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Abstract

This paper addresses the challenges of simulating viscoplastic longitudinal and cross-sectional flows of non-
Newtonian fluids. A superposition method is proposed to construct higher-dimensional flow fields from lower-
dimensional ones, accommodating varying boundary conditions and pressure-dependent rheological parameters.
The study details theoretical approaches for modeling non-Newtonian fluid flows in channels with diverse
geometries, including moving boundaries and pressure drops at channel edges, considering the functional
relationships between key process parameters. It is demonstrated that both longitudinal and cross-sectional flows
can be represented as a combination of one-dimensional longitudinal flows of the same type, enabling the description
of three-dimensional isothermal flows in rectangular channels and two-dimensional flows in flat channels with
varying aspect ratios. The resulting theoretical two- and three-dimensional models of viscous flows in basic channel
geometries facilitates the investigation of fundamental process regularities and the determination of optimal macro-
kinetic and macro-dynamic flow characteristics for non-Newtonian materials, ultimately aiming to reduce energy
consumption and material usage in food processing equipment.

Keywords: flow; non-Newtonian fluid; channel; rheology; simulation.

MO/JIEJTIOBAHHA TEYII HEHbIOTOHOBCHKUX PIJMH METO/IOM CYTIEPIIO3MIIII

Enyapp B. binenbkuiil, Onena B. [leTpeHko?
1 HayioHaawbHulli mexHiuHull yHisepcumem «Xapkiscokull noaimexniyHuli incmumymy, éy4. Kupnuvosa, 2, Xapkis, 61002,
Ykpaina
2 lepacasHuti 6iomexHono2ivHull yHisepcumem, gya. Anvescokux, 44, Xapkie 61002, Ykpaina

AHoTauis

Y po6orTi gocaigxeHi npo6jieMu MO e/II0BaHHA B’ A3KOIJIACTUYHUX Tedill HEHbIOTOHIBCbKMX PiJMH y 103 0BXKHbOMY
Ta Ionepe4YHOMY HanpsMKax. 3aponOHOBAaHO MeTO/, Cynepno3uLii A/is1 106y A0BH NOJ1iB Tedii BUlLOi po3MipHOCTi HA
OCHOBi MOJIIB HWKYOI PO3MIpHOCTI 3 ypaxyBaHHSM 3MiHHUX TpPpaHMYHHUX YMOB Ta 3aJ/IeKHOCTI peoJIoriyHMX
napaMeTpiB Bij THCKY. PO3r/isiHyToO TeopeTHUYHi NiAX0Au A0 MO €e/II0BaHHA Te4Yiid HEHBIOTOHIBCBKUX PiAMH y KaHa/1ax
pi3HOi KoH@irypanii, 30KkpemMa 3 pyXOMUMHM MeXaMH Ta MepenajaMHM THCKy Ha KpafX, 3 ypaxyBaHHAM
¢yHKIiOHAaNbHMX 3B'A3KIiB Mi>k KJIDYOBUMHU NapaMeTpaMu npouecy. IllokasaHo, o0 no3j0BKHi Ta nonepeyHi Teyii
MOXYTb GYTH 3BeJeHi 50 KoMOGiHa1ii 0 JHOBUMIpPHUX NO340BXKHIX Te4iil aHa/IOriYHOro TUIlY, 10 J03BOJISIE ONUCYBaTHU
TPUBHMMIpHi i30TepMiuHi Teuii y MpAMOKYTHMX KaHajaX Ta ABOBUMIPHiI Tedii y NJIOCKMX KaHajax 3 pi3HUM
cniBBiAHOMEHHAM cTOpiH. [I06yf0BaHO TeOpeTHUYHi ABO- Ta TPMBUMIipHi MoAeli B’ I3KOIJIAaCTUYHUX Tediil y kKaHa/1ax
6a30Boi reomerpii, 0 Ja€ 3MoOry JOCHiJ)KyBaTH OCHOBHi 3aKOHOMipHOCTiI mpouecy Ta BH3HayaTH ONTUMAJIbHi
MaKpOKiHeTUYHi Ta MaKpOAUHAMiYHi XapaKTepUCTHKH Tedil HEHBIOTOHIBCBKMX MaTepia/iB 3 MeTOl onTuUMisanii
€HeprocrnoXKuBaHHA Ta BUKOPHCTAaHHSA MaTepiaiB y XxapyoBoMy 06/1aJHaHHi.
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Introduction

Understanding  fluid hydrodynamics is
fundamental to optimizing most food technology
processes. Moving fluids transfer energy,
including kinetic and thermal energy [1; 2]. Many
fluids encountered in food processing equipment
are heterogeneous systems, often consisting of
solutions and mixtures exhibiting non-Newtonian
behavior [3; 4]. Characterizing the structure and
flow regimes of these non-Newtonian materials is
crucial for designing efficient technological
processes and optimizing hydrodynamic, thermal,
and mass transfer indicators. However, the
complexity of rheological models often limits the
ability to fully describe the relationships between
process parameters. This limitation hinders the
development of new energy-efficient technologies
and can lead to increased development time and
costs [5; 6].

Therefore, developing scientifically sound
approaches for modeling the flow of non-
Newtonian materials remains an important
challenge. This involves constructing theoretically
robust mathematical models to describe non-
Newtonian flow and identifying optimal structural
and technological parameters for energy-efficient
processes and equipment in the chemical and food
industries [7].

Fluid flows within equipment can be broadly
classified based on the Reynolds number (Re): Re
> 1 (high Reynolds number) and Re < 1 (low
Reynolds number). High Re flows, typical of low-
viscosity liquids, facilitate efficient heat and mass
transfer [8-10]. Conversely, low Re flows,
characteristic of highly viscous liquids, generate
high shear rates, internal friction, and pressure.
These conditions can significantly alter the
internal structure of the fluid. While heat and mass
transfer are paramount in high Re flows, with the
rheological state of the fluid playing a less
significant role, the rheological behavior is of
primary importance in low Re flows.
Consequently, using only Newtonian models to
describe these flows is inadequate.

A key distinction between high and low Re
flows is the behavior of rheological parameters. In
high Re flows, these parameters typically remain
constant during the flow. In contrast, they can vary
significantly in low Re flows, particularly in
chemical processing. The driving force in high Re

-VP+V7=0, Dz(z)x,uy,uj,

Vpu=0, =1y, Lk=XxY,Z,
t=2l&P.T), 2=, p=p(P),
where P - pressure in the fluid, Pa;

flows is typically a pressure difference across the
flow domain. In low Re flows, the movement of the
flow boundaries is the primary driving force.
Transporting highly viscous liquids requires more
energy, and the resulting pressure is a
consequence of this boundary movement [11-14].

Examples of high Re flows include flow through
tubes with a defined pressure drop, commonly
found in various technological equipment and
conduits [15-17]. Low Re flows are often
observed in channels and within the working
chambers of screw machines, where highly
viscous fluids are processed and their properties
modified [18-20]. While some general fluid
mechanics principles apply to both Newtonian
and non-Newtonian fluids, the distinct
characteristics of low Re flows necessitate careful
consideration of the fluid's rheological properties.

The aim of this work is to develop and improve
theoretical models of viscoplastic flows of non-
Newtonian fluids in channels of various
configurations, taking into account complex
interactions such as moving boundary conditions,
variable rheological parameters depending on
pressure, and three-dimensional effects. The
research is aimed at optimizing the macrokinetic
and macrodynamic characteristics of these flows,
in particular to reduce energy consumption and
more efficient use of materials in technological
equipment.

Results and discussion.

In this paper, the methods for simulating
viscoplastic longitudinal flow in flat and
rectangular channels are discussed. The channel
bounds are movable. This movement can occur
both along and across the channel. The channel
with rectangular cross-section is considered
standard. The flow in the channel is characterized
by velocity and pressure values in each point of
the flow region. Information about the flow may
be condensed (pressure and consumption only)
and full, or local (pressure and velocity) at each
point. Movement of liquid in the channel can be
straight and curved. The latter does not affect the
results because inertia does not matter for the
flows with Reynolds number lower than 1 [21-
23].

The equations for
following general form:

stokes flows have the

(1)
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p — density of the fluid, kg/m3;

7 - stress tensor, Pa;

o - flow velocity vector, m/s;

T - temperature, K;

& - strain rate tensor, 1/s;

x, y, z - coordinates of point in the flow region, m.

All flows described by equations (1) can be
divided into two groups. The first group includes
flows with velocity vector which has only one
component. This component may depend on one
or two coordinates, but these coordinates should
be transverse. If coordinate z is chosen as the
longitudinal coordinate (along 0z axis), then
coordinates x and y will be transverse.
Longitudinal flows have a velocity component v,

which can depend either on x or on y separately or
on both these coordinates. Longitudinal flows
have only one velocity component which depends
only on transverse coordinates and can not
contain any values which depend on pressure and
temperature except for the pressure gradient. In
these longitudinal flows the distribution of
velocity is the same in all cross-sections. The
second group contains flows with a velocity vector
which has two or three components each of which
depends on two or three coordinates.

The flows of the second group can be ordered
like this: two-dimensional longitudinal flows; two-
dimensional transverse flows with zero
longitudinal velocity, three-dimensional twist-
and-steer flows which contain all three velocity
vector components each of which depends on all
three coordinates.

The reasons for various types of flows are
the boundary conditions and dependency (or
independency) of rheological characteristics on
pressure and temperature. Such dependency of

reasons and consequences can be illustrated by
the example of Newtonian or non-classical non-
Newtonian fluid with properties that do not
depend on the strain rate tensor. If some flow
depends only on longitudinal coordinate and has a
longitudinal component only than this is the flow
in a flat channel which has only one pair of bounds
- and the velocities of these bounds are also
longitudinal. At the same time, only pressure
varies along the channel. If rheological parameters
depend on pressure, than component of the stress
tensor in equation (1) will also depend on
pressure. In this case, longitudinal velocity
depends on longitudinal coordinate. Due to the
equation of matter conservation (1) the second -
transverse - velocity component appears,
although boundary conditions are purely
longitudinal. For Newtonian fluid, the longitudinal
flows with one velocity component which depends
on two transverse coordinates are possible. These
flows demand for one additional pair of bounds
with longitudinal boundary conditions to be
available. Complication of this problem and the
addition of dependency for rheological
characteristics leads to the solution of this
problem beyond the two-component flow. The
flow obtains an additional component and yet
another coordinate as an argument. Thus adding
another pair of bounds adds new coordinate while
adding dependency from the pressure adds both
component and coordinate. This is illustrated on
Fig. 1.

(b)

Fig. 1. Longitudinal fluid flow:
(a) - in channels with mutually perpendicular bounds; (b) - in the rectangular channel
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There are also purely transverse flows for
Newtonian fluids. If the channel is flat and the
velocities of its bounds are purely transverse, then
the flow will be purely transverse and will depend
on one transverse coordinate only. In the practical
aspect, these flows are of interest to the small
channels with large width. These channels may be
approximately considered as flat. The flow
consumption in wide closed channel has a value of
zero. Hence, in order for the transverse flow in a
flat channel to adequately represent the
transverse flow in a rectangular channel, a purely
longitudinal flow with zero consumption should
be considered. If rheological characteristics of the

flow depend on pressure, then the transverse flow
in a flat channel obtains an additional velocity
component and additional coordinate as a
variable. This is illustrated on Fig. 2.

The flow in a rectangular channel with bounds
that move both longitudinally and transversally
has three velocity components. If the fluid is
Newtonian, then all these components depend on
two transverse coordinates only. If equation of the
rheological state includes pressure, than the third
- longitudinal - coordinate is added, and the flow
itself has the highest complexity level.

Y
’

()

¥
| ED
x@x

(b)

Fig. 2. Transverse fluid flow: (a) - in flat channels; (b) - in the rectangular channel

When a connection between bounds count, the
type of boundary velocities and rheological
characteristics are established, then the method of
building the velocity field of two- and three-
dimensional flows on the velocity field of the flow
with lower dimension can be suggested. This

method involves the representation of a
v
+)

[! ——

“ »X e

{\‘ | —

1

(@)

transverse flow in a rectangular channel as the
superposition of two transverse flows in two flat
channels which are perpendicular to each other
and have zero consumption. This method can be
applied to both Newtonian and non-Newtonian
fluids. This superposition is represented in Fig. 3.

- ‘WHW—FE&

W

LU |

(b)

Fig. 3. Fluid flow in flat channels:
(a) - velocity profiles in transverse flows; (b) - superpositions of transverse flows
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The superposition lies in the fact that for each
flat channel with bound that are perpendicular to
each other, the longitudinal flow is considered.
The equations of this flow contains terms related
to another channel. The easiest way to see this is

Akx
W1 h

<

%
%\ v)' (A) »y

7,

W,
(@

to consider the transverse flow of Newtonian fluid.
Suppose there is a transverse flow on the 0y axis
direction which depends on X coordinate (Fig. 4.).

wﬂ 4
— N
a

(b)

Fig. 4. Velocity profile and boundary velocities:
(a) - in longitudinal flow which depends on x coordinate; (b) - in longitudinal flow which depends on y
coordinate

In this case the equations for stress balance have the following form:

or or
E:i.ﬁr_yy’ \% (+h):W1’
oy ox oy Y

(2)

where h - if the half of flat channel width, W3, W> - are the channel boundaries

velocities.

In order to solve the problem (1) the
connection between r, and r, should be

yx
specified. This can be done in several different
ways, however the connection between stresses
and velocities of deformations in the 7, = ué,
form for Newtonian fluid should be known. Thus
knowing the boundary conditions the derivatives
with respect to X coordinate can always be
expressed in terms of derivatives with respect to
Y coordinate. The derivatives with respect to X

coordinate are related to the flow in channel with
sides that are perpendicular to the channel from
problem (2). This can be done as follows:
ov .

S (W, W)/ 2h; %~(W3—W4)/2a in case when

W, W, 0, W,-W, 0. Otherwise the estimates of

the following form should be used:
P OTxy Oty
- == ) :W )
> oy + ox vy(+a)=Wj3

Vx :Vx(y)r Vx(_a):W4-

The solution to this problem has the same form

as the solution of problem (2). The estimates for

or

velocity derivatives allow expressing ““= in terms
OX

ov.
L (v, —W,) AL

Ly, ..
= (v, —W, ) A, 5 8y~(vm—W3)/Ay,

where Aj characterize the

(Y ~W,) A, » AL,
extremum position of velocity of the respective

longitudinal flow: A;+A] =2h; A;+A; =2a. In the

first case the estimates lead to % expressed in
oy

terms of 9% . In the second case values v, and A}
OX

A, act as unknown parameters which are

determined after solution of the problem. In both
cases the problem (2) is reduced to the
longitudinal problem with one transverse
coordinate. Then the same problem, but for the flat
channel which is perpendicular to the first one is
considered. This problem can be represented in
the following form:

(3)

of %% . The solution (2) and (3) should consider
oy

the zero-consumption condition. This condition
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leads to the equations for %P and %P in a way that
y X

values of these pressure become dependant on Wi

- WzT[ and W3 - W4.

Applying the method described below to non-
Newtonian fluid does not lead to any fundamental
changes but make the solution for problems (2)
and (3) core complicated. Here the following cases
are possible: viscosity depends on the second
invariant of the strain velocity tensor, or viscosity
depends on pressure.

In the first case, all terms of the second
invariant should be expressed in terms of
P _9%y Oty
oz oy oz

1

corresponding derivative of the longitudinal

0
velocity: for problem (2) itis % ; for problem (3)
X

- it is 00y . In the second case the longitudinal
vy (x)
component v, (x) - for problem (2), and v, (y) -
for problem (3). Hence, in this case the problem
for longitudinal flow with one transverse
component should be considered. This problem is
based on the following equations:

flows and o,(y) obtain additional

4)

vz =07(Y,2), vz (+h,2)=Ws, vx = x(y,2), vz (-h,2)=Wg.
Where W5, Ws — values for longitudinal velocities of the bounds (Fig. 5).

B 4 ¥
h x X
‘a
VZ (y’ Z) —
— <l N
v (V.2 =
) (.2) = v.(x,2)
_h i_a
(a) (b)

Fig. 5. Longitudinal flow with transverse component for the fluid, properties of which depend on pressure:
(a) - transverse component is directed along ox axis; (b) - transverse component is directed along oy axis

The solution for this problem is based in

0
reducing aar—“ to % with the aid of described
z y

P(z=L)=P_, P(z=0)= Py,

estimates. The solution for problem (4) describes
longitudinal flow along the channel axis with the
following boundary conditions:

(5)

where L - channel length, m; Py and Py, — pressure values on the channel bounds, Pa.

If the zero-consumption condition is taken into
account then the solution for the problem
describes the transverse flows in channel which
are perpendicular to each other and have two flat
bound.

_OP _Orx Otz

=0,
0z OX 0z

The problem for longitudinal flow for another
pair of the bounds looks similar to the problem

(4):

(6)

vz =0, (x.2), v (+a,2)=W7, vy =04(X,2), v;(-a,2)=Wg.

where W7 and Ws - longitudinal velocities, m (Fig. 5).

Problems (2), (3), (4), (5) lead to velocity fields
which consist of two velocity fields in the
intersection of flat channels. Thus, the question of
choosing one or another field arises. This can be
done in two ways. The first method: the velocity

fields obtained as the solutions for different
problems are attributed to the bounds for which
they are obtained. Herewith, four fields are
obtained for longitudinal velocity: two for each
pair of bounds. The condition for continuity of
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longitudinal velocity values, which are calculated
based on two different expressions, leads to four
equations for four lines which divide the rectangle

of channel cross-section into sub-areas, each of
which is described by its own expression for
longitudinal velocity (Fig. 6a).

|
|
I
V i V.,
Vy | ¥
v e \ e
V. T Ve
(b)

Fig. 6. Partition of cross-section of rectangular channel into sub-areas:
(a) - for longitudinal flow; (6) - for transverse flow

The same procedure is applied for transverse
flow. In this case, there are four sub-areas as well.
However, the condition for their fixation is not the
condition for velocity continuity but the condition
for continuity of the absolute velocity. Velocity
vectors are tested on the lines which separate one

area from another by rotating by the angle of %

(Fig. 6b). This method lies in the fact that for the
rectangular channel with different sides a and h
the main velocity field is the field which has longer
bounds. This field is corrected by the multipliers
in order to match boundary conditions for the
second pair of bounds. Also, the experimentally
tested statement about the fact that the influence
of the pair of bounds extends inside the flow
region for a distance approximately equal to the
bounds length is used. Thus, for large values of this
length, the influence of shorter pair of bounds
weakens. In order to illustrate this statement, the
channel in which a>>h it can be considered. In
this case, the cross-section has two sub-areas
which abut the sides with length h and extend
deep for a distance of h, in which expression for
velocity flow in a flat channel with the width of 2h
should be corrected in the abovementioned sense.
Outside of these two regions, the flow is the same
as without these two bounds. Applying this
method to the transverse flow leads to these two
velocity fields, each obtained for its own pair of
bounds, are attributed to the entire area of

multipliers which consider the missing pair of
bounds. The method described above is more
precise but also more complicated. The
complexity of its application is in the fact that
bounds influence extends inside the flow region
for a distance of the bound area and is valid for
Newtonian fluids only. This rule is also valid for
non-Newtonian fluid, but the bound length should
be multiplied by some multiplier which depends
on the parameters of the rheological state
equation.

Experimental part

In order to visualize the presented method of
superposition, in this article we provide a
calculation to confirm the obtained theoretical
solutions by comparing them with experimental
data and, based on them, assess the adequacy of
the obtained models. As an example, consider the
definition of such an important macrokinetic
characteristic as the flow rate V, which is one of the
most important in the flow of non-Newtonian
material [24]. The calculation was carried out for
a model Bingham flow in a worm machine with
geometric dimensions: the length of the helical
line with the step tz = 0,086 m and the depth of the
channel 2h = 0,007 m.

Based on the choice of geometric dimensions of
the worm channel, this channel can be considered
close to flat. In this case, the influence of the
second pair of walls can be neglected. Whence, the
expressions for determining the coordinates of the

rectangular cross-section, but corrected by borders have the following form:
To o
LGP 5 MW -W)
+ . 7/ | -
Yo =0yty; d¢ 2hz,

(7)

Substituting these expressions into the formula to determine the cost



545

Journal of Chemistry and Technologies, 2025, 33(2), 538-547

512
0 , N @ (2 oy 8( B YI[a* hodpP
V:(Wr§,+Wry)h—(Wr;—Wry)y +ﬁ+(h +y )+E(dP/dzj . 4ﬂ2+z-d—z -

2 @ h o) 2 (o> hodp)” 8

- 2h —+—-— +3(y*) | =t == . (8)

3dP /dz 45 B dz 4p° B dz

leads to its following expression:
V,=W* +W)h —(W+ —W‘)h5y1—

2h*dR,, 3 1.3 3
21T

In the case of a helical channel in a coordinate
system rotating with the worm, the value of the

velocity W, should be considered equal to zero.
2hz,

n=

=~ " X
gy

(9)

+ *713 - *71(571)2 - 3(571)2)-

For the value /#, the following expression is a good
approximation:

2 3}
+ox—
3 16a,h é]

(10)

The characteristics of the flat channel were determined using the following ratios:

Ll:nx\/%+7r2D2, t9og zt%D

where tz - worm step, m; n - number of turns; @g-
the angle of elevation of the worm feather,
degrees.

0,60(1—y/7,14)

V =332xN {1+ 0’63V2}x
(1-7)
The obtained formulas are written in such a
form and with such multipliers that the value V is
calculated sm3/s in order to simplify the
comparison with experimental data.

1+0,60x (17 /714)/(1-y)" " W™ Ihzy’

Substitution of the results of the calculations
according to the above formulas leads to the
following expressions for determining the
consumption of the worm device:

1,31 (12)

Estimated values obtained when using a worm
with a step ¢tz = 0.086 m and the depth of the
channel 2h = 0.007 m and rotation frequency up to
240 spin for a second were compared with
experimental data, the results are shown in fig. 7.

30 40 30 60 70 £0 $0100
Fig. 7. Comparison of experimental data with calculated values of V:
solid line - calculated value, o - experimental data

In this way, the obtained calculation results
confirm the adequacy of the given theoretical
dependencies to the real conditions of
technological processes.

130 140

160 180 200 230 240

Conclusion
The method for reducing problems of flows

with higher dimension to the problems of flows

with lower dimension described in this paper can
be applied to a wide variety of non-linear fluids
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with various boundary conditions which are
based not only on adhesion. This method can be
extended to the flows with slipping and to the non-
isothermal flows. Herein one should consider the
fact, that the flow of fluids with high viscosity is
accompanied by significant dissipative heat
release which is described by a distributed source.
The presence of slipping apart from the
mentioned source indicates the necessity for
accounting of surface source which is localized on
the flow region bound. Sliding contact on the
border is similar to the contact of two solid
surfaces. Heat release in this contact depends both
on pressure normal to the contact and on the
magnitude of the slip. In the first case, the heat
release occurs on the Coulomb type, while in the
second case - on the hydrodynamic type. The task
for the future is to extend method of solving three-
dimensional problems to the problems with
surface heat sources.

Having the possibility of non-Newtonian fluid
to slide at the region bounds allows dividing all
flows into two groups. The first group includes
flows throughout which the first sliding conditions

54
¥ W,_V’,:O TuyC Wr_vr;to —u

¥

()

are complied. The second group includes flows
which are partially formed by adhesion conditions
and partially - by sliding conditions. For the flows
of the last group, the number of velocity vector
components and the number of coordinates are
changed in the cross-section of the channel which
has longitudinal coordinate that matches the
coordinate along which the change of boundary
condition form may occur [24]. For such flows the
problem of “bonding” several flows of two
different types should be solved. Such “bonding”
should be subordinated to the conditions of
continuity of all velocity and pressure
components. Here, the first derivatives of the
velocity in the coordinates will experience a leap.
Considering connections between the
components of stress tensor and strain velocities
the leap of velocity derivatives means the leap of
components of stress tensors. Thus, the
imposition of velocity components continuity
conditions is not fully consistent, because it leads
to the leap of stress components and the
continuity of pressure (Fig. 8).

w —v, #0

w —v. =0
(b)

Fig. 8. Flow of the fluid with combined bounds:
(a) - “bonding” lines for the fluid with sliding and adhesion conditions at the part of the bounds; (b) -
partition of channel; cross-section into sub-areas when one of the sections belongs to the area with sliding and the
other section belongs to the area with adhesion

The more consistent is the extension of
continuity conditions on the partial derivatives of
the velocity vector in cross-section, where flows
with different dimensions are linked. Everything
said above applies to the longitudinal components
of the velocity field and to the transverse
components, providing that the partition of
channel cross-section rectangle into sub-areas
from different sides of the cross-section of
transition from one boundary conditions to
another is the same. In fact, it is not so, thus the
problem of “bonding” and partitioning arises. This
problem requires additional study. Therefore, the
method for building three-dimensional velocity
and pressure fields described in this paper has

certain potential of development and extension on
the flows which appear during the description of
large amount of practical situations in food
technological processes. The method described in
this paper was applied to isothermal flows
without sliding for the three-dimensional
problems of the flow of Newtonian, power-law,
generalized and Bingham fluids in the rectangular
channel with arbitrary piecewise constant
distribution of bound velocities [25-26]. Herein,
in some cases, it was possible to consider fluid
compressibility and the dependence of the
parameters of the rheological state equation of the
pressure.



547

Journal of Chemistry and Technologies, 2025, 33(2), 538-547

References

(1]
(2]

(3]
(4]

(5]
(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Bird, R.B, Stewart, W.E., Lightfoot, E.N. (2007).
Transport Phenomena. John Wiley & Sons.

Incropera, F.P., DeWitt, D.P., Bergman, T.L., Lavine, A.S.
(2007). Fundamentals of Heat and Mass Transfer. John
Wiley & Sons.

Toledo, R.T. (2009). Fundamentals of Food Process
Engineering. Springer.

Singh, R.P., Heldman, D.R. (2013). Introduction to Food
Engineering. Academic Press.
https://doi.org/10.1016/B978-0-12-382172-9.00001-
2

Rao, M.A. (2014). Rheology of Fluid and Semisolid Foods.
Springer. https://doi.org/10.1007/978-1-4899-8022-1
Fellows, P.J. (2017). Food Processing Technology:
Principles and Practice. Woodhead Publishing.
https://doi.org/10.1016/B978-0-08-100522-3.00001-
4

Chhabra, R.P,, Richardson, ].F. (2011). Non-Newtonian
flow in the process industries: Fundamentals and
engineering applications. Butterworth-Heinemann.
McCabe, W.L., Smith, ].C,, Harriott, P. (2005). Unit
Operations of Chemical Engineering. McGraw-Hill
Education.

Geankoplis, C.J. (2003). Transport Processes and
Separation Process Principles (Includes Unit Operations).
Prentice Hall.

Awad, S., Farid, M. (2021). Rheological properties of
food materials: A review. Food Reviews International,
37(7), 721-750.
https://doi.org/10.1080/87559129.2020.1746675
Tunick, M.H. (2021). Modern dairy rheology. Annual
Review of Food Science and Technology, 12, 551-576.
https://doi.org/10.1146 /annurev-food-061820-
110842

Kraljic, K., Genisoglu, M. (2022). Rheological properties
of honey and their influence on processing and quality.
Food Chemistry, 370, 131016.
https://doi.org/10.1016/j.foodchem.2021.131016
Khorasgani, M.S., Phillips, A.L. (2023). A review of
computational fluid dynamics (CFD) applications in
food processing. Food Engineering Reviews, 1-33.
https://doi.org/10.1007/s12393-023-09355-6
Kumar, R, Ganesan, P. (2022). A numerical study on the
flow characteristics of non-Newtonian fluids in
microchannels with different shapes. Journal of the
Brazilian ~ Society of Mechanical Sciences and
Engineering, 44(1), 1-13.

https://doi.org/10.1007 /s40430-021-03222-7

Weng, Y.-K, Nobakht, A.Y. Shin, S, Kihm, KD,
Aaron, D.S. (2021). Effects of mass and interaction
mismatches on in-plane and cross-plane thermal
transport of Si-doped graphene. International Journal of
Heat and Mass Transfer, 170, 120979.

[16]

[17]

(18]

[19]

[20]

[22]

[23]

[24]

[26]

https://doi.org/10.1016/].ijheatmasstransfer.2021.12
0979

Zhou, Q., Wang, P., Wu, K, Cao, |, Zhang, H., Zhang, Y.,
Niu, B, Long, D. Performance of high-temperature
lightweight multilayer insulations, Applied Thermal
Engineering, 211, 118436.
https://doi.org/10.1016/j.applthermaleng.2022.1184
36

Munson, B.R, Young, D.F,, Okiishi, T.H., Huebsch, P.M.
(2016). Fundamentals of Fluid Mechanics. John Wiley &
Sons.

Maskan, M., Gogus, F. (2000). Screw press expelling of
sunflower seed: Modelling of oil expression. Journal of
Food Engineering, 45(4), 231-238.
https://doi.org/10.1016/S0260-8774(00)00067-9
Peleg, M. (2022). A New Look at Models of the Combined
Effect of Temperature, pH, Water Activity, or Other
Factors on Microbial Growth Rate. Food Eng Rev., 14,
31-44. https://doi.org/10.1007/s12393-021-09292-x
Webb, D., Li, Y., Alavi, S. (2023). Influence of screw
profile on the performance of twin-screw food
extruders: A review. Trends in Food Science &
Technology, 131, 129-138.
https://doi.org/10.1016/j.tifs.2022.11.006

Owczarz, P., Matuszak, M., Zawala, J. (2019). Numerical
modeling of non-Newtonian fluid flow in a channel with
periodically arranged obstacles. jJournal of Non-
Newtonian Fluid  Mechanics, 263, 137-151.
https://doi.org/10.1016/j.jnnfm.2018.11.004
Haghighatkhah, A., Kahriz, M. A. (2021). Numerical
investigation of non-Newtonian fluid flow through a
channel with a sudden expansion. Journal of Mechanical
and Civil Engineering, 17(6), 11-21. doi: 10.9790/1684-
1706021121

Kim, S, Karrila, S.J. (2013). Microhydrodynamics:
principles and  selected  applications.  Courier
Corporation..

Tovazhnyansky, L.L., Biletsky, E.V., Tolchinsky, Yu.A.
(2013). [Modeling of flows of non-Newtonian fluids in
channels of basic geometry]. Kharkiv, Ukraine: NTU
"KhPI". (In Ukrainian)

Petrenko, E., Biletsky, E., Semeniuk, D. (2019). Modeling
of the viscoplastic flow of a Bingham fluid with transrse
circulation in a rectangular channel of a worm machine.
Journal of Chemistry and Technologies, 27(2), 550-560.
https://doi.org/10.15421/081921

Petrenko, E. Biletsky, E. Semeniuk, D. (2020).
Simulation of the flow of viscous-plastic barotropic
compressible material in channels of complex
geometry. Journal of Chemistry and Technologies, 30(2),
275-284.
thtps://doi.or

10.15421 /jchemtech.v30i2.255960


https://doi.org/10.1016/B978-0-12-382172-9.00001-2
https://doi.org/10.1016/B978-0-12-382172-9.00001-2
https://doi.org/10.1007/978-1-4899-8022-1
https://doi.org/10.1016/B978-0-08-100522-3.00001-4
https://doi.org/10.1016/B978-0-08-100522-3.00001-4
https://doi.org/10.1080/87559129.2020.1746675
https://doi.org/10.1146/annurev-food-061820-110842
https://doi.org/10.1146/annurev-food-061820-110842
https://doi.org/10.1016/j.foodchem.2021.131016
https://doi.org/10.1007/s12393-023-09355-6
https://doi.org/10.1007/s40430-021-03222-7
https://doi.org/10.1016/j.ijheatmasstransfer.2021.120979
https://doi.org/10.1016/j.ijheatmasstransfer.2021.120979
https://doi.org/10.1016/j.applthermaleng.2022.118436
https://doi.org/10.1016/j.applthermaleng.2022.118436
https://doi.org/10.1016/S0260-8774(00)00067-9
https://doi.org/10.1007/s12393-021-09292-x
https://doi.org/10.1016/j.tifs.2022.11.006
https://doi.org/10.1016/j.jnnfm.2018.11.004
http://dx.doi.org/10.9790/1684-1706021121
http://dx.doi.org/10.9790/1684-1706021121
https://doi.org/10.15421/081921
https://doi.org/10.15421/jchemtech.v30i2.255960

