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INTRODUCTION SPEECH

Half a century of tradition, high standards in education of generations of students, modernly equipped
classrooms, professional teaching and associate staff, their references and recognizability position the
Faculty of Mechanical Engineering of the University of Ni§ at the beginning of the 21™ century — the century
of knowledge, as the leaders in the field of engineering and technological sciences, not only on the territory
of the Republic of Serbia, but also on the territory of the Western Balkans. Knowledge is becoming the
number | factor in industrial production in the 21* century.

The proceedings of the international conference MECHANICAL ENGINEERING IN XXI CENTURY
appear in the year when the Faculty of Mechanical Engineering of the University of NiS celebrates its fiftieth
anniversary. The Department of Mechanical Engineering of the Faculty of Engineering in Ni§ was founded
on the 18" of May, 1960, and it developed into the Faculty of Mechanical Engineering of the University of
Ni§ in 1971. The Faculty of Mechanical Engineering grew intensely, thus becoming one of the most
renowned scientific and educational institutions in the country. The mission of the Faculty is to organize and
conduct academic study programmes and to develop and realise scientific and professional work in the field
of engineering and technological sciences, while its vision is to become a leader in the area of higher
education and scientific research work in Serbia resulting in its being recognisable in the world academic
environment.

In the year when the Faculty celebrates fifty years of work, 96 teachers and associates, 65 non-teaching
workers, as well as numerous teachers and associates from other faculties and from the industry are working
on accomplishing the mission and vision of the Faculty.

The Faculty of Mechanical Engineering of the University of Nis is accredited in compliance with the Law on
Higher Education within the scientific and educational field of engineering and technological sciences and
the scientific area of mechanical engineering and it conducts the academic studies of:

e the first degree — undergraduate studies, 3 years in duration within a single study programme
Mechanical Engineering,

e the second degree — graduate academic studies, 2 years in duration within the study programme
Mechanical Engineering, whose completion allows for the competence of a Graduate Mechanical
Engineer — Master within the areas of: Energetics and Process Engineering, Information Production
Technologies and Industrial Management, Mechanical Constructions, Development and Engineering,
Mechatronics and Control, Traffic Engineering, Transport and Logistics,

e master studies of the study programme Control and Applied Computing, 1 year in duration,

e the third degree — doctoral studies, 3 years in duration for the acquisition of the academic title Doctor
of Philosophy — Mechanical Engineering, for the specialised areas of: Energetics and Process
Engineering, Information Production Technologies and Management, Mechatronics and System
Control, Mechanical Constructions, Development and Engineering, Transport, Logistics, Motors and
Motor Vehicles, and Applied Mechanics.

The Faculty of Mechanical Engineering is also a scientific research institution apart from being an
educational one. Numerous scientific research projects are realised at the Faculty in cooperation with the
Ministry of Science and Technological Development, scientific research organisations, and economic and
non-economic subjects. The participation of teachers and associates from the Faculty in significant
international scientific research projects is of utmost importance (TEMPUS, FP7, WUS, and others).



The international conference MECHANICAL ENGINEERING IN XXI CENTURY represents a forum
for presentation of latest results, basic and development research and application within the topics of:

- Information Production Technologies and Industrial Management,

- Energetics and Process Engineering,

- Mechatronics and Control,

- Mechanical Constructions, Development and Engineering,

- Traffic Engineering, Transport and Logistics,

- Theoretical and Applied Mechanics,

- Applied Mathematics,

- Professional Engineering Ethics.

Eighty papers, whose authors come from eight countries, are published in these Proceedings. Papers present
the research results of numerous projects financed by the Ministry of Science and Technological
Development of the Republic of Serbia, as well as the research results within international projects. I believe
that the papers published in these Proceedings will contribute to the development of a highly significant area

— Mechanical Engineering.

i _’:,/, iifY
Nis§, November 2010. Dean of the Faculty”m”/f\’/r[echanical Engineering
University of Ni§
Prof. dr. Viastimir Nikolié
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AXISYMMETRICAL IONIZED GAS BOUNDARY LAYER IN THE CASE OF VARIABLE
ELECTROCONDUCTIVITY

Branko OBROVIC, Slobodan SAVIC
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Abstract: This paper studies the ionized gas i.e. air flow in an axisymmetrical boundary layer adjacent to
the bodies of revolution. The contour of the body within the fluid is nonporous. The ionized gas flows
under the conditions of equilibrium ionization. A concrete form of the electroconductivity variation law
has been assumed and studied. Through transformation of variables and introduction of sets of
parameters, V. N. Saljnikov's version of the general similarity method has been successfully applied.
Generalized equations of the axisymmetrical ionized gas boundary layer have been obtained and solved,

and some conclusions have been drawn. .

Key words: boundary layer, ionized gas, body of revolution, generalized similarity method

1. INTRODUCTION

This paper presents results of our investigations of the
ionized gas flow in the boundary layer adjacent to the
bodies of revolution. The ionized gas flows under the
conditions of the so-called equilibrium ionization. The
contour of the body within the fluid is nonporous.

The primary objective of this paper is to apply the general
similarity method to the studied problem. Investigations
are carried out for a concrete form of the
electroconductivity variation law.

The general similarity method was first used by
Loitsianskii [1] and it was later improved by V. N.
Saljnikov [2] - Saljnikov's version. Investigators of
Petersburg School of Boundary Layer used this method to
solve numerous problems of dissociated gas flow in the
boundary layer. This method was also successfully
applied to problems of planar dissociated gas boundary
layer [3]. Later, investigators of Belgrade School of
Boundary-Layer used Saljnikov's version of the boundary
layer theory to solve practical problems of flow in the
temperature and MHD boundary layer[4]. This version
was also used for solution of planar dissociated and
ionized gas flow [5-8]. In this paper, Saljnikov's version
of the general similarity method is applied.

2. MATHEMATICAL MODEL

The equation system of steady laminar boundary layer
adjacent to the bodies of revolution in the case of ionized
gas flow in the magnetic field, under the conditions of a
equilibrium ionization [5, 10, 11], is as follows:
aeelicnl
ox L L

0
+7
oy

0, (L=const., j=1),

pua—u+pva—u=pu %+i(,ua—u]+0'32u
Ox oy “Cdx oy Oy "
@-#pv%:—upu due+,u[a—uj2+
ox oy T dx oy
ey
i[ﬁ%} Biuz,
oy \ Pr oy
u=0, v=0, h=h,=const. for y=0,
u—u,(x), h— h,(x) for y—> .

Analogous to the MHD boundary layer, it has been
assumed that the electroconductivity variation law can be
written in the form of the following function

u

o= 00[1 ——J, o, = const., @)
ue

where B, = B,,(x) is the magnetic field power.

In the governing equation system (1), i.e., in the

mathematical model, the first equation is a continuity
equation of axisymmetrical compressible fluid flow
adjacent to the bodies of revolution. It is written in a more
suitable form, where L is a characteristic length which can
equal unity. The second and third ones are the dynamic
and energy equations.

The notation usual in the boundary layer theory is used [9,
10]: x, y - longitudinal and transversal coordinates,
u(x,y) - longitudinal projection of the velocity in the

boundary layer, v(x, y) - transversal projection, p -

ionized gas density, p - pressure, x4 - dynamic viscosity
coefficient, & - enthalpy, r(x) - radius of the body of

revolution in the meridian plane (Fig. 1) and Pr= uc, /4
- Prandtl number, where A - is a thermal conductivity
coefficient and ¢, - specific heat of the ionized gas. The

subscript "e” stands for the physical values at the outer
edge of the boundary layer and the subscript "w" denotes
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the values at the nonporous wall of the body of revolution
within the fluid.

Fig.1. lonized gas flow adjacent to the body of revolution

3. TRANSFORMATIONS OF THE
EQUATIONS

In order to apply the general similarity method, new
variables are introduced in the form of

2j
( ) dx’
L

s(x) =

Po Ho '!; Pt
I

z(x,y) = [ ]
0

For j=0, they were used in numerous scientific papers
[3, 12].
The stream function 1 (s,z)

€)
P

Po

is introduced by the

relations:
w2
0z
J “4)
s L~y u@wﬁ(i) __ v
(/L)Y pym, | X p\L Os
which come from the continuity equation. In the

transformations (3) and relations (4), the quantities p,
and u, = pyv, denote the known values of the density
and dynamic (kinematic) viscosity at a certain point of the
boundary layer. Here, p, and u, denote the known
values of these quantities at the wall of the body of
revolution. Using the variables (3) and introducing the
stream function W/ (s,z) by the relations (4),

governing equation system (1) takes the following form:

oy Y _pe ., 0,0
0z 0séz Os oz’ Helle TV0 5| ¥ 52
L potty 0By, 8'//
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Oz
W u(s), hoh(s) for z—w.

In the obtained system (5), which for j =0 is identical to

the corresponding equations for the planar ionized gas
flow [13], the nondimensional function Q is determined
as

(s, 2). (6)

In order to bring the equation system (5) to a generalized

O=pulp, p,=

form, the function @ and the nondimensional enthalpy #
should be introduced by means of the so-called general
similarity transformations. In order to apply the general
similarity method, a new transversal variable 7 and

functions @ and 4 are introduced using the expressions:

B( )
A (s)

ok

B(s) , () (g)s
h(s,z)=h-h(n, Kk, (f), (&), h =const

n(s,2)=—+

Z,

O]

l//(S Z)_ (D(Ue

Here, (f;) denotes a set of parameters of Loitsiantskii
type, while (g,) stands for a set of magnetic parameters

[1, 5]. The introduced sets of parameters - similarity
parameters, are new independent variables (instead of the
variable s), and they are defined, just like with
incompressible fluid with the expressions:

k
ful)=u w0z g () =ul s 2

(k :1,2,3,...).

2 2

@®)

The first parameters (k =1) of the sets (8) stand for the

parameter of the form f, =u.z" = fand for the

magnetic parameter g, = sz = g. Here, Ay is the total

enthalpy of the gas in the outer flow. Each set of
parameters satisfies the corresponding recurrent simple
differential equation [1, 5]:

U p =l f kL i =0,

(€)]
ué‘
uﬁ S=[k-0f+kE, ] g+ g = e
In the above stated expressions, the conditional

momentum loss thickness A" (s), characteristic boundary

layer function B(s) and local compressibility parameter x
[3] are defined with the relations:

L [ 1- l}dz,
ue ue

o0

A" (5) = J~

0
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Having applied the similarity transformations (7) and
taking the expressions (8), (9) and (10) into consideration,
the governing equation system (5) is finally transformed
into a system in which the distribution of velocity u,(s)

at the outer edge of the boundary layer does not figure
explicitly. In that sense, the system is generalized. It
represents a general mathematical model of the ionized
gas flow in the boundary layer adjacent to the bodies of
revolution in the case of variable gas electroconductivity
defined with the law (2). Since this system cannot be
solved numerically, it is solved in a three-parametric

(K:f0¢03ﬁ2f¢05 g1:g¢0, fk:gk:O fOI'
k >2) twice localized (0/0x =0, 0/0g, =0) approxi-

mation. Thus, the obtained system is considerably
simplified and it comes down to:
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iQﬁ? , 4B +(22 b)flqjégzbJr
on\~ o 2B on

L [ﬂ_@J _g&(l ﬁ@jﬁ@
B p Ly B* p on ) on

Efi[ o0 J*0 o0 3@

)

"B \on andy 3 o
O(Q @), aB +Q-D)fi y A 2fi po D
an\ Pr on 2B2 0’7,7 B p 0"'7
PL qp 2 oo\ oo\’ (b
+2x0 428 P [1 J[_J _
on’ B” p on )\ on
_ Fuli (@ﬁ_ﬁ_@ﬁ_}
B \ondy & on)
@ =0, [ad =0, h=h,=const. for n=0,
on
0’)—@—”, h—h,(s)=1-x for 15—
an

(@:@(1)(779’(’ fi: gl)’ }7:}7(1)(779’(’ fi: gl))

In the equation system (11), the characteristic boundary
layer function F), , nondimensional friction function £'(s)

and values H and H| are determined with the expressions:

By =2le—(e 1)) 2, ¢ B[@ fj ,
on =0
_A@s) _ A
B(s) " B(s)’
» (12)
As)= [ [ Le - 8@}1,
(s) [) (p o |7
A(s)= ‘2@(1 - a(pJ Pe qn;
o o1 on

while a, b are constants.

The obtained system of approximate generalized
equations (11) is a general mathematical model of the
ionized gas flow in the boundary layer adjacent to the
bodies of revolution. Due to the localization, the system is
solved for in advance given values of the parameters
k= f, and g,.

Note that the equations of the system (11) are of the same
form as the corresponding equations for the case of planar
ionized gas flow. For j =0 these equations are the same

[13].
4. NUMERICAL SOLUTION, RESULTS

The system differential partial equations of the third order
(11) is numerically solved after the order of the dynamic
equation has been reduced. For the function Q and the
density ration p,/p that figure in system (11),

approximate dependences [3] have been adopted:

0=0)~(h,/M)>,  p,/p~h/1-x). (13)
Since Prandtl number for air "negligibly depends on the
temperature" [3, 5], the equations (11) are solved for a

constant value of this number Pr=0,712. For the

constants @ and b the usual values have been adopted [2]:
a =0,4408 and b =5,7140.

The system of conjugated differential partial equations
(11) is solved by finite differences method using the
passage method. A concrete solution was based on a
program written in FORTRAN.

The system (11) is solved for each cross-section of the
boundary layer. Solutions are obtained in tabular form.
Only some of the results are presented here in the form of
diagrams.
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u
Ue
1.00 —
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080 f,=0.06
=0.04
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0.40 1. f,i=-0.16
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I
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Fig.2. Diagram of the nondimensional velocity ufu,

Figure 2 shows diagrams of the nondimensional velocity
ufu, =0®/0n at three cross-sections of the boundary

layer. The diagram in the Fig 3 represents distribution of

the nondimensional enthalpy 4 for three cross-sections
of the boundary layer. The influence of the
compressibility parameter on distribution of the

nondimensional enthalpy 4 is seen in Fig. 4. It shows a
diagram of the enthalpy 4 at one cross-section of the
boundary layer (f, =0,14) for three different values
(x = f, =0,10; 0,20; 0,30) of that parameter.
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Fig.3. Diagram of the nondimensional enthalpy h
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Fig.4. Diagram of the nondimensional enthalpy h for
different values of the compressibility parameter k = f,

5. CONCLUSIONS

Based on the performed investigations and the obtained
results, some important conclusions can be drawn. A
general conclusion is that V. N. Saljnikov's version of the
general similarity method can be successfully applied to
the studied flow problem and that the distributions of
physical and characteristic quantities have the same
behaviour as with other dissociated and ionized gas flow
in the boundary layer [3, 13].

There are also some specific conclusions. Firstly, the
compressibility parameter has a great influence on the

distribution of the nondimensional enthalpy 4 in the
boundary layer (Fig. 4). Secondly, the nondimensional
flow velocity u/u, (Fig. 2) at some cross-sections of the

boundary layer converges towards unity very fast.

Since the compressibility parameter in the studied case
has a big influence on the nondimensional enthalpy (even
changes the general behaviour of the distribution of the

enthalpy % 1), the obtained boundary layer equations
should by all means be solved in a three parametric
approximation but without localization per the
compressibility parameter. It, however, can be the subject
of our further investigations.
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