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Introduction

The rheology of highly viscous non-Newtonian
fluids has traditionally relied on numerous empirical
and semi-empirical models relating shear stress to
shear rate, often derived from Newton’s classical
equation. These models treat the fluid as a
homogeneous medium whose mechanical behavior
matches observed experimental results, a common
approach in continuum mechanics. This allows for
simplified analysis while avoiding the complexity of
interphase interactions [1—8§].

Rheological models of non-Newtonian fluids
relate shear stress to shear rate through the medium’s
viscosity or consistency. It is worth noting several
semi-empirical formulas: the Bingham equation
(T:TO+7p?) (for viscoplastic fluids), Casson
("% =1 +k2 912, Herschel—Bulkley
(t=1,+ky"), Ostwald—de Waele (7=k,7"),
Prandtl (for pseudoplastic fluids), Maxwell (for
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viscoelastic fluids), and many other empirical equations
that do not reflect the actual mechanisms of shear
flow in such fluids. Models describing the behavior of
structured dispersed systems often do not fully comply
with physical laws, except in the case of individual
particles, and represent empirical or semi-empirical
approximations to the true behavior [9—15].

The aim of this study is to derive the general
equation of shear flow of highly viscous fluids and to
apply it in practice to the construction of rheological
models for various systems.

Results and discussion

Equation of shear flow of highly viscous fluid

Shear vortex-free flow of highly viscous fluids is
accompanied by shear deformation and displacement
of individual fluid layers with time relative to each
other along the axis direction (Fig. 1). From the
selected triangle (Fig. 1), the length of the deformed
edge is defined as
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[ =11+ () =1yt - (1)

In this equation, the shear rate, y, can be
represented as the change in relative strain over time
in the form of a flow velocity gradient:

. dldx/d dldx/dt) dV.
Je (Z/ y) _ d(dx/dt) _ . o
t dy dy

The value of relative deformation of the liquid
layer is defined as

dx/dy=AdV_|dy=Ay . (3)

Here 4 is the relaxation time, y is the shear
rate, and ¢ is the flow time.

The relaxation time and flow time are related
through the Deborah number equal to pe = 4/¢.
Let us make the following assumptions: a) for highly
viscous fluids with Reynolds number Re = Jx /v <<1,
the convective terms are much less viscous; b) the
pressure distribution along the transverse axis is
negligible grad, P—0; c) in the equation of vortex-free
flow of a viscous fluid along the direction of the axis
x, let us assume that 8V, /ox* >> o’V /oy”.
Multiplying both parts of this expression by n , and
differentiating by y, 7, =-noV_ /ey, we finally
obtain 8°z_/ox* >> 0t _/dy’.

Then, having omitted the lower indices, the
equation of viscous fluid flow directed along the axis
x, let us represent it in the following form:

Multiplying both parts of equation (4) by n and
differentiating the obtained expression by y, changing
places of derivatives, we finally obtain:

ol ovi__of opPy, o [ V),
Porl "o |~ "oy ) T\ Ty

i {r5)
o\

Taking into account the insignificance of the
transverse pressure gradient 0P /0y << 1 and condition
¢), from expression (5) for vortex-free flow
characteristic for non-Newtonian fluids, we obtain:

or 0t
—_ = V—2 .
ot ox

)

(6)

The nonlinear expression (6) is a general second-
order rheological equation for shear flow of highly
viscous fluids. In particular, to solve equation (6),
consider the following boundary conditions:

x=0,t>0,7=7,; x >00,7>7T,. (7)

By introducing a dimensionless variable
& = x/J4vr , equation (7) is represented in the form:
d’r
—+2&

2 ﬂ_o‘
dé

dé

Considering the given boundary conditions (7),

8_V__8_P+ 82_V+52V the analytical solution of this equation will be
r ot ox g o’ oy (4)  represented as
y T V
l
Ty = £ dy

Fig. 1. Shear deformation of a cube of highly viscous fluid
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z':z'0+(z'w—ro)erf(§). (8)

If 7, — 0, then the solution is represented as

r=7,(1—erf(&)). 9)

The error function can be defined by its own
formula [1,3]:

(10)

erf(&) zl—exp(—é‘—géﬂ} .

It should be noted that, depending on the nature
of the boundary conditions, various analytical solutions
of equation (6) can be obtained.

The variable £ = x / 4yt is a complex function
of time and spatial coordinates.

Assuming x = ¢ and y= Jvt , and also taking
into account expressions (2) and (3), for large flow
times, one can write £ = Ay , where A =tDe/2 is the
relaxation time.

Taking these expressions into account, solution
(8) takes the form:

t=1,+(c, — 7, )erf (7). (11)

For power-law fluids, one can write
En = (x/«/4vt)"= ssubstituting this expression into
equation (6), we obtain:

(12)

Introducing the auxiliary variable z = 97/8&" ,
we rewrite equation (12) in the following form:

0z

=-25"z
o &'z (13)
Solution (13) is expressed as z = exp(— éS")or
aT 2n
sermonle7] (14)

The solution of equation (14) under condition
(7) is given as

T=TO+(rw—ro)arf«MiY) (15)

Let us consider special cases of expression (15).
If we assume that De << 1, corresponding to a large
duration of flow time, we can write eyf ((M/)V )z )
either

r=1,+(r, —7,\Ap) =1, +kj" . (16)
where k =(r, -7, )A" is the consistency coefficient.
Equation (16) coincides with the Hershel-Bulkley

rheological model and »=1 with the Bingham model.

Having expressed the specific energy dissipation
per unit mass during the flow of non-Newtonian fluids
as g, = vy}z [1,3], we define the dependence of shear
stress on energy dissipation considering (11) in the
following form:

T—1,

/12 1/2
£
— —erf D
T,—7, %

Using the property of the function erf (x) — 1
at x>3, we can obtain the value of specific energy

dissipation as g = (3/4) v , at which the shear stress
takes the maximum value 7 — r_ corresponding to
the formation of viscoelastic disordered structures.

Rheological models of oil disperse systems

Oil suspensions and emulsions belong to
multiphase systems characterised by all varieties of
phenomena inherent in disperse systems. Classical
features of disperse systems are: aggregate state of
phases, dispersity and size of particles, concentration
of dispersed phase and the nature of interaction at the
interface. A special class of these systems are oil disperse
systems, combining simultaneously in one volume
suspensions (solid phase—oil), liquid emulsions (water—
oil), gas suspensions (gas—oil) and many other forms
of their existence. In these systems, the first phase is
distributed in oil in the form of solid particles, water
droplets, dissolved gas bubbles and their various
combinations. In heavy oil, a special place is occupied
by the presence of dissolved asphalt-resinous and
paraffinic substances that play an important role in
structure formation with inherent rheological
properties. Oil disordered structured systems containing
coagulation structures from crystals of high molecular
weight paraffin and particles of asphaltenes-resins and
forming a chain or in extreme case a continuous grid
(framework), acquire the ability to flow only after
destruction of this grid at ©>> T, (where 7, is the
yield strength), and small external stresses produce
elastic deformation of the grid or framework. In
principle, heavy oils belong to aggregatively unstable
systems where there is continuous formation and
destruction of disordered structures through coagulation,
coalescence, aggregation, fragmentation and fracture.
Interaction of asphaltene particles is accompanied by
creation of rather strong aggregates of coagulation nature
and, first of all, doublets, triplets, due to Brownian
diffusion motion of separate particles [9—14].

These disordered structures disintegrate into
individual particles as a result of aggregate breakdown
under the action of shear flow, with the equilibrium
shifting towards the formation of individual particles

(17)
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as the shear rate increases. It can be assumed that
under the action of hydrodynamic forces there is a
stretching of all bonds between particles in the aggregate
up to a critical value, as a result of which this aggregate
initially disintegrates into aggregates of smaller sizes,
and then there is a secondary, tertiary, etc.
disintegration down to a single particle. In the limiting
case of infinite shear rate 7 >>r7, the complete
breakdown of aggregates down to a single particle is
possible and the flow of such oils or oil emulsions
can be considered as the flow of dispersed liquids.
Destruction of such structures is carried out at
imposition of an external load, which corresponds to
the following solution:

=1, +(t,—1, I —erf 7)) (18)

Equations (8) and (18) form hysteresis lines in
the formation (z<z,) and collapse (7>7,) of disordered
structures.

At the same time, it should be noted that despite
the large number of publications offering various
approaches in the field of rheology and filtration of
structured oils, there is still no satisfactory theory
linking rheological coefficients with structural and
rheological properties of oil, namely, interaction forces
between particles of asphalt-tar and paraffinic
substances, shear stress, structure of disordered
structures and size of aggregates.

Consider the dependence of shear stress on shear
rate for heavy oils using formulae (10) and (11) and
experimental data [6]:

T=30+1500-

(1-exp(-0.0157 -0.886x0.0002255°)) V)

Figure 2 shows the comparison of experimental
values of shear stress with calculated values (20).

Effective viscosity of non-Newtonian disperses
systems

At present, there is no consensus on the
mechanism of non-Newtonian flow of dispersed
systems alnd therefore the many flow equations t (Y )
or rheological viscosity equations or 7(z) used in
practice are mostly empirical or semi-empirical. For
dispersed systems, using formula (11) under the
condition T=1,+MY,@ and y=y,p, >0, the
effective viscosity coefficient taking into account the
volume fraction of particles, ¢, can be defined as

n =1+, —1,)erf(17,0). (21)

where n,, is the maximum effective or shear viscosity
of the dispersed system, corresponding to the shear
viscosity of a dense packing of particles with a
completed disordered structure at ¢,=0.74, ¢ is the
volume fraction of particles.

Expression (21), using (10), will be represented
in the following form:

n=n,+(, %){1 eXP( k(ﬂ——k¢’ﬂ, (22)

. where k = Ay, is the empirical coefficient.

r=1,+(t, —1,)erf(17),A=0.015s 19 0 ; .
0 ( © O)e ( 7)’ ’ (19) In the work [1], experimental studies of the

T, Pa
2000
5571
0 20 40 60 80 100

Fig. 2. Approximation of the dependence of shear stress on shear rate by different rheological models: 1 — the Hershel—Bulkley

model 7 =7, + k,y",7 =30 +193 .87 "%

2 — the Ostwald-de-Ville model 7 = k 7"

,T =23.9y%7;

3 — the Bingham model 7 =7, +7y,7 = 61 +15.757 ; 4 — model (19), points — experiment [14]
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effective viscosity of non-Newtonian oil from the
content of asphaltenes at different temperatures were
carried out (Fig. 3). For West Siberian oils for
concentration of asphaltenes in oil in the range from
4 to 72 wt.%. Using equation (22), Figure 3 shows
experimental data and calculated values of viscosity
change of West Siberian oil depending on asphaltenes
content.
Here

5360

Inn, =15.77 ————
To T+273°

13548

Iny, =28.23————
T+273°

Ink =27.3- 222
T

b

T is the temperature (in °C). The calculated curves
are very sensitive to the choice of initial and final
values of n, and n,, small changes in which can lead
to a strong discrepancy between the experimental data
and the calculated values.

When using expression (22) to describe the
experimental data without value 7., the problem arises
of estimating the two coefficients n and k:

n=n1+kp+ke?), (23)

Inn, Pa-s
104

where k, and k, are two temperature-dependent
coefficients.

The value n,, corresponds to the value of shear
viscosity of disordered coagulation structure of dispersed
medium at sufficiently high content of particles in a
unit volume.

Experimental studies have shown that at low
concentrations of dispersed phase the dependence of
shear stress on shear rate is linear.

Using experimental data, the rheological model
(8) or (13) can be represented as the Bingham equation:

T=1,(p)+ny, (24)

where 7, =0.06¢p"".
It should be noted that as the concentration of
the dispersed phase increases, the velocity of the

dispersed system decreases V =V, (1—¢), resulting
oV op

in a negative velocity gradient 7 = dp O <0,

Due to the difficulty in determining the value of
n.(p,) , corresponding to dense packing of particles,
in the case of neglecting the term associated with n,,
a more practical formula for estimating the effective
viscosity of the suspension at p<<g,, is the following
semi-empirical expression:

Jr
77=7706Xp[k<0+7k2(ﬂ2 , (25)

3

0.8 ¢, (mass.)

Fig. 3. Dependence of effective viscosity on the content of dispersed phase of asphaltenes at different temperatures (°C):
1 —84; 2 — 112; 3 — 144. (1 is the region of jump-like structure formation)
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For highly dilute dispersed systems (¢<0.1), the
second term in (25) is insignificant, then this equation
can be simplified to the following form:

n:noexp(kqo);no(l+k(p), (26)

which is a modification of the Einstein equation,
where £=2.5.

The analysis of many experimental data has
shown that the k coefficient depends on the particle
size, and the value of the coefficient increases with
their growth.

As follows from the experimental data and from
formula (24), the effective viscosity of the disperse
system depends significantly on the volume fraction,
size and shape of the particles. Moreover, with
increasing particle size, the effective viscosity also
increases. In all probability, in the limiting case,
depending on the particle properties, both coagulation
structures and aggregates and simple dense packing of
particles with limiting porosity and shear viscosity
can be formed. The effective viscosity of the dispersed
system grows up to a critical value corresponding to
their dense packing, which affects the velocity and
character of flow. Coagulation structures are formed
due to intermolecular bonds between particles, and if
liquid interlayers remain between the particles, the
thickness of this interlayer significantly affects the
strength of the coagulation structure. The viscosity of
free-dispersed systems increases as the concentration
of dispersed phase increases. The presence of dispersed
phase particles leads to distortion of the character of
fluid flow in the vicinity of these particles, which
affects the viscosity of the dispersed system [1,15].
The nature and properties of coagulation structures
significantly affect the basic properties of the dispersed
medium.

Heavy oil suspensions and emulsions belong to
multiphase systems characterized by all the diverse
phenomena inherent in disperse systems. Classical
features of dispersed systems are: aggregate state of
phases, dispersity and particle size, concentration of
dispersed phase and the nature of interaction at the
interface, which has a significant impact on the main
rheological parameters (stress and shear rate) of such
systems.

Conclusions

The empirical models for the rheology of high-
viscosity fluids used in the literature for specific
applications are formulae for adequate approximation
of experimental data. Nevertheless, we note that
attempts to find a general rheological equation for
different systems are considered an impossible task in
advance. In this study, based on flow hydrodynamics,
a generalized second-order nonlinear differential

equation (6) is proposed for the rheology of highly
viscous non-Newtonian fluids, reflecting the
dependence of shear stress on relaxation time and
shear rate. Using different boundary conditions,
different analytical solutions of this equation
(8)—(10) are proposed. General rheology equations
for stepped fluids (12)—(15) are derived and proposed.
Practical applications of these solutions for estimating
shear stress as a function of shear rate and relaxation
time and effective viscosity of heavy oils and dispersed
systems as a function of particle volume fraction are
proposed. Many specific applications of the new
rheological model to solve practical problems using
experimental data (20), (21), (22) and (26) are
presented. Comparison of the proposed rheology
models with available experimental data gave
satisfactory results.

This, the proposed physically meaningful
rheological models can be used in various fields related
to the flow of highly viscous non-Newtonian media,
such as the flow of polymer solutions or food products,
etc.

Symbols

[ — cube face size; P— pressure; 7 — temperature;
t — time; V — flow velocity; x and y — spatial
coordinates; g, — specific energy dissipation;
¢ — volume fraction of particles; v — kinematic viscosity
of the medium; y — shear rate; 2 — relaxation time;
p — density of the medium; n — effective viscosity
of the medium; n, — shear viscosity corresponding
to dense packing of particles; t — shear stress;
7, — initial shear stress or yield stress.

Functions and indices

erf(x) — error function; D — dispersed phase;
0 —initial values; oo — limit values; n — degree index.
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3ATAJIBHE PEOJIOTTYHE PIBHAHHA NJIA
BUCOKOB’AI3KUX HEHBIOTOHIBCBKHUX PIIVUH TA
HNOro 3ACTOCYBAHHA

I.1. Keavbaaies, C.P. Pacyaos, M.P. Managhos

3anponoHOBaHO HOBE y3arajbHEHE PEOJIOTiYHE PiBHSIH-
HSI [UISI BUCOKOB’SI3KUX PiIH, SIKE€ OIMCYE B3aEMO3B’SI30K MiX
HaIpyXEHHSIM 3CyBY, 4acOM peJlakcallii Ta IIBUAKICTIO 3CYBY.
HaBeneHo pi3Hi aHaNITUYHI pO3B’SI3KM 3 TPAHMYHUMU yYMOBa-
MU JJIsl OLIHIOBaHHS HAIMPYXEHHS 3CYBY Ta e€(MEKTUBHOI
B’SI3KOCTi Y BUCOKOB’SI3KMX OUCIEPCHUX CHUCTeMaX. TaKoxX Ha-
BEJICHO 3arajibHe PEOoJIOTiUHE PIiBHSHHS IS PiIWH, IO OMK-
CYIOTbCSI CTEMEeHEeBUM 3aKOHOM. [IpakTHuHe 3acTOCYBaHHS
BKJIIOYA€E OLIHIOBAaHHS €(PEKTUBHOI B’SI3KOCTI BaXXKUX HadT i
JMUCTICPCHUX CHUCTEM 3 ypaxXyBaHHSIM YTBOPEHHS Ta pyiHYBaH-
HsI KOaryJsiliiHux cTpykTyp. HoBa peosioriuHa mMomenb mepe-
BipeHa Ha eKCIIEPUMEHTAJIbHMX JaHMX i TOKa3aja 3aJ0BiUIbHY
Y3TOMXKEHICTbD.

KimouoBi ciioBa: peosiorisi; HahTOBI TUCTIEPCHI CUCTEMM;
BHCOKOB’sI3Ki HEHBIOTOHIBCHKI PiIMHU; y3araJbHEHE PEOJIOTiuHE
PIBHSIHHSI, KOAryJsAlUiliHi CTPYKTypH; e(eKTHUBHA B’SI3KiCTh,
HampyXeHHsI 3CYBY; LIBUAKICTb 3CYBY; Yac pejiakcarii.
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A new generalized rheological equation for highly viscous
fluids is proposed, which captures the relationship between shear
stress, relaxation time, and shear rate. Various analytical solutions
with boundary conditions are presented to evaluate shear stress
and effective viscosity in highly viscous dispersed systems. A general
rheological equation for power-law fluids is also provided. Practical
applications include estimating the effective viscosity of heavy
oils and dispersed systems, considering the formation and the
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