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Abstract: When developing new types of dairy products, the formulation of which includes components of both dairy and
nondairy origin, it is necessary to study the rheological characteristics of these products. The paper studies the rheological
characteristics of concentrated milk products with a complex carbohydrate and protein composition. The study was
conducted at the premises of FSBEI HPE "Vologda State Dairy Farming Academy named after N.V. Vereshchagin™
(Russia, Vologda Region, Vologda). By using the rotary viscometer "Reotest 2.1" the dependence of shear stress
(7, Pa) and effective viscosity (nef) on shear rate (y, s-1) was determined. Freshly made product samples were studied,
as well as product samples in the process of storage. In the course of the processing of the obtained data, it was found
that freshly made concentrated milk products with sugar, as well as the same products in the process of storage during a
period of up to 3 months are classified as "Newtonian™ liquids, by virtue of the fact that the dependence of shear stress on
shear rate for these samples has a linear character. It is recommended to use a Hoppler viscometer for the measurement
of viscosity in these samples. Adding starch syrup, malt, or demineralized whey powder to the products results in the
deviation of their rheological characteristics from the properties of "Newtonian™ liquids. The dependence of shear stress
on shear rate for these product samples follows a power-law relationship. On this basis it can be concluded that these
products are classified as pseudoplastic bodies. During prolonged storage, consolidation of the structure and an increasing
degree of deviation from the properties of Newtonian liquids was observed in all studied samples. This behavior is
attributable to the formation of filamentary bridges between the casein micelles, which takes place in the microstructure
of concentrated milk products with a complex carbohydrate and protein composition after long storage. These bridges are
pseudo-polymers, formed by glucose monomers, and determine the microstructure of the product, its organoleptic and
rheological properties. It is recommended to measure the viscosity of the developed products using a rotary viscometer.
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INTRODUCTION

For the purpose of designing and optimization of
manufacturing processes, as well as monitoring quality
of food products, it is necessary to study the rheological
properties of these products. It is especially important in
the process of developing new types of dairy products,
the formulation of which includes components of both
dairy and nondairy origin [1-3].

There is a view that condensed canned milk products
with sugar are classified as weakly structured products
and fall in between products with crystallization and
condensation structures, and in case of maximum
removal of liquid dispersion medium (water) the
transition to the crystallization structure is possible
[4, 5]. Currently, new conceptions of the microstructure
of canned dairy products with sugar emerge, according

to which, the general microstructure of freshly made
products is characterized by loose, unbound to each
other aggregates of casein micelles [6, 10]. After long
storage, micelles are bound to each other by pseudo-
polymer bridges (cords, strands, filaments).

According to GOST 27709-88 "Canned condensed
milk. Viscosity estimation method" [11], it is
recommended to measure the viscosity of canned
condensed milk products with sugar using a Hoppler
viscometer. However, the authors of the work [12]
demonstrated that the studied samples of canned
condensed milk products are classified as abnormally
viscous structured liquids, so for the purpose of
monitoring viscosity of canned condensed milk products
with sugar, the authors recommend to use a rotary
viscometer with the preliminary breakdown of structure.
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Besides, currently there are widely known
concentrated milk products, which are produced from
dry components by recombining. To manage the quality
of these products, it is necessary to evaluate their
structure on the basis of the study of their rheological
properties.

The purpose of this work is to study the rheological
characteristics of concentrated milk products with a
complex carbohydrate and protein composition and to
substantiate a method of measuring viscosity of these
products.

OBJECTS AND METHODS OF STUDY

The most important rheological characteristics are
shear stress T and effective viscosity mnef. These
characteristics are known to depend on shear rate y.

The object of study in this paper were concentrated
dairy products with sugar, with different percentage of
substitution of sugar for starch syrup, skim milk
powder for dry demineralised whey powder (DWP) or
malt, as well as control samples (without substitution).

The studies were conducted at 20°C using the
rotary viscometer "Reotest-2.1". The obtained data
were processed using Microsoft Excel.

RESULTS AND DISCUSSION

Dependences of shear stress (1, Pa) on shear rate
(y, s*) were determined for freshly made product
samples, as well as for the product samples during
storage. Research results are presented in Tables 1-3.

Table 1 shows that in the control samples of
concentrated milk products with the storage period of
up to 3 months the determined patterns follow a linear
relationship with the correlation coefficient of 0.99,
which makes it possible to classify them as Newtonian
liquids.

In the control samples, product solidification takes
place after 3 months of storage due to the formation of
pseudo-polymeric filamentary bridges, which results in
the strengthening of the spatial structure. The products
behave as pseudoplastic liquids and follow a power-
law relationship:

T=Koy", M

where K is the consistency coefficient; m is the flow
behavior index (characterizes the degree of "non-
Newtonian" nature of liquids).

For pseudoplastic food products m < 1, for dilatant
products m > 1.

The situation is somewhat different in the products
with substitution of sugar for starch syrup (Table 2).

As can be seen from Table 2, in freshly made
samples with substitution of 30% and 40% of sugar for
starch syrup and in the sample with substitution of 30%
of sugar, stored during 3 months, the dependence of
shear stress on shear rate is linear with the coefficient
of correlation of 0.99, that makes it possible to classify
these products as "Newtonian™ liquids. Based on the
data of Table 2, it can be concluded that the product
samples with substitution of 50% or more of sugar for
starch syrup are classified as pseudoplastic bodies and
are described by the equation (1).

It was determined [9, 10], that after long storage,
filamentary bridges are formed between casein micelles
in the microstructure of concentrated milk products with
the substitution of sugar for starch syrup. These bridges
are pseudo-polymers, formed by glucose mono-mers,
and determine the microstructure of the product, its
organoleptic and rheological properties.

The conducted studies showed that there is a critical
concentration of starch syrup in condensed milk, which
limits its applicability in the manufacturing of the
product. The percentage of substitution of sugar for
starch syrup should not exceed 40%.

The present work also explores the rheological
characteristics of the developed concentrated milk
product with sugar, in which skim milk powder is
partly substituted for fermented malt [3]. Adding malt
makes it possible to increase the content of vitamins
and mineral substances in the product.

The equations of the dependence of shear stress on
shear rate of the developed product are shown in
Table 3.

Table 3 that shows that all the samples follow a
power-law relationship and therefore are classified as
pseudoplastic food products, which is confirmed by a
rather high correlation coefficient equal to 0.99. The
analysis of the equations shows that the increase in the
percentage of substitution of skim milk powder for
malt results in the increase in the consistency
coefficient and the decrease in the flow behavior index.
It gives evidence of the consolidation of the structure
and the increase of non-Newtonian properties of the
product.

We also developed a concentrated milk product in
which skim milk powder is partially substituted for
demineralized whey powder (DWP) [1] and studied its
structure. The data on the impact of shear rate on shear
stress in the product samples are shown in Table 4.

Table 1. The equations of the dependence of shear stress on shear rate in the control samples of concentrated milk

products with sugar at various storage durations

Storage duration Type of dependence Correlation coefficient
Freshly made product samples 1=3.2476y 0.996
3 months 1=6.0942y 0.992
6 months =7.62-70.8252 0.991
14 months T=10.834xy 0.8659 0.999
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Table 2. The equations of the dependence of shear stress on shear rate in the samples of concentrated milk products with
sugar with different percentage of substitution of sugar for starch syrup during storage

Storage duration 30% 40% 50% 100%
Freshly made product samples 1=3.49y t=3.83y T=14.32 y 07064 T =44.19y 058%
3 months 1=6.067 T=21.30r 06%4 T=33.33 y 052 T=44.71 y 054
14 months T=16.78y 07 T=25.29y 072 T=30.82y 0772 T=39.51y 0"

Table 3. The equations of the dependence of shear stress on shear rate in the samples of concentrated milk product with
sugar on the percentage of substitution of skim milk powder for fermented malt at various storage durations

Storage duration 5%

10% 15%

Freshly made product samples T = 4.84xy0925

T= 6.44xy08776 T=9.13xy08524

3 months T=40.11xy003

T=155.17xy0%1 T = 59.47xy0524

14 months T=43.21xy 06%

T=59.58xy 0546 T=81.34xy 04647

Table 4. The equations of the dependence of shear stress on shear rate in the samples of concentrated milk product with
sugar with different percentage of substitution of skim milk powder for demineralized whey powder at various storage

durations

Storage duration 10%

20% 25%

Freshly made product samples T= 6.74xy082%

T=7.7954xy08 T=11.796xy°77s8

3 months T=9.73xy07%2

T=10.674xy0787 T= 12.849xy07012

14 months

T=13.21xy 0%

T=26.3 y*% T=29.3 yo462

The determined patterns indicate that the product
samples are classified as pseudoplastic fluids, which is
confirmed by a rather high correlation coefficient of
0.99. It follows from the equations that the increase in
the percentage of substitution of skim milk powder for
demineralized whey powder results in the increase in
the consistency coefficient (k) and the decrease in the
flow behavior index (m). It gives evidence of the
consolidation of the structure, an increase of its
viscosity and of non-Newtonian properties in the
presence of whey proteins, which constitute the major
fraction of demineralized whey powder.

To describe the dependence of effective viscosity of
shear rate in the studied samples, a well-known
equation was used [13]:

O]

where me is the effective viscosity Pa-s; y is the
deformation frequency, s™; K is the consistency
coefficient; m is the rate of structure breakdown.

The equations of the dependence of efficient
viscosity on shear rate of the developed product are
shown in Table 5.

The data of Tables 5-6 confirm that control

samples of concentrated milk products and the products

nef = K"Y_m ’

with substitution of 30% of sugar for starch syrup
during storage for up to three months are classified as
Newtonian liquids. Other dependencies follow a power-
law relationship, which confirms that the samples are
classified as pseudoplastic fluids (Tables 7-8).

The exponent in the equations, presented in
Tables 5-8, describes the rate of structure breakdown.
For a more complete description of the behavior of the
products, the rate of structure breakdown was analyzed
and presented in Fig. 1 and 2.

As can be seen from Fig. 1, a dramatic increase in
the rate of structure breakdown is observed in all
product samples in case of the substitution of 40% or
more of sucrose for starch syrup.

More intense structure breakdown was observed in
the products in which a part of skim milk powder was
substituted by malt (Fig. 2). In freshly made product
with the proportion of substitution of 5% the value
of m remains almost unchanged, after which slightly
increases. After three months of storage, the rate of
structure breakdown in the control samples slightly
increases, as compared to the freshly made product.
Intense structure breakdown is observed in the samples
after 3 months of storage in case of the substitution of
5% or more of skim milk powder for malt.

Table 5. The equations of the dependence of effective viscosity on shear rate in the control samples of concentrated milk

product with sugar at various storage durations

Storage duration Type of dependence Correlation coefficient
Freshly made product samples Net = 2.6239 v 0.995
3 months Nef = 6.561 vy 0.993
6 months Neg = 7.623 y 017 0.991
14 months Nef = 11.102 y 0% 0.959
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Table 6. The equations of the dependence of effective viscosity on shear rate in the samples of concentrated milk product
with sugar and starch syrup at various storage durations

Storage duration 30% 40% 50% 100%
Freshly made product Nef =3.29 ¢ Ner= 10.309y02% Nef= 14.63y 031 Nef= 46.223y 0412
3 months Net = 7.8768 v Ner = 21.304y02 Nef = 32.189y03% Nef = 42.557y04%
14 months Net = 16.097 y 0% Nes = 23.65 y 03 Nef = 29.063y03% Nef = 0.378y 044

Table 7. The equations of the dependence of effective viscosity on shear rate in the samples of concentrated milk product
with sugar, depending on the percentage of substitution of skim milk powder for fermented malt, at various storage

durations

Storage duration

5%

10%

15%

Freshly made product samples

et = 4.835 7 007

Nef = 6.436y°01%

Nef= 9.130y 0168

3 months

et = 40.1 14036

Ter = 55.171y°04¢

Net = 59.474y0475

14 months

et = 43.210y0%7

Ner = 59.580y°%

Ner = 81.344y705%

Table 8. The equations of the dependence of effective viscosity on shear rate in the samples of concentrated milk product
with sugar, depending on the percentage of substitution of skim milk powder for demineralized whey powder, at various

storage durations

Storage duration

10%

20%

25%

Freshly made product samples

Ne = 6.774 y 052

Ner = 7.868 015!

Ner = 11.796 7 022

3 months

et = 9.725y02

et = 10.674 0213

Ner = 12.849y0240

14 months

Ter = 23.210y02

Ner = 26.325y 042

Ner = 31.344y 0475

0.45

Rate of structure breakdown, m

Rate of structure breakdown, m
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Fig. 1. The dependence of the rate of structure breakdown on the mass fraction of starch syrup: (1) freshly made product;
(2) after 3 months of storage; (3) after 14 months of storage.
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Fig. 2. The dependence of the rate of structure breakdown on the percentage of substitution of skim milk powder for
fermented malt: 1 — freshly made product; 2 — after 3 months of storage; 3 — after 14 months of storage.
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CONCLUSIONS

1. Freshly made concentrated milk products with
sugar, and the same products in the process of storage
during a period of up to 3 months, are classified as
"Newtonian" liquids. It is recommended to use a
Hoppler viscometer for the measurement of viscosity in
these samples.

2. Changing the composition of the developed
products results inthe deviation of their parameters

from the properties of Newtonian liquids. These
products are classified as pseudoplastic bodies.

3. During prolonged storage, consolidation of the
structure and increased deviation from the properties of
Newtonian liquids was observed in all studied samples.

4. It is recommended to measure the viscosity of the
developed products using a rotary viscometer.

5. The obtained results were used to estimate the
duration of storage of the developed products.
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