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An analysis of the influence of inertia forces and ponderomotive forces on the destabilization of the flow of viscous
fluids in the hydrodynamic initial section is given. Cases of flow of viscous, anomalously viscous and electrically
conductive liquids are considered; the degree of influence of mass forces on the destabilization of the flow is estimated.
As applied to the flow in the hydrodynamic initial section, the degree of influence of inertia forces from convective
acceleration and forces with a magnetic nature can be different. Inertia forces stimulate the accelerated movement of
the fluid, and in the case of forces with a magnetic nature, ponderomotive forces contribute to deceleration, which is
confirmed by the results of studies of the velocity field. Recommendations are given for calculating the length of the
hydrodynamic initial section in the presence of mass forces with different nature.
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1. Introduction

The problem associated with the destabilization of the flow in the field of action of body forces finds
wide practical applications in machine-building hydromechanics. In addition to the forces of inertia from
convective acceleration, as is known, forces of a magnetic nature (ponderomotive forces) can lead to
destabilization of the flow. If the inertial forces can contribute to the acceleration of the flow, then the
ponderomotive forces lead to the deceleration of the fluid flow. An analysis of the influence of this type of
force on the nature of the flow can contribute to the process of "control" of the hydrodynamic characteristics
of the flow, in particular, when solving problems of magnetohydrodynamics related to the design of flow
meters, hydraulic drive seal systems, as well as in a number of other technological processes associated with
the influence of a magnetic field on the energy characteristics of hydraulic equipment and heat and mass
transfer processes.

Quite often, destabilization of the flow is observed in equipment associated with the processes and
apparatuses of chemical technology, in the oil refining industry and in physicochemical mechanics. The factors
influencing the flow destabilization can be the physicochemical and rheological properties of liquid media, the
manifestation of inertia forces from convective acceleration, heat transfer conditions, and the influence of

* To whom correspondence should be addressed



A. Mamedov et al. 87

ponderomotive forces of a magnetic nature on the flow of an electrically conductive fluid [1-3]. A number of
works by [4-6] are devoted to the study of these problems. At the same time, qualitative and quantitative
estimates of flow destabilization in the field of magnetic forces have not been sufficiently studied so far. In
this regard, in this paper, an attempt is made to analyze the flow hydrodynamics under a magnetic field in order
to obtain characteristics associated with energy losses in the channels and the size of the flow destabilization
zone in accordance with the forces of inertia and ponderomotive forces.

2. Analysis

In order to study the degree of joint influence of inertia forces from convective acceleration and
ponderomotive forces, the flow in the channel is considered (Fig.1), which is described in the Cartesian
coordinate system by the system of equations (2.1):
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Fig.1. Channel scheme: 1 - channel, 2 - magnetic field source.
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In this equation, the influence of the magnetic field takes into account the last term

oBj du,
> )

When analyzing these equations, ponderomotive forces are considered as a quantity determined from the
following expression:

F, :[]x§]+”;—$0V? (2.2)

where p is the magnetic permeability, W, is the vacuum magnetic permeability, B is the magnetic induction,

J is the current density.
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When analyzing this equation, it is possible to solve the following problems:
— stabilized flow of Newtonian and non-Newtonian fluids, provided that there is no influence of the
magnetic field and inertia forces from convective acceleration. Such flows, especially non-Newtonian
fluids, are described quite fully in the literature. Table 1 presents some of the results of such studies:

Tab.1. Dependence of flow characteristics on the rheological properties of the liquid.
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— unstabilized flow of viscous and anomalously viscous liquids in the absence of a magnetic field. Table
2 provides examples of such solutions for several non-Newtonian fluids.

— stabilized flow of electrically conductive liquids with a significant influence on the flow of
ponderomotive forces. In this case, the equations of motion take the form:
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Tab.2. Determination of the length of the hydrodynamic initial section.
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The solution of these equations can be represented as follows:
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This equation is written under the assumption that the inertial forces from convective acceleration are
small compared to the surface forces arising in the magnetic field. It is assumed that the local velocity is the
component of only the transverse coordinate y . This equation is a differential equation of the second kind. Its

solution should be sought as a sum of two functions u(y)=u,(y)+u;(»), where u,(y),u;(y) are partial

solutions of the inhomogeneous differential equation. In order to determine the function u, ( y) , we write the
characteristic equation in the following form:

dzux +0dux _6302 "
d? dy w7

-0. (2.6)

In this case, the following conditions are met:

7\.2_30\/5,
5 u

A +on——CL=, (2.7)

As is known [7, 8], the following expression can serve as a solution to this equation:

U (y)=c,e_}‘y+cze7”y =¢ e>(p{—BO\/§y}+c2 exp{BO\/Ey} (1.8)
M u

A particular solution to Eq.(2.5), that is, the definition of the function u; ( y) can be obtained based on the

equation:

2 2
+<5EOBO+]dp:d u, OB

0y u,. (2.9)
uooude @ op 7
The solution in this case can be sought in the form of the following function:
u(¥)=0y+A, uy=0, u}=0. (2.10)
After setting (2.10) in (2.9), we obtain an expression for A:
2
0-9B0 5 OBy  1dp 2.11)

W Looopdx’

which takes the following form:
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A=_fo__1 (2.12)

and essentially takes into account the influence of the transverse magnetic field on the flow. Thus, based on
the above relations, the velocity component u; ( y) can be represented as a function of electromagnetic

parameters and pressure drop:
”1()’):____2_- (2.13)

Using the expressions u, ( y) and u; ( y) we can obtain a general dependence for the speed u, which takes

the form:

c c E, 1 dp
u(y)=c,expi—B, |~y ‘++c,exp{B, |—yt-—L - (2.14)
(y) 1 P{ 0\/;y} 2 P{ 0 MJ’} B, GB(f dx

oE, By + %
dx

or

u(y)=¢ exp{—Ha%}+c2 exp{Ha%}— (2.15)

2
B;

where ¢; and ¢, are constants of integration determined from the boundary conditions.

I. As boundary conditions, the conditions of fluid adhesion on the channel walls and the conditions for the value
of the maximum velocity on the axis are taken, that is, these conditions can be written in the following form:

— conditions on the wall: y= %, u(y)=0 (2.16)

— conditions on the axis: y =0, u(y)=up.y. (2.17)

Substitution of these conditions into Eq.(2.15) allows us to obtain two algebraic expressions for the quantities
¢; and ¢,, namely;

H H CE,B, +d—p
0=c;exps—Ha— +c,exps Ha— . dx (2.18)
2L 2L oB;
oE,B, +Zp
Upax =€ TC5 — 2 = (219)
6B,

The constants are calculated as follows:
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oEyB, + dap
€)=~y ity B =, Uy + O, (2.20)
0B
where
oEyB, + dap
O=—7> 9% (2.21)
0B,

Substitute (2.20) in (2.18):

H H
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To determine c;, we substitute (2.22) into (2.20):

Upnax exp{Ha fL} + CI{exp{Ha ;—IL} - IJ
;= .
2sh{Ha2h£}

Thus, using expressions (2.22) and (2.23), which determine ¢; and ¢, after substituting them into

(2.23)

(2.15), we obtain the final expression for the distribution of velocities at the end of the hydrodynamic initial
section in the flow under the action of a transverse magnetic field:

u exp Haﬂ +®d| exp Haﬁ -1
max 2L 2L y
= exp {—Ha z} +

u(y)=
2sh {Ha H}
2L
(2.24)
Upax  €XP {—Ha Z} +O (exp{—Ha Z} - ]j
- 7 exp {Ha X} - Q.
2sh {Ha } L
2L

The advantage of this expression is that the local flow velocity at the end of the initial section is determined as
a function of the maximum velocity on the channel axis.
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IL. It should be noted that in [9-15] a solution of a similar problem is presented for slightly different boundary
conditions. Thus, it is assumed that the solution of Eq.(2.3), transformed into (2.15), should be found using the
following boundary conditions:

— conditions on the upper wall: y = %, u(y)=0, (2.25)

— conditions on the bottom wall: y = —%, u(y)=0. (2.26)

Thus, using these boundary conditions in equation (2.15), the problem is reduced to determining the values ¢;

and ¢, from the expressions:

H H
0=c,exps—Ha—+c,expsHa— — D, 2.27
1 p{ ZL} 2 P{ 2L} ( )

H H
O=c,exps Ha—+c,expi—Ha— ; — D. 2.28
i P{ 2L} 2 P{ 2L} ( )

The relation between ¢; and ¢, in this case takes the form:

c;=—c,+ s Ak (2.29)
ch {Ha }
2L
¢, =—¢, +LH. (2.30)
chy Ha—
)
Based on (2.29) and (2.30) we conclude that:
We substitute (1.31) into (1.29):
c)= LH (2.32)
2ch {Ha }
2L

Thus, in this problem setting, the expression for the velocity distribution after substituting (2.31) and (2.32)
into (2.15) takes the form:
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® y y ch{Haz}
u(y):—(exp{—Ha—}+exp{Ha—}J—¢=CI) —— 1] (2.33)
2ch{HaH} L L ch{HaH}
2L 2L

Using the boundary conditions (2.17), which are characteristic for the maximum speed, we select the value of
the maximum speed in expression (2.33):

Umax =0 H -1 = > (2.34)
ch {Ha} ch {Ha }
2L
We rewrite Eq.(2.33) using (2.34)
(ch {Ha i} - zj + (1 —ch {Ha Z}j ch {Hai} .y
u(y)==o 7 =Upax +CI)—H. (2.35a)
ch {Ha } ch {Ha}
2L 2L

Equation (2.35) is a consequence of the solution of the problem presented in [9-11, 16]. At the same
time, on the basis of our studies, the expression for the velocity diagram can be obtained by substituting (2.34)

into (2.24):
(1 —ch {Ha Z}J exp{Ha Z} exp {Ha H}

)
u (y) = (O exp{ —} +
2sh {Ha Z}ch {Ha H} 2sh Ha— } L

2L
(I—ch{HaZ}Jexp{— GZ} exp Ha—
- 7 T + d)exp -0= (2.35b)
2sh{Ha}ch{Ha} 2sh Ha—
2L 2L

g R

The inconvenience of using this equation is that it includes sh {Ha %} . To simplify this dependence,

the sh function can be represented as a Taylor series of the following notation:

Sh{Haﬁ} Hai (2.36)
L 2L



A. Mamedov et al. 95

2sh{%(%+yj}=%(%+yj. (2.37)

Then the velocity distribution law is simplified to the form:

_ @ Ha(H+2y)-2L

= 2.38
Ha H ( )

u(y)

Thus, finally, after simple algebraic transformations, we have obtained a formula for calculating the velocity
field for a stabilized flow in the field of magnetic forces, which includes, in addition to the hydraulic

characteristics, also the characteristics of the magnetic field B and E :

dp d, 1 1

2| 6E,B, + =~ a 1 1

(G 0bo dx} GEOBO+dx s\ 2 L o)\2

u(y)= 3 (y)+ 3 — | —|BH|—=| —-2]|. (2.39)
OBy H oB)L n

The results of such an analysis allow us to formulate the problem of an unstabilized flow of a viscous
fluid in a transverse magnetic field for a hydrodynamic initial section, assuming that the diagram at the inlet
of the initial section is close to rectangular, and at the outlet it corresponds to the curve of Eq.(2.39). As shown
by the analysis of the presented solution and our experiments, one of the features of the considered flow is the
influence of the magnetic field on the “stagnation” of the flow.

Electrically conductive fluid were used as working fluids in the experiment. Figure 2 shows the rheological
characteristics of the fluids used at a temperature /8°C.
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Fig.2. Dependency plot T= /(7).

The hydrodynamic parameters of the flow in the initial section are significantly affected by various
factors, among which it is necessary to note the intensity of the magnetic field. With a steady flow of liquids,
the existence of a magnetic field with a relatively large Hartmann number (Ha) contributes to the appearance
of a quasi-solid flow zone, that is, the appearance of the magnetic plasticity effect, which is especially
significant for non-Newtonian liquids [4]. There are a number of theories that explain this phenomenon. In
accordance with some of them, the interaction of hydrodynamic and magnetic flows is explained as follows:
when a liquid with electrically conductive properties moves through a channel, an EMF is induced in it due to
a magnetic field. Any changes in the flow velocity lead to the appearance of closed currents, which, in turn,
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distort the lines of the magnetic field applied to the flow. Thus, the liquid, as it were, drags along the magnetic
lines of force, that is, the process of interaction of electromagnetic forces with the forces that determine the
flow of the liquid is observed. In addition, electromagnetic forces, as usual, are directed against the movement
of the fluid, therefore, the total electromagnetic forces, along with the forces of viscous friction, impede the
movement of the flow. The velocity profile becomes more filled as a result of such an interaction. As the results
of the experiment showed, for the initial section there is a ratio between the Re number and the Ha number.
Such a ratio is shown in Fig.3, which makes it possible to evaluate for the initial section the influence of the
ratio of inertial forces with forces with a magnetic nature.

140

120 \
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80 >
& Re=-1E+13Ha?+ 3E+07Ha + 153,84 \
60 - S

40 -~ &

20 +

2E-06 2,5E-06 3E-06 3,5E-06 4E-06
Ha

Fig.3. Dependency plot Re = f(Ha).

During the fluid flow, the development of the velocity profile is observed in the initial section. At
significant Ha numbers, the decrease in the core of the flow in the initial section will occur until the pressure
forces are balanced by the volume forces arising from the interaction of induced currents and the magnetic
field (in some viscoplastic fluids, the viscosity increases under the action of a magnetic field). In the case of
equilibrium of these forces, shear stresses at the boundary of the quasi-solid flow zone will practically be
absent, therefore, further development of the flow will not be observed. As the number Ha increases, the
distance from the channel entrance at which this effect will be observed decreases. In the case under
consideration, the length of the initial section is a function not only of the Re number, but also of the Ha
number, that is, according to [17], [18], [19], [20]:

r _i_ constRe d

2.40
" Ha Ha ( )

An analysis of studies on determining the length of the initial section in electrically conductive liquids
showed that the length of the initial section can be determined by the formula:

L;3=0.16 Red+3.8Had. 2.41)
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where (.16 and 3.8 are constants obtained experimentally (0.76 for the case when there is no magnetic field).
Features of pressure change along the length of the hydrodynamic initial section depending on the Ha number
are shown in Fig.4.

Fig.4. Dependency plot p = f (L) where Ha; < Ha, < Ha;.

Thus, the length of the initial segment in a magnetic field is a function of the ratio of ponderomotive
forces to viscous forces.
It should be noted that in the study of the hydrodynamic initial section in a magnetic field [7, 18, 21], the length
of the initial section was assumed to be:

E]S = 05 Re R

(2.42)
Ha

2

and from the inlet to the boundary value zone, which differs from the stabilized flow by less than /%. In this
case, the order of the Reynolds and Hartmann numbers is:

Re~10°; Ha~10°. (2.43)

Therefore, [18, 21] confirm the effect of magnetic plasticity, the presence of which significantly affects
the length of the hydrodynamic initial section.

As mentioned earlier, the magnetic field in the hydrodynamic initial section contributes to the
deceleration of the flow. The degree of deceleration can be estimated on the dependence of the flow rate of the
fluid passing through the initial section on the magnetic field induction, which is shown in Fig.5.

Thus, the above analysis of the influence of mass forces of different nature allows us to conclude that
it is possible to “control” the flow under various conditions of a destabilized flow, in particular, depending on
the magnitude of the forces acting on the flow, to “regulate” the length of the hydrodynamic initial section.
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3. Conclusion.

Depending on the rheological properties of the electrically conductive liquid, a conclusion about the
characteristics of the flow in the initial section and the factors affecting them can be drawn. One of the
important points is the effect of flow deceleration in the hydrodynamic initial section with an increase in the
Hartmann criterion. This effect can have a significant impact on the pressure loss. In a general case, the
pressure loss in the initial section can be represented by the sum of two components:

Ap=Ap; +Ap, (3.1)

where Ap; corresponds to the steady flow losses and Ap, is a function of the Reynolds and Hartmann criteria

for an unstabilized flow. These pressure losses can be considered as pressure losses for a stabilized flow over
a fictitious channel length AL :

AL =mHh 3.2)
where m is the correction factor, H is the magnetic field strength, /4 is the channel width.
Nomeclature

B —magnetic induction
¢ —speed of light
D - channel diameter
E - electric field strength
H —liquid head
Ha — Hartmann number
j — current density
L;s  — length of the initial section

p —pressurc
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0 —fluid flow
R —channel radius
Re — Reynolds number
r —distance from center
n —automodel variable
p —liquid density
u — fluid flow velocity
u,, —average flow velocity
pu  — magnetic permeability
By — vacuum magnetic permeability
o — conductivity
T — shear stress in the flow
1, — static shear stress

References

[1] PovhI.L., Kapusta A.B. and Chenin B. (1974): Magnetic Hydrodynamics.— M., Metallurgiya, p.238.
[2] Pai Shil. (1964): Magnetic Hydrodynamics and Plasma Dynamics.— M., Mir, p.302 p.

[3] Rissel M. and Wang Ya-Guang (2021): Global exact controllability of ideal incompressible magnetohydrodynamic
flows through a planar duct— ESAIM Control Optim. Calc. Var., vol.27, No.103, p.24.

[4] Falsaperla P., Mulone G. and Perrone C. (2022): Nonlinear energy stability of magnetohydrodynamics Couette and
Hartmann shear flows: A contradiction and a conjecture— Int. J. Non-Linear Mech. vol.138, p.103835.

[S] Falsaperla P., Mulone G. and Perrone C. (2022): Stability of Hartmann shear flows in an open inclined channel —
Nonlinear Anal. Real World Appl., vol.64, p.103446. https://doi.org/10.1016/j.nonrwa.2021.103446.

[6] Moresco P. and Alboussi‘ere T. (2004): Experimental study of the instability of the Hartmann layer.— J. Fluid Mech.,
vol.504, pp.167-181.

[71 Temam R. (2001): Navier-Stokes equations— AMS Chelsea Publishing, Providence, RI, Theory and numerical
analysis, Reprint of the 1984 edition.

[8] Martinson L. and Pavlov K. (1965): Magnetic hydrodynamics.— Riga, Znatne, vol.4, pp.61-66.
[9] Vatazhin A.B., Lyubimov G. A. and Regirer S. A. (1970): Magnetohydrodynamic Flows in Channels.— M., p.672.

[10] Tao Q. (2018): Local exact controllability for the planar compressible magnetohydrodynamic equations.— SIAM J.
Control Optim., vol.56, No.6, pp.4461-4487.

[11] Yakhno O., Mamedov A. and Stas S. (2019): Influence of transverse magnetic field on flow destabilization in the
channel.— Bulletin of the National Technical University "KhPI". Series: Hydraulic machines and hydraulic units,
No.1, pp.25-29.

[12] Xiao Y. and Xin Z. (2013): On the inviscid limit of the 3D Navier-Stokes equations with generalized Navier-slip
boundary conditions.— Commun. Math. Stat., vol.1, No.3, pp.259-279.

[13] Shercliff J.A. (1967): Magnetohydrodynamics course.— M., Mir, p.320.

[14] Hagan J. and Priede J. (2013): Weakly nonlinear stability analysis of magnetohydrodynamic channel flow using an
efficient numerical approach.— Physics of Fluids, vol.25, p.124108. https://doi.org/10.1063/1.4851275.

[15] Davidson P.A. (2001): An Introduction to Magnetohydrodynamics.— publ. ed., in: Cambridge Texts in Applied
Mathematics, Cambridge Univ. Press, Cambridge.

[16] Roberts P. H. (1967): An Introduction to Magnetohydrodynamics.— Longmans, Sec.6.2.
[17] Shercliff J.A. (1965): A Textbook of Magnetohydrodynamics.— Pergamon Press, Oxford, New York.

[18] Pleskacz L. and Fornalik-Wajs E. (2014): Magnetic field impact on the high and low Reynolds number flows.— J.
Phys. Conf. Ser., vol.530, doi:10.1088/1742-6596/530/1/012062.



100 Analysis of factors affecting destabilization of a viscous liquid ...

[19] Takashima M. (1996): The stability of the modified plane Poiseuille flow in the presence of a transverse magnetic
field — Fluid Dynamics Research, vol.17, pp.293-310,

[20] Takashima M. (1998): The stability of the modified plane Couette flow in the presence of a transverse magnetic field,
Fluid Dynamics Research, vol.22, pp.105-121.

[21] Pleskacz L. and Fornalik-Wajs E. (2019): Identification of the structures for low Reynolds number flow in the strong
magnetic field— Fluids, vol.4, No.36. p.21, https://doi.org/10.3390/{luids4010036.

Received:  February 26, 2023
Revised: July 22,2023



