKUX 3aTPaT IIPH PEANTNU3aLMU MHOTOCTaIMHHOTO METO/1a MOJYYCHHUS CYXHX MOJOYHBIX
nponyktoB / B. /1. Xaputonos [u ap.] / TexHuka u TeXHOJOTUsA MHUIIEBBIX mpou3BoacTB. 2021. T. 51. Ne 2. C. 395-401.
(Ha anru.). https://doi.org/10.21603/2074-9414-2021-2-395-401.

Introduction dehydration in spray dryers is more than 10 times higher,
In the production of various types of dairy and other than this indicator in vacuum evaporation plants. Thus,
food in concentrated, condensed and dry forms, one of such scheme, being a successful solution to improve the
the promising directions is a consistent combination of quality of the final product and the process efficiency,
various dehydration methods. The feasibility is dictated became widespread in practice, and thereby opened up a

by a number of circumstances related to the need to promising direction to intensify dehydration processes.
ensure a given final product quality taking into account The work objective is to analyze the effect of the
its differences in physical-chemical and thermal-physical dehydration staging in the production of concentrated,
properties at various stages of dehydration [1, 2]. Due condensed and dry dairy products, as well as whole milk

to the high complexity of these approaches calculating replacers, on the energy consumption of this process.
multi-stage processes, they are still the subject of ongoing

research relevant today [3—6]. Study objects and methods

A combination of vacuum evaporation and spray The objects of research were liquid, concentrated
drying [7-10] can be considered as a trivial example of and dry dairy products: whole and skim milk, milk
the practical use of a multi-stage dehydration method. whey, whole milk replacers, as well as the parameters
For a number of reasons, obtaining a dry product without of their dehydration processes at individual stages. The
a preliminary concentration step was recognized as determination of moisture and solids mass fraction in
unpromising. A consistent use of vacuum evaporating the products was carried out in accordance with State

and spray drying plants in the production of dry dairy Standard R 54668-2011.
products and whole milk replacers (WMR) allows to

increase the efficiency of the process. It also improves Results and discussion

their storage capacity and reducing properties due to The limiting factor that determines the rational level of
increased resistance to milk fat oxidation and the creation the solids mass fraction in the product between evaporation
of the required structure of individual particles [11, 12]. and drying is viscosity. On the one hand, an increase in

The efficiency increase of the process is explained by the degree of milk concentration as a result of vacuum
the fact that the specific heat consumption for product evaporation contributes to the efficiency of dehydration
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in general. On the other hand, an excessive increase in
the viscosity of the product is limited by the technical
capabilities of spray devices and the difficulty of ensuring
rational values of the average particle diameter and the
degree of their polydispersity [7, 8]. The choice of a
specific concentration of a condensed product before
drying and its viscosity depends on a number of factors:
the type of product, its temperature, drying method,
etc. [7-9, 13, 14]. As a result, in practice, the solids
mass fraction in condensed whole and skim milk aimed
for drying is maintained in the range of 46-50%, and
in milk whey — 50-56%. It should be noted that one of
the most important efficiency characteristics of vacuum
evaporation plants is the heat transfer coefficient, which
subsequently decreases with increasing concentra-
tion [3, 15]. However, evaporation costs are still lower
than that of spray drying ones. Thus, the research aimed at
intensifying the milk condensation process currently goes
on in the field of using multi-shell vacuum evaporators,
and the use of mechanical compression of steam and
finishers. One should note the increasingly widespread use
of reverse osmosis units at the first stage of dehydration
before vacuum evaporation [16].

Unlike milk condensation in vacuum evaporators, the
spray drying process has a number of specific features. It
is characterized by drying curves, which are fundamentally
general for liquid biological objects, including those
based on milk. The drying curves of such materials have
two main periods [3, 17]. In the first period, the drying
rate is constant. The intensity of moisture removal in
this period is determined only by the parameters of the
drying agent and practically does not depend on the
physical-chemical properties of the dried product.

In the second period, the intensity of the drying process
decreases as the moisture content of the product decreases.
In this case, the temperature of this process increases, and
the temperature of the product to be dried monotonically
increases, tending to approach the temperature of the
spent drying agent. The reason for this is the need to
remove bound moisture during the drying period. The
end of this period is the achievement of an equilibrium
moisture content in the dried product. As a result, the
drying process practically stops.

Heat consumption during a constant drying rate
remains constant, and increases during a period of a
decreasing drying rate. At the final stage, starting with
the mass fraction of moisture in the product, energy
consumption increases many times [18-20]. This makes
the spray drying process ineffective. The circumstance
is the basis for using a more economical dehydration
method at this stage. For example, drying in a fluidized
or aerovibroboiling bed.

Taking into account the above, we will consider the
process of obtaining dry milk products by assessing the
relationship between the specific energy consumption
relative to the amount of received products and the
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change in the mass fraction of solids at various process
stages. Based on the analysis of the material balance,
the effectiveness of the dehydration process in the
production of dry milk products was assessed [14].
Specific energy consumption at individual stages of
the multi-stage dehydration process can be determined
using the following expression:
j q;

k c.
Z(MO_WH)'(I_;I
G

i=1

where g — specific energy consumption of the finished
product, kl/kg; ¢, — specific energy consumption of
evaporated (removed) moisture at the i-stage, kJ/kg ;
M , — initial product consumption, kg/s; W,_, — productivity
of evaporated (removed) moisture at the i-stage of the
process, kg/s; W, =0; ¢, — mass fraction of solids in
the product at the end of the i-stage of the process,% ;
€y — mass fraction of solids in the original product,%;
G - finished product productivity, kg/s; k — the total
number of dehydration stages.

Based on this dependence, a comparative analysis
of energy consumption at different dehydration process
stages was carried out. The main stages of the dehydration
process of various dairy products and the specific energy
consumption, reduced to the amount of moisture removed
from the product, are presented in Table 1. The range
of change in the mass fraction of solids at individual
stages of dehydration are given in Table 2.

The data presented in Table 1 indicate that the energy
consumption at the stages of spray drying significantly
exceeds the energy consumption at the stages of membrane
processing and vacuum evaporation. The data were
obtained for the ranges of changes in the mass fraction
of solids at individual stages of dehydration, shown in
Table 2.

For the same range of solids mass fraction, the
diagrams in Fig. 1 show the calculated values of the
specific (relative to the amount of final dry products)
energy consumption at dehydration individual stages.
It should be noted that in the case of a one-stage process,
unit costs are several times higher than similar costs
when using a two-stage process (in the production
of SMP — 5.2-7.5 times, WMP — 4.4-5.8 times,
DCW — 8.5-14.0 times, milk replacer — 5.5-8.5 times).
In this regard, the indicated data are absent in the diagrams
in Fig. 1. Further, a one-stage process being unpromising
is not considered.

The presented diagrams indicate the possibility of
reducing the energy consumption for the dehydration
process by dividing it into separate stages, the parameters
of which correspond to the changing characteristics of the
dried product. Further reduction of energy consumption
for the dehydration process should be considered in the
direction of choosing the boundaries of the mass fraction
of solids at individual stages, as well as optimizing the
methods and parameters of product processing within each

(1

q:
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Table 1. Stages of the dehydration process of various dairy products

Stages of the dehydration process

The process driving force

Specific energy consumption
reduced to the amount of
moisture removed from the
product, kJ/kg

1. Moisture removal by membrane Pressure 250-420
methods (nanofiltration, reverse osmosis)
2. Vacuum evaporation The difference between the enthalpies of steam at the 800-1000
entrance to the vacuum evaporator and condensate at the
exit
3. Spray drying (1st stage of drying) The difference in enthalpies of drying air at the inlet and 6400-8300
outlet of the drying chamber, equivalent to the difference
in enthalpies of steam at the inlet to the main steam
heater for the preparation of drying air and condensate at
the outlet
4. Drying in a fluidized bed (additional The difference in enthalpies of drying air at the inlet and 6000-6700

drying of the product — 2nd stage of
drying)

outlet of the aero- or vibro-apparatus of the fluidized
bed, equivalent to the difference in enthalpies of steam at
the inlet of the steam heater for air preparation of drying

the product and condensate at the outlet

Table 2. Change range in mass fraction of solids at each stage of dehydration

Produced product |  Stages of the dehydration process Mass fraction of solids in the product by stages (beginning — end), %
1 2 3 4
Skimmed milk Membrane moisture separation - - - 9-22
powder (SMP) Vacuum evaporation - 9-48 9-48 22-48
Spray drying 9-96 48-96 48-92 48-92
Fluidized bed drying - — 92-96 92-96
Whole milk Membrane moisture separation - — - 12-24%*
powder (WMP) Vacuum evaporation - 1248 12-48 24*-48
Spray drying 12-96 48-96 48-92 48-92
Fluidized bed drying — — 92-96 92-96
Dry crystallized Membrane moisture separation - - - 5-22
whey (DCW) Vacuum evaporation - 5-52 5-52 22-52
Spray drying 5-95 52-95 52-92 52-92
Fluidized bed drying - — 92-95 92-95
Whole milk Membrane moisture separation - — - 5-22%*
relacer (WMR) Vacuum evaporation - 8**_48 8**_48 22%%_48
Spray drying 8**-96 48-96 48-92 48-92
Fluidized bed drying — — 92-96 92-96

* — taking into account the solids entering the product when the mixture is normalized;

** — taking into account the solids entering the product when mixing according to the milk replacer formula (WMR).

of the stages. Hereinafter, the numbering of individual
stages will be carried out in accordance with the numbering
indicated in Table 1.

Dividing the dehydration process into two stages
(vacuum evaporation and spray drying) provides the
required quality indicators of the products produced,
and allows to much reduce energy costs. Due to this,
the two-stage method of dehydration is most widely
used in practice.
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When implementing this two-stage scheme, a vacuum
evaporation of the initial product begins with a mass
fraction of solids of 5-12% and ends at the level of
48-52%. It is possible to intensify the process of vacuum
evaporation both by increasing the number of bodies of
the vacuum apparatus, and by improving their design. It
should be noted that the use of more than three or four
cases is not advisable, since the metal consumption and
the cost of equipment significantly increase, while the
gain from reducing energy consumption is small.
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Figure 1. Specific energy consumption at each stage of dehydration relative to the amount of various final dry products

Methods of intensifying the process of spray drying in
the periods of constant and decreasing speed are carried
out by increasing the monodispersity of the spray, reducing
the product viscosity, etc. However, they are not directly
related to the process of multi-stage dehydration, and
therefore, are not considered in this work. On the other
hand, this process includes the implementation of the
drying process until the content of the mass fraction of
moisture in the product is 6-8%, that is, slightly higher
than the standard. This requires the product additional
drying to a standard moisture content of 3—5%, which can
be considered as the final dehydration stage (the fourth in
Table 1). The estimation of the unit costs at this stage of
dewatering can be considered as the difference between
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the unit costs of spray drying to increased moisture content
of the product and drying in two stages. Reducing the
specific energy consumption for the implementation of
a three-stage dehydration process (middle rows in the
diagrams in Fig. 1), compared to a two-stage process (left
rows in the diagrams), depending on the product being
dried, is 10—15%. Considering the possibility of organizing
the final drying process in a device structurally combined
with a spray dryer, the cost of additional equipment is
minimal and has little effect on its payback. A decrease
in energy consumption when using this process will be
observed with the further increase in the mass fraction of
moisture up to 9-10%. At the same time, the stability of
the process of additional drying of milk powder decreases
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due to an increase in the plasticity of the fluidized bed.
The main factors influencing the energy efficiency of the
spray drying and post-drying processes are the effect of
the temperature of the drying agents supplied for drying,
at the outlet from the spray dryer and after completion
of the drying process, as well as the effect of the mass
fraction of solids in the dried products.

Another possibility to reduce energy consumption
for the dehydration process of dairy products and milk
replacer is the use of additional processing of the feedstock
by membrane methods (reverse osmosis, nanofiltration)
before the thickening stage, i.e., the organization of a
four-stage process. The total energy consumption for
maintenance (for example, the reverse osmosis process)
depends on the hydraulic losses in the modules of the
respective plants. In absolute terms, per unit of moisture
removed from the product is 250-479 kJ/kg, which is
2—4 times less than the analogous indicator of the vacuum
evaporation process (Table 1). Due to this, the specific
energy consumption per unit of the final dry product
produced according to the four-stage scheme (right
categories in the diagrams in Fig. 1), depending on the
type of product, is reduced by 12—33%, compared with
the three-stage scheme, and by 22—-38% for compared
with two-stage. The calculations were carried out taking
into account the fact that the maximum possible mass
fraction of solids in products after membrane treatment is
20-22%. It should also be noted that the use of membrane
methods at the first stage of dehydration allows several
times to reduce the required productivity of vacuum
evaporation plants, as well as their metal consumption
and costs. In addition, during the operation of membrane
plants, the moisture removed from the product is industrial
water, which can be used, for example, for equipment
cleaning. Consequently, the use of membrane methods
at the first stage of dehydration is justified both from
the point of view of reducing the energy consumption
of the process as a whole, and from an environmental
point of view. The application scale of the multi-stage
dehydration method, especially in the case when the main
basic stage of the process is spray drying, is increasing
every year in this country and abroad. This is due to the
ability to obtain high quality products with relatively low
energy and resource consumption in comparison with
the same indicators when using a traditional drying pro-
cess [17, 19]. The advantage of this dehydration method
also includes the possibility of obtaining products with
new consumer properties and variable composition, as well
as with acceptable indicators of environmental impact.

The last stage of dehydration (additional drying) can be
divided into two stages: the first is carried out in a fluidized
bed built into the drying chamber, and the second - in an
additional vibrating convection apparatus. The installation
of finishers at the last stage of vacuum evaporation also
has a positive effect on the process efficiency. This allows
a further increase of solids concentration in the mixture
sent to the spray drying stage.

When solving the issue of the dehydration staging of
multicomponent products, including whole milk, whole
milk relacers, etc., it is necessary to take into account the
presence of additional technological process operations for
the introduction of components and appropriate processing
(homogenization, emulsification, fermentation, hydrolysis,
etc.). The variability of these processes, especially in
view of the diversity of the component composition of
the raw materials used, complicates the conditions for
obtaining multicomponent products, and in most cases
requires additional experimental studies.

Conclusion

We considered the issues related to the use of various
dehydration methods in the production of dry dairy
products and whole milk replacers. An equation was
drawn up to estimate the specific energy consumption at
individual stages of the multi-stage dehydration process
relative to a unit of the final dry product.

Specific energy consumption in a one-stage process
(spray drying) was 4.4—14.0 times higher than its costs in a
two-stage process (spray drying and vacuum evaporation).
The transfer of the dehydration process to a three-stage
scheme (spray drying, vacuum evaporation and additional
drying of the product) provides energy savings of 10-15%,
in comparison with a two-stage process, while the transfer
to a four-stage scheme (spray drying, vacuum evaporation,
additional product drying and membrane processing initial
product) — of 22-38%.
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