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PREFACE

The Faculty of Mechanical Engineering Kraljevo has been traditionally organizing the international scientific
conference devoted to heavy machinery every three years. The VI International Scientific Conference HM
2008 1s considering modern methods and new technologies in the fields of design in machinery, production
technologies, urban engineering and QMS through thematic sessions for the purpose of sustainable
competitiveness of economic systems. Modern technologies are exposed to fast changes at the global world
level so that their timely application both in large industrial systems and in medium and small enterprises is
of considerable importance for the entire development and technological progress of ecconomy as a whole.

The VI International Scientific Conference Heavy Machinery HM 2008 1s a place for exchange of
experiences and results accomplished in domestic and foreign science and practice, with the goal to indicate
directions of further development of our industry on its way toward integration in European economic trends.
Exchange of experiences between our and foreign scientific workers should contribute to extension of
international scientific-technical collaboration, initiation of new international scientific-rescarch projects and
broader international collaboration among universities.

The papers which will be presented at this Conference have been classified into three thematic fields. In the
first thematic field: Machine Building Design, the scientific-research issues refer {o:

Automatic Control and Fluid Technique

Earth-Moving and Transportation Mechanisation

Railway Englicering

Termotechnique, Environment Protection and Urban Engineering

Mechanical Design and Mechanics

Production Technologies, Material Application and Enterpreneurial Engineering and Management
Computer-Integrated Processes and Designing of Machining Processes

OmMmY oW

> a round table with the topic “Energy Efficiency i Heavy Machinery” will be held.

ntific discussion on this actual problem in industry.

Vithin this Conferenc

X
$
The aim 1s to open a s¢

The sponsorship by the Ministry of Science of the Republic of Serbia is the proper way to promote science
and technology in the area of mechanical engineering i Serbia.

On behalf of the organizer, I would like 1o express our thanks to all organizations and institutions that have
supported this Conference. T would also like to extend our thanks to all authors and participants from abroad
and from our country for their contribution to the Conference. And last but not the least, dear guests and
participants in the Conference. I wish you a good time in Kraljevo — MataruSka Banja and see you again at
the Seventh Conference, in three years.

Kraljevo, 19 June 2008 Conference Chairman,
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Prof. Dr Novak Nedi¢, mech eng.
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IONIZED GASBOUNDARY LAYER ON THE POROSITY WALL OF THE
BODY WHOSE ELECTROCONDUCTIVITY ISA FUNCTION OF THE
LONGITUDINAL VELOCITY GRADIENT

S. Savi¢, B. Obrovi¢, M.Despotovié

Abstract: Planar flow of theionized gasin the boundary layer in the conditions of the so-called equilibrium ionization
is studied. The contour of the body within the fluid is porous. Theionized gasis under the influence of the outer
magnetic field which is normal to the contour of the body. The electroconductivity of the ionized gasis assumed to be a
function of the longitudinal velocity gradient. In the paper, the governing equation systemiswith suitable
transformations brought to a generalized form and numerically solved in the four-parametric approximation. Based on
the obtained numerical solutions diagrams of important physical values and characteristics of the boundary layer are

drawn. Adeguate conclusions are also made.

Key words: boundary layer, ionized gas, ionized gas electroconductivity, porous contour, general similarity method,

porosity parameter.
1. INTRODUCTION

This paper presents a detailed study of a complex
ionized gas flow in the boundary layer along a porous
contour. As known, at supersonic flow velocities the gas
dissociation is followed by ionization. Hence, the gas
becomes eectroconductive. When the ionized gas is
exposed to amagnetic field, an electric flow isformed in
the gas. Due to this flow, the so-called Lorentz force
and Joule heat generate. As a result, additional terms,
which contain the gas electroconductivity, appear in the
governing equations.

The most significant results in investigation of the
dissociated gas flow are given in the book by Dorrance
[1]. Loitsianskii and the members of his school [2, 3, 4,
5] performed a detailed investigation of the dissociated

gas flow in the boundary layer. Investigators of the so-
called Belgrade School of the Boundary Layer led by
Saljnikov [6, 7, 8] accomplished significant results in
the field of dissociated gas flow in the boundary layer.
In the works of Boricic et a [9, 10, 11] and Ivanovic
[12], MHD boundary layer on a porous and nonporous
contour of a body within the fluid is studied. In the
paper [2], the ionized gas flow in the boundary layer
aong aflat plate in the presence of a magnetic field is
studied. The paper [13] studies the ionized gas flow in
the boundary layer along a nonporous body and papers
[14, 15] study the ionized gas flow along a porous body
of an arbitrary shape. In these papers, different
electroconductivity variation laws are used.

The presented paper gives the results of investigation of
the ionized gas flow in the boundary layer along a
porous wall in the case when the electroconductivity is a
function of the longitudina velocity gradient. The
ionized gas of the same physical characteristics asin the

main flow is injected, i.e. eected with the
velocity v, (X) . The outer magnetic field is normal to the

wall of the body within the fluid. According to [2], it is
considered that the power of this field is B, = By, (X)

and that the magnetic Reynold's number is very small.
Therefore, in the case of the ionized gas flow in the
magnetic field, the governing equation system of steady
planar laminar boundary layer with the corresponding
boundary conditions, according to [2], takes the
following form:

FACORPCURY

ou ou dp
pU—+pV —=——
OX oy dx 8y
oh oh dp u)", @ (m oh 1)
pu—+pV—=u—+u— — | == 1+
X oy dx oy 6y Pr oy
+GB§1U2,
u=0, v=v,(x), h=h, for y=0,
u— ug(x), h-h(x) for y-—oo.

By analogy with MHD boundary layer [9], the ionized
gas electroconductivity o isassumed to be afunction of
the longitudinal velocity gradient

Vg Ou
GC=0p— 28y

If the pressure is eliminated from the system (1), based
on the conditions for the outer edge of the boundary
layer, the following equation system is obtained:

(og, vo=const.) . 2
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0 0
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The boundary conditions remain unchanged.

2. TRANSFORMATION OF THE
EQUATIONS

Modern methods of solution of boundary layer equations
involve usage of a momentum equation. In the case of
the ionized gas flow in the boundary layer along a
porous wall, this equation will have the simplest form if
instead of physical coordinates x and y we introduce

new variables [3] in the form:

1
Po Mo

1 y
2xy)=— [pdy @4
0 o

s(x) =

X
I Pubty AX, =
O p

and a stream function y(s, z) by means of the relations:

u=a—w, v = Potto (u§+v£J:—aa—W. (5)
S

Quantities p, and p, denote the known values of the

density and the dynamic viscosity of the ionized gas
(air) at a concrete point.

Using transformations (4) and (5) the governing
equation system, together with the boundary conditions,
is transformed and brought to the following form:

2 2
oy Oy _pey, Qe Q[Q o \v]_

0z 00z 0s o2 p ° ds oz

_ Polo SgBR vo &%y oy
Pwlw Po UF 8Z° 0z

2 \?2
Quoh oy h__pey MoV, ol 2V,
0z 0s 0s oz p ds oz 0z

2
g(ga_hj+ Poto ToBnm Eazw(é’_wj _—

A%
00z\Pr 0z ) putw po UZ 022\ 0z
a—W:O, 6—W=—ﬂvwz—\7w, h=h, for z=0,
0z 0s My
(Z—W—we(s), hoh(s) for z— .
zZ

In the transformed equations (7), the nondimensional
function Q and Prandtl number Pr are determined with

the expressions:

C
OTNLL )
Putw A

where . isthethermal conductivity coefficient c;, - the

specific heat of theionized gas at a constant pressure.

In order to solve the equation system (4), it is necessary
to derive the momentum equation of theionized gason a
body with a porous contour

dz** F
L ©)

ds Ue

While deriving the momentum equation, the usua
quantities are introduced: a parameter of the form f(s),

magnetic parameter g(s), a conditional displacement

thickness A", a conditional momentum loss thickness

A™, a shear stress at the wall of the body within the
fluid t,, a nondimensiona friction function £(s), a

nondimensional value H and a characteristic boundary
layer function on the porous wall F,. With the ionized

gas flow, these quantities are defined with the relations;

w2 A
T TN 7 S
Vo Vo
**/
9(9) =0, (9) = U; Ny 22""%, N, = Lokl

Pw Hw

2 o0
N:%' A*(S)Z J. [&_inz'
Po 0 p ue

A™(8) = wi(l—i]dz, rW(S):(ua—uJ -
'([ Ue Ue oy y=0

_Pubw Yo . _ a(u/u@}
0 A**g’ C-’(S) {8(Z/A**) Z:O’
A"

H= EE
A

Fro=2[¢-(2+H)f]+g-2A.

Due to the porous wall of the body within the fluid, an
addend appears in the momentum equation. Therefore, it
is necessary to introduce a new parameter, the so-called
porosity parameter A(S) :

A:_ﬁ VWA** :_VWA**

Hw Vo Vo

= A(9) (10)

where

V, () = ﬁvw =V,
Hw

In order to apply the general similarity method, it is very
important that the boundary conditions and the stream
function on the wall of the body within the fluid remain
the same as with the nonporous wall. For that reason, a
new stream function y*(s,z) is introduced with the

relation



V(s )=yu(9+v'(s2), v(s0)=0 (11)

where y(s,0) =y, (s) denotes the stream function of
the flow aong the wall of the body within the fluid.
Applying the relation (11), the system (6) is transformed
into the following equation system:
oy" %y oy" o'y dyy 0% _pe

0z 0sdz s oz ds 82 p © e

o o%y” _ GOB%E Po Ho o%y” oy’
Vo 5 Q—> 2 2 '
Z 0z Po Ug Pwhy 0z° 0z

oy” oh _oy" oh dyy oh _ pe OV
oz s os 0z ds oz p - ° oz
2
o2y Q oh

+ +v + 12
VOQ[ 622J az(Pr azj (12)

B2 o2y (g™ )
+80Pm Yo Poko O W N4 :

Po UZ pwhy 02° | 0z

. oy’

=0, =0, h= for z=0,
v = hy,
82’ Suys), hoh(s) for zow

Z

3. MATHEMATICAL MODEL

In order to derive the generalized boundary layer
equations it is necessary to introduce new
transformations from the very beginning:

b/2
S=s, (s, 2 = K( )
v (5,2 =ui"?K (9@ n, «, (f,), (9, (A)],
h(s,2)=h-h[n, «, (£, (90), (AW)] (13)

s y2
he+u—‘§—hl—const K(s)—{av IubldsJ :
5 = - =|avg | Ue ;

0

a, b= const.

where n(s,z) is the newly introduced transversal
variable, @ - the newly introduced stream function and
h- the nondimensional enthalpy. Some important
quantities and characteristics of the boundary layer (10)
can be written in the form of more suitable relations:

uzueaﬁ, A" (s) = K(S)
0 u

B(s),

e

0 oD
Bs)= [ &= (1- 25 |dn,
© Ioan( 6n)n

(14)

K(9) A
A™(3) B(s)’

2 ’ S
g= B(a (DJ o f_ak j u>ds.
0

o’

In the general similarity transformations (13), with the

nondimensional functions ® and h, we introduced a
local parameter of the ionized gas compressibility
k="fy,, a set of parameters of the form f, of

Loitsianskii's type [3], a set of magnetic parameters g,
and a set of porosity parameters A, [16] by means of
the following expressions:

u - axk
R=fold)= oo e =uu? 2

k-2 N(k 1) 1/22**k -2

gk (S) =Ug : (15)

(k=1)
V,
Aw(9)=-ug™ ]
o

They present new independent variables that are used
instead of the longitudinal variable s.
The local compressibility parameter « = f, and the sets

of parameters satisfy the corresponding simple recurrent
differential equations of the form:

74" (k=123 .).

Yo g O% _5t=6,,
u, ~ds
U, . dfy
Yot D Tkt +kF |+ =0, 16
e R LR L LSS FFEU SR
Ue . dg, 1
Yo g B _| (k—2)f,+ k-2 |F + ,
u 174s [( ) f1 ( 2) r’r‘p:|gk Ok+1 =Tk
“—,efl—d;\k k=Dt +[(@k-1)/2]Fp } A +
uy, S

+Ak+1=Xk' (k:1,2,3,...)

Applying the similarity transformations (13) and (15) to
the equation system (12), we obtain the following
boundary layer equation system:

i Q62<D . aB 24 (2- b)f)
2B? 6112
[ } 0y 0°D 8D A 2’0 _
B2on2 on B
B 611 m 611 (17)

{“‘J aq> 20 o0 azcbj
DI R e i A N

0 2 2
3 (62 o' _@6®]+

) on ondg, 0y an?
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2 2 -
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rD:a—:O, h=h,=const. for n=0,
ol (18)
aﬁ—ﬂ, hoh=1-x for n-oow.
mn

The generalized equation system (17) represents a
general mathematical model of the ionized gas flow
along a porous wall of the body within the fluid for the
assumed form of the electroconductivity variation law.

4. NUMERICAL SOLUTION

When the generalized equation system (17) with the
boundary conditions (18) is numerically solved, a finite
number of parameters should be adopted so that the
solution is obtained in n- parametric approximation.
The equation system can be solved only with arelatively
small number of parameters. If we assume that all the
similarity parameters from the second one onward equal
zero:

k=fy#0, f=1=#0, g,=9=0,
A]_:A?&O, f2=f3=...=0, 92=g3=...=0, (19)
A2:A3:...:O,

the obtained equation system is significantly simplified.
Furthermore, when the general similarity method is
applied, the so-called localization is aso performed. If
we neglect derivatives per the compressibility, magnetic
and porosity parameters, the equation system (17) is
significantly simplified, and in a four-parametric three
times localized approximation it has the following form:

2 2 2
0 Q6<12) +aB +(22—b)fc]>8C]23Jr
on{  on 2B on

2 2 2
+L[&_(52J ]_iﬁ_‘D@;‘DM o0 _
p

B2 B? on”® on B an?

_Fmf o0 0’0 o0 o'
B2 | on onof  of on? )

i(gahj aBZ+(—2b)f on _
2
on | Pr on 2B 811 (20)

2 2
_2K2f Pe 0P Q q> L 2xg0 @(@@J .
B° p On on’ B on? dn
Aoh_Fpf (00 oh o0 oh
Bon B2 \(onof of on)

The boundary conditions (18) remain unchanged.

In the equations of the system (20) the subscript 1 in
some (first) parametersisleft out.

For the numerical integration of the obtained system of
differential partial eguations of the third order, it is
necessary to decrease the order of the differential
equations. Using [7]

u oD
_:_:(p:(p(r],K,f,g,A); (21)
U, On

we decrease the order of the differential equations of the
system (20), so the system together with the boundary
conditions comes to:

2
LY I LI
onl on 2B on B p

_9% ,Ado Fwflf do o0
Bon' Bon B2 \Taf of on)

0(Qah) aB’+(2-b)f q)a_ﬁ_zxf&(p
onl Pron 2B? om B? p
2kg 8(p

+ 2KQ(a®j 5 on ?

Adh Fp [ah acpaﬁ]_

(22)

n— oo.

For the nondimensional function Q [15] and the density
ratio pe/p [4] that appear in the system (22), the
following approximate formulae are used:

— Y3 ~
Q=Q(ﬁ)=[%] : Pe 1 (23)

A concrete numerical solution of the obtained system of
nonlinear and conjugated differential partial equations
(22) is performed using finite differences method, i.e.,
"passage method”. Based on the scheme of the plane
integration grid [7], derivatives of the functions ¢, ®

and h are substituted by finite differences ratios, and
the equation system (22) is brought to the following
system of algebraic equations:
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i i i i
() av k+1Pm-1k+1— 2Ow K 1Pm k1
i i i
T CM K+1PM+1,K+1 = OM K +1
oz o
(1) ay kihm-1ka =200 ¢ qhmkea+

. _J . .
+ Gtk +1MM1K+1 = O s (24)

M=23.,N-1, K=012..; ij=0L2,..

q);.,K+l:(PiK+1:0y H:I].Kﬁ-lzﬁw:COnSt. for M =1,

(PIN'K+1:1, hl]\l,K+1=1—K for M = N.
The eguation system (24) consists of two subsystems -
dynamic (1) and thermodynamic (I1).

For the concrete numerical solution of the equation
system (22), i.e., the corresponding algebraic system, a
program in FORTRAN program language has been
written. It is based on the program used in the
investigations [7]. Since Prandtl number depends little
on the temperature, for air, it is assumed to be
Pr=0.712. The constants a and b, according to [7],

have optimal values: a=0.4408; b =5.7140.

As the equation system (22) is localized per the
compressibility, porosity and magnetic parameters, these
parameters have become simple parameters. Therefore,
the eguation system (22) is solved by the usua
procedure starting from the value f =0.00 (flat plate),

for values of the parameters x, g and A given in
advance.

5. CONCLUSION

Only some of the results are presented in this paper in
the form of diagrams based on which important
conclusions are drawn:

e Regardiess of the fact whether the ionized gas is
injected into the main flow or gected from it, at
different cross-sections of the boundary layer, the
nondimensional velocity u/u, very quickly converges

towards unity (Fig. 1).

e The magnetic field has a great influence upon the
boundary layer characteristic F.,, (Fig. 2).

e The influence of the magnetic field on the
nondimensiona friction function ¢, and therefore on
the boundary layer separation point, is especialy
pointed out (Fig. 3). By increasing the values of the
magnetic parameter, the separation of the boundary
layer is postponed.

e The porosity parameter A has a great influence on the
nondimensional  friction function ¢ (Fig. 4).
Consequently, this parameter has also a significant
influence on the boundary layer separation point. Itis
noted that the injection of air, in accordance with the
relation (10), postpones the separation of the ionized
gas boundary layer because the separation point
moves down the flow.
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Fig. 1. Diagram of the nondimensional velocity u/u,

Fig. 2. Distribution of the characteristic function Fny,

Fig. 3. Distribution of the nondimensional friction
function £(g)

Fig. 4. Distribution of the nondimensional friction
function (A)
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