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CHEMICALLY REACTING FLUID FLOW INDUCED
BY AN EXPONENTIALLY ACCELERATED INFINITE
VERTICAL PLATE IN A MAGNETIC FIELD AND
VARIABLE TEMPERATURE VIA LTT AND FEM

R. Srinivasa Raju, G. Aruna, N. Swamy Naidu,
S. V. K. Varma, and M. M. Rashidi

ABsTRACT. In this research paper, we found both numerical and analytical
solutions for the effect of chemical reaction on unsteady, incompressible, vis-
cous fluid flow past an exponentially accelerated vertical plate with heat ab-
sorption and variable temperature in a magnetic field. The flow problem is
governed by a system of coupled non-linear partial differential equations with
suitable boundary conditions. We have solved the governing equations by an
efficient, accurate, powerful finite element method (FEM) as well as Laplace
transform technique (LTT). The evaluation of the numerical results are per-
formed and graphical results for the velocity, temperature and concentration
profiles within the boundary layer are discussed. Also, the expressions for the
skin-friction, Nusselt number and the Sherwood number coefficients have been
derived and discussed through graphs and tabular forms for different values of
the governing parameters.

Nomenclature

A Small positive parameter

B,  External magnetic field (tesla)

C’'  Species concentration (mol m=3)

C!,  Concentration of the plate (mol m=3)

C’.  Concentration of the fluid far away from the plate (molm=3)
C;  Skin-friction coefficient (N m™3)

C,  Specific heat at constant pressure (J kg 'K~1)
D Solute mass diffusivity (m?s~1)

g Acceleration due to gravity (m?s~2)

Gr  Grashof number for heat transfer

Gc  Grashof number for mass transfer

K/ Dimensional chemical reaction parameter

T
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Magnetic field parameter

Nusselt number

Prandtl number

Dimensional heat absorption parameter
Heat absorption parameter

Schmidt number

Sherwood number

Reynolds number

Dimensional Exponential index
Exponential index

Temperature of the fluid near the plate (K)
Temperature of the plate (K)

Temperature of the fluid far away from the plate (K)

Dimensional time (.5)

Dimensionless time (.5)

Velocity of the fluid in the direction (m s~1)
Dimensionless velocity (ms—1)

Velocity of the plate (ms~!)

Coordinate axis along the plate (m)

Dimensionless coordinate axis along the plate (m)

Co-ordinate axis normal to the plate (m)

Dimensionless coordinate axis normal to the plate (m)

Error function
Complementary error function
Exponential function

Origin

*

Thermal conductivity of the fluid (W m~tK 1)
Volumetric coefficient of thermal expansion (K1)
Volumetric coefficient of thermal expansion with concentration (m3kg—!)

\S\L%Q‘Qb >

R &

Dimensionless chemical reaction parameter
Kinematic viscosity (m?s™1!)

Density of the fluid (kgm™1)

Electric conductivity (Sm™1!)
Dimensionless temperature (K)
Dimensionless concentration (mol m=3)
Shear stress (pascal)

Dimensional properties

Conditions on the wall

Free stream conditions
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1. Introduction

1.1. Literature survey of Magnetic field (MHD). The influence of mag-
netic field on viscous incompressible flow of electrically conducting fluid has its
importance in many applications such as extrusion of plastics in the manufacture
of rayon and nylon, purification of crude oil, pulp, paper industry, textile industry
and in different geophysical cases etc. In many process industries, the cooling of
threads or sheets of some polymer materials is of importance in the production line.
The rate of cooling can be controlled effectively to achieve final products of desired
characteristics by drawing threads, etc. in the presence of an electrically conduct-
ing fluid subject to a magnetic field. MHD plays an important role in agriculture,
petroleum industries, geophysics and in astrophysics. Important applications are
in the study of geological formations, in exploration and thermal recovery of oil,
and in the assessment of aquifers, geothermal reservoirs and underground nuclear
waste storage sites. MHD flow has application in metrology, solar physics and in
motion of earth’s core. Also it has applications in the field of stellar and planetary
magnetospheres, aeronautics, chemical engineering and electronics. In the field of
power generation, MHD is receiving considerable attention due to the possibilities
it offers for much higher thermal efficiencies in power plants. In processes such as
drying, evaporation at the surface of water body, energy transfer in a wet cooling
tower and the flow in a desert, cooler, heat and mass transfer occurs simultane-
ously. Rashidi et al. [1] investigated heat transfer of a steady, incompressible water
based nanofluid flow over a stretching sheet in the presence of transverse mag-
netic field with thermal radiation and buoyancy effects. The resulting differential
equations with the appropriate boundary conditions were solved by shooting iter-
ation technique together with fourth-order Runge—Kutta integration scheme. Also
the analytical solutions were presented in terms of hypergeometric function for the
special case of horizontal stretching sheet. Rashidi et al. [2] studied electrically
conducting fluid past a rotating disk in the presence of a uniform vertical mag-
netic field, analytically via Homotopy Analysis Method (HAM), and then applied
Artificial Neural Network (ANN) and Particle Swarm Optimization (PSO) algo-
rithm in order to minimize the entropy generation. The homotopy analysis method
was employed by Rashidi et al. [3] to free convective heat and mass transfer in a
steady two-dimensional magnetohydrodynamic fluid flow over a stretching vertical
surface in porous medium. Rashidi et al. [4] found the similarity solutions for
the MHD Hiemenz flow against a flat plate with variable wall temperature in a
porous medium gives a system of nonlinear partial differential equations. These
equations were solved analytically by using a novel analytical method (DTM-Padé
technique which is a combination of the differential transform method and the Padé
approximation). A new analytical method (DTM-Padé) was developed by Rashidi
et al. [5] for solving MHD boundary-layer equations. In this work, it was shown
that differential transform method (DTM) solutions were only valid for small val-
ues of independent variable. Rashidi et al. [6] have derived analytical expressions
for the solution of steady MHD convective and slip flow due to a rotating disk by
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taking viscous dissipation and Ohmic heating into account. Bég et al. [7] inves-
tigated the combined heat and mass transfer by mixed magneto-convective flow
of an electrically conducting flow along a moving radiating vertical flat plate with
hydrodynamic slip and thermal convective boundary conditions. Freidoonimehr et
al. [8] investigated the transient MHD laminar free convection flow of nano-fluid
past a vertical surface was considered porous and stretched under acceleration.
The boundary-layer forms of the governing partial differential equations (momen-
tum and energy equations) were transformed into highly nonlinear coupled ordinary
differential equations (ODEs) using fourth order Runge-Kutta method based shoot-
ing technique. Abolbashari et al. [9] employed homotopy analysis method to the
entropy analysis in an unsteady magnetohydrodynamic nano-fluid regime adjacent
to an accelerating stretching permeable surface with the water as the base fluid and
four different types of nanoparticles, copper, copper oxide, aluminium oxide and
titanium dioxide. Dinarvand et al. [10] found similarity solutions for the unsteady
laminar incompressible boundary layer flow of a viscous electrically conducting fluid
in stagnation point region of an impulsively rotating and translating sphere with a
magnetic field and a buoyancy force gives a system of non-linear partial differential
equations. The effects of rotation and magnetic field of a micropolar fluid through
a porous medium induced by sinusoidal peristaltic waves travelling down the chan-
nel walls were studied analytically and computed numerically by Abd-Alla et al.
[11]. Hatami et al. [12] studied the effect of variable magnetic field on nanofluid
flow and heat transfer analysis between two parallel disks. Mixed convection heat
transfer of nano-fluid flow in vertical channel with sinusoidal walls under magnetic
field effect was investigated numerically by Rashidi et al. [13]. The translational
and rotational velocities of magnetic beads traveling on an inclined plane in the
creeping flow regime were studied by Rashidi et al. [14]. Rashidi and Esfahani
[15] studied forced convective heat transfer in a channel with a built-in square ob-
stacle. Rashidi et al. [16] developed a mathematical model for two-dimensional
fluid flow under the influence of stream wise transverse magnetic fields in laminar
regime. The characteristics of heat and mass transfer on steady two-dimensional
flow of a micropolar fluid over a stretching sheet embedded in a non-Darcian porous
medium with uniform magnetic field in the presence of thermal radiation studied
by Olajuwon et al. [17].

1.2. Literature survey of Laplace transform Technique. The Laplace
transform is a mathematical tool based on integration that has a number of ap-
plications. It particular, it can simplify the solving of many differential equations.
We will find it particularly useful when dealing with non-homogeneous equations
in which the forcing functions are not continuous. This makes it a valuable tool
for engineers and scientists dealing with “real-world” applications. By the way, the
Laplace transform is just one of many “integral transforms” in general use. Con-
ceptually and computationally, it is probably the simplest. If you understand the
Laplace transform, then you will find it much easier to pick up the other transforms
as needed. Inverse Laplace transform methods have a long history in the develop-
ment of time-domain fluid line models. This paper presents a study combining the



CHEMICALLY REACTING FLUID FLOW INDUCED BY AN EXPONENTIALLY... 53

new Laplace-domain input/output (I/O) model derived from the network admit-
tance matrix with the Fourier series expansion numerical inverse Laplace transform
(NILT) to serve as a time-domain simulation model. A series of theorems are pre-
sented demonstrating the stability of the I/O model, which is important for the
construction of the NILT method. Laplace transform technique was used by Muthu-
cumaraswamy and Lakshmi [18] to solve the problem of incompressible fluid flow
past an infinite isothermal vertical plate which is exponentially accelerated in the
presence of magnetic field. Das [19] studied unsteady magnetohydrodynamic free
convection flow of a viscous, electrically conducting incompressible fluid in presence
of mass transfer, thermal radiation and under the influence of uniform magnetic field
by applying Laplace transform technique. Sathappan and Muthucumaraswamy
[20] found Radiation effects on exponentially accelerated vertical plate with uni-
form mass diffusion. An exact solution was found by using the Laplace transform
technique. Magnetohydrodynamic rotating heat and mass transfer free convective
flow past an exponentially accelerated isothermal vertical plate with variable mass
diffusion studied by Philliph et al. [21]. An exact solution in the closed form
was found by using Laplace transform Technique. Muthucumaraswamy et al. [22]
studied rotation on MHD flow past an accelerated isothermal vertical plate with
uniform mass diffusion using Laplace transform technique. Rajput and Kumar [23]
considering the radiation effects on MHD flow past an impulsively started vertical
plate with variable heat and mass transfer by Laplace transform technique. Deka
and Paul [24] presented an analytical solution of unsteady one-dimensional natural
convective flow of a viscous incompressible and electrically conducting fluid past
an infinite vertical cylinder with constant temperature and magnetic field, applied
normal to the direction of flow. Exact solutions of dimensionless unsteady linear
governing equations were obtained by using Laplace transform technique. Rajesh
and Varma [25] studied radiation and mass transfer effects on exponentially ac-
celerated isothermal vertical plate. The governing equations were solved by the
Laplace transform technique.

1.3. Literature survey of finite element technique. In mathematics, the
finite element method (FEM) is a mathematical technique for finding estimated so-
lutions to boundary value problems for partial differential equations. FesO4-water
nanofluid mixed convection heat transfer in a lid-driven semi annulus in the pres-
ence of a non-uniform magnetic field was studied by Sheikholeslami and Rashidi [26]
by using control volume based finite element method. The effect of non-uniform
magnetic field on nanofluid forced convection heat transfer in a lid driven semi-
annulus was discussed by Sheikholeslami et al. [27]. In this research work [27],
authors were solved the governing equations by using control volume based finite
element method. Sheikholeslami et al. [28] studied the forced convection heat
transfer in a semi annulus lid under the influence of a variable magnetic field with
the help of control volume based finite element method. Sheikholeslami et al. [29]
studied the combined effects of ferrohydrodynamic and magnetohydrodynamic on
ferro-fluid flow and heat transfer in a semi annulus with constant heat flux bound-
ary condition. In this research work, the governing equations were solved by using
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control volume based finite element method. Sivaiah and Raju [30] studied the
effect of Hall current on heat and mass transfer viscous dissipative fluid flow with
heat source using finite element method. Sheri and Raju [31] studied the influence
of Soret on an unsteady magnetohydrodynamics free convective flow past a semi-
infinite vertical plate in the presence viscous dissipation. The results of thermal
radiation and heat source on an unsteady MHD free convective fluid flow over an
infinite vertical plate in occurrence of thermal diffusion and diffusion thermo were
discussed by Raju et al. [32]. A numerical study was Garoosi et al. [33] car-
ried out concerning natural and mixed convection heat transfer of nanofluid in a
two-dimensional square cavity with numerous pairs of heat source-sinks. In this re-
search, authors solved two-dimensional Navier—Stokes, energy and volume fraction
equations by applying the finite volume method. The influence of hall currents on
magneto-fluid flow in non-linear embedded in porous medium in presence of mag-
netic field was discussed by Bég et al. [34] using finite element technique. Anand
Rao et al. [35] considered the effects of chemical reaction with heat absorption on
an unsteady MHD free convective fluid flow past a semi-infinite perpendicular plate
embedded in a porous medium. Anand Rao et al. [36] demonstrated the combined
effects of heat and mass transfer on unsteady MHD flow past a vertical oscillatory
plate suction velocity using finite element method. Anand Rao et al. [37] studied
transient flow past an impulsively started infinite flat porous plate in a rotating
fluid in presence of magnetic field with Hall current using finite element technique.
The combined effects of heat and mass transfer on unsteady MHD natural con-
vective flow past an infinite vertical plate enclosed by porous medium in presence
of thermal radiation and Hall Current was investigated by Ramana Murthy et al.
[38]. Rao et al. [39] found the numerical results of the non-linear partial differ-
ential equations of free convective magnetohydrodynamic flow past semi-infinite
moving vertical plate with the effects of thermal radiation and viscous dissipation
using finite element technique. Reddy Sheri and Srinivasa Raju [40] studied the
effect of viscous dissipation on transient free convection flow past an infinite verti-
cal plate through porous medium in presence of magnetic field using finite element
technique. Srinivasa Raju [41] studied the combined effects of thermal-diffusion
and diffusion-thermo on unsteady free convection fluid flow past an infinite vertical
porous plate in presence of magnetic field and chemical reaction using finite ele-
ment technique. Srinivasa Raju et al. [42] studied the application of finite element
method to unsteady MHD free convection flow past a vertically inclined porous
plate including thermal diffusion and diffusion thermo effects. Srinivasa Raju et
al.[43] the analytical and numerical solutions of unsteady MHD natural convec-
tion flow over an exponentially moving vertical plate with the presence of Heat
Absorption by Laplace Transform and Element Free Galerkin Method respectively.

The aim of the present investigation is therefore, to study analytically and
numerically the effect of chemical reaction on unsteady MHD flow past an ex-
ponentially accelerated vertical plate in presence of heat absorption and variable
temperature. The coupled non-linear partial differential equations with suitable
boundary conditions are solved by Finite element method as well as Laplace trans-
form technique. The numerical results are carried out and graphical results for the
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velocity, temperature and concentration profiles, skin-friction, Nusselt number and
the Sherwood number coefficients within the boundary layer are discussed.

2. Formulation of the problem

In this problem, we consider an unsteady MHD of viscous incompressible fluid
flow past an exponentially accelerated infinite vertical plate with variable temper-
ature and variable mass diffusion in the presence of chemical reaction and heat
absorption. Initially, the plate and the fluid are at the same temperature 7. in
the stationary condition with concentration level C’_ at all the points. At time
t’ > 0, the plate is exponentially accelerated with a velocity u = ugexp(a’t’) in
its own plane and the temperature of the plate is raised linearly with time and
species concentration level near the plate is also raised linearly with time ¢. The
temperature of the plate and the concentration level are also raised or lowered to
T+ (T, —T.)At and C. + (C], — CL)At’ respectively. The physical represen-
tation and the coordinate system are shown in Figure 1
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X
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u.exp(at’) g
—_—
B,

0 TZ»TCZ y

FIGURE 1. Physical configuration and coordinate system.

We made the following assumptions:

i. All the physical properties of the fluid are considered to be constant except
the influence of the body force term.

ii. A transverse magnetic field of uniform strength By is assumed to be ap-
plied normal to the plate.

iii. The fluid is supposed to be a slight conducting and hence the magnetic
Reynolds number is lesser than unity and the induced magnetic field is
small in comparison with the transverse magnetic field.

iv. It is further supposed that there is no applied voltage, as the electric field
is absent.

v. Viscous dissipation and Joule heating in energy equation are neglected.

vi. Electric field is neglected.
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Under the above usual Boussinesq’s approximation, the governing boundary
layer equations of the flow field in two dimensional are:
Momentum Equation:

e (2 w2 -- ;(%) +U[g:j; N gzg} B {aioz}u,
+ [g8(T" = TL)] + [98'(C" = CL)]

Energy Equation:

(2.2) o, [%—ﬁ +Cylu

oT’ 0T 9T’
/ - . r gt
ax'} N ”{axﬂ * 6y’2} [Qo(T" — Teo)]

Species Diffusion Equation:

[80’] N [u,(?C’] - D[a%*' N o%c’
ot' ox’ - axﬂ ayﬂ

Let us assume that, all the physical variables are independent of the z’-coordinate

as the motion is two-dimensional and the length of the plate is large enough.

Cop od o aC

(2.3)

| - pIKi(Cc’ - L)

B R R R
Using Eq. (2.4), the governing equations (2.1), (2.2) and (2.3) can be written as
Momentum Equation:

(2.4) 0

25 [ o] =o[2h] - [P+ tontr - Tl + e € - L)

Energy Equation:
o1’ } {BZT’
=K

(2.6) Co| 5 Pl

| - 1@ -1

Species Diffusion Equation:
[80’] _ [620’
at/ - 8y/2

In Eq. (2.5) the first term on the left hand side is the sequential velocity gradient
term. On the right hand side of Eq. (2.5), the first term replicates the viscous shear
effects or momentum diffusion, the second term in the square brackets corresponds
to the Lorentzian magnetohydrodynamic retarding force (acting transverse to the
magnetic field). The penultimate terms on the right hand side of Eq. (2.5) is the
thermal buoyancy force and species buoyancy respectively. On left hand side of
Eq. (2.6), temporal thermal gradient is the opening term. Right hand side of Eq.
(2.6), the primary term represents Thermal-diffusion, the second term in the square
brackets represents heat absorption coefficient term. In Eq. (2.7) the first term on
the left hand side indicates the temporal concentration gradient term. On the right
hand side of Eq. (2.7), the earliest term represents species diffusion, the final term

(2.7)

| - piKI(C - CL)]
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represents Chemical reaction coefficient. The corresponding initial and boundary
conditions are

Vi'<0:w' =0, T=T,, C'=C. forally

V' >0:u =Upexp(at), T' =T, + (T, —T.,)At
and C' = C._ + (C), — CL)AY, at y =0

Vi >0:u' =0, TN=>T,, C' =Caty -

(2.8)

On introducing the following non-dimensional quantities into the Egs. (2.5),
(2.6) and (2.7)

_ _udt! _ Voy' _ =Tl _c-c, _ oBJY
U_VO’ = ?9’ Y= "> Q_T{U—Téc’ ¢_Cz/u—céo’ M = pu%
T, —T! ci —C! de
(2.9) < Gr=ygBv e, Ge = gﬁ*ﬁ“’TO”, Pr==2 Sc= %
— Qov? 7 _ 9K, — zug = w’
S = KuZ T oude A= u? Re, = s A= 9

then we get the following governing equations in dimensionless form

ou  0%u

(2.10) o 0p Mu + Gr(0) + Ge(¢)
00 10% S

(2.12) o¢ _ 1 ¢ A

dt ~ Scdy?  Sc
The initial and boundary conditions in dimensionless form are as follows:

t<0:u=0, 6=0, ¢=0"orally
(2.13) t>0:u=exp(at), 6=t, ¢=taty=0
t>0:u=0, 00, ¢—0aty— o0

The appeared physical parameters are defined in the nomenclature. The mathe-
matical statement of the problem is now complete and embodies the solution of
Egs. (2.10), (2.11) and (2.12) focus to boundary conditions (2.13). The Skin-
friction, Nusselt number and Sherwood number are important material parameters
for this type of boundary layer flow. The Skin-friction at the plate, which in the
non-dimensional form is given by

214 o= () =—(54)

The rate of heat transfer coefficient, which in the non-dimensional form in terms
of the Nusselt number is given by

/ (832;// )yZO

— N,Re;' = _(%)y:o



58 RAJU, ARUNA, SWAMY NAIDU, VARMA, AND RASHIDI

The rate of mass transfer coefficient, which in the non-dimensional form in terms
of the Sherwood number, is given by

(aacy,)y =0 -1 a¢
(2.16) Sp = xC, 5o SiRe; :—(8—@/)?}:0

3. Analytical (LTT) and Numerical (FEM) Solutions

3.1. Laplace Transform Technique. The solutions are in terms of expo-
nential and complementary error function. The relation connecting error function
and its complementary error function is as follows:

(3.1) er fe(x) =1—er f(x)

The dimensionless governing equations (2.10)—(2.12), subject to the boundary con-
ditions (2.13), are solved by the usual Laplace transform technique. Help of Het-
narski’s [44] development has also been taken. The solutions derived are given
below. Transforming equation (2.12) we get,

2
1) =25~ )

= 1(5) QCL{(%f)} - M)

52) = sL{o(0.0} - 9(00) = -1 (55) } - e 140)
= {0} -0 = £ TEAR 2 pgg.0)

P2L{o(y,
N {fy(g t)}

its final solution under (2.13) will be,

L{¢(y,t)} = Arexp (y\/)\ + s Sc)L{gi)(y, t)} + Az exp ( —yvVA+s Sc)

Where A; and As are arbitrary constants.
The values of A; and A, computed using (2.13), i.e, Ay = 0 and Ay = 1/5?

(3.3) L{o(y,t)} = ! —exp (- yVScy/s + C1) where Cy = —

From this, we can obtain qS(y, t).

</>(y,t)=L_1{*eXp( yf\/s+01)}
(3.4) = oy,t)= <;+Z\/(S§) exp (y+/C1 Sc) erfC(y;/\/; \/CTt>

+(;—Z gj)exp(—y Clsc)erfc<y2\/\/s?—\/01t)

— (A +sSc)L{¢p(y,t)} =0
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Also, transforming equation (2.11) we get,
2
) = L{%(g*yf) - %9}
> {5 =5 { (G} -

(35) = SL{0(y. 1)}~ 0(5,0) = ;L{(gj)}—gL{e}

= a0t - 0= o THOWO} 8, )

Pr dy?
d2L
_ PL{0Gy, 1)}
dy?
Its final solution under (2.13) will be,
L{6(y,t)} = Asexp (y\/S + sPr)L{H(y, t)} + Agexp ( — VS + sPr)

Where A3 and A4 are arbitrary constants. The values of A3 and Ajcomputed using
(2.13), i.e. A3 =0and Ay = SLQ

(3.6) L{0(y, 1)} = Sizexp (— yV/Pry/s + Ca) where Cy = —

From this, we can obtain 6(y, t).

Oyst) =L G exp (~ yVPr/s 7 Co) }

(3.7) = 0(y,t) = (%4—5:5?)(3 p(y\f) erfc(y\@+\/1:>

o

Again transforming Eq. (2.10) we get,

— (S84 sPr)L{0(y,t)} =0

{2 - L{% ~ Mu+ Gr(0) + Ge(@)}

d?L{u(y,
= GrL{0(y.0} + Ge Loly, 0} + T ()
Applying the boundary conditions (2.13), we get

ELUGOY (A Liu(y, )} = - Gr L{B(y, )} — Ge L{6(y. 1))

dy?
Its general solution will be
(3.8) L{u(y,t)} = A.E. + P.I.
where A.E. = AzeVVstM 4 Age ¥Vs+tM and PJ. = —Gr (m)L{H(y,t)} -

Ge (m)[/{(p(y,t)}. Where A5 are Ag constants. Substituting the values of
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L{é(y,t)} and L{O(y,t)} from Egs. (3.3) and (3.6) respectively. Then Eq. (3.8)
becomes

(39 Liu(y.t)) = AseWV T 4 Age v/ H
Gr emyVPIVst 0 Ge euVsSe
+<1—Pr)< s2(s — a) >+(1—Sc)(52(s—b)>

Gr \ [ v/PIVeTts
1Pr)< s2(s — a) )

(25 ()

Applying the boundary conditions (2.13), its final solution is

(3.10)  u(y,b) :L—1<A5€ym+AGe—ym+(

e? arebt
U(y,t)—7[ﬂ1 +1lp] — [bZ (H3+H4+H5—H6)]

+ *[H7 — TIg + Iy + IT;0]

b
(3.11)
exp(dt
- % 1;(2 )[Hll +1lp — T3 — 4]
;b d[H15 + 1l — Ily7 — Tys]
where
— yVM+a Y
M =e erfc(Q—\/%Jr (M+a)t),
I, = +e*yvM*“erfc(%/?E —v (M + a)t),
Iy = e¥VM erfc( \[ (Mer)t),
[y = e YVMHbor fc(ZL\/{ — V(M + b)t) + exp (y (% + b)),

s = exp (y,/Pr (% +b))erfc<gﬁ+ N (% +b)t>7

s = exp (/P () Jerse( 2/~ /(2 +0)1).
M, — <t+ % + zjﬁ) exp (y\/ﬁ)erfc(i\/ + \/M)
H8:<t+%—2jﬁ)exp( y\ﬁ)erfc(—\[—\/ﬁg
M= (14 4+ 205 exp (B o 12 4/ ),
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Iy = (t—l— % - sjg) exp ( — y\/g)erfc(gﬁ— \/ﬁ),
Iy, = exp (yV'M + d)er fc(%\/f—k \/W)
1D :exp(fy\/Mier)erfc(%\/if \/M)’

I3 = exp (y\/Sc(C1 + d) )er fc( \/§ (C1 + d)t),

Iy = exp (— y/Sc(Cy + d))er fc(é/ % -/ (C1 + al)t)7

5 = (t—i— % + ﬁ) exp (yVM)erfc(QL\/{t + M),
Il = (t—l—%— ﬁ) exp(—yx/M)erfc(zi\/i — \/M>7
o=

1 /S
p 2\/>>exp Clsc)erfc(g 70—&— Clt),

1
IIis = t—|—f—f E exp(—y ClSc)erfc y %—\/C&t .
d 01 2V ¢

From Egs. (2.15) and (3.1), The rate of heat transfer coefficient or Nusselt
number as follows:

St tPr St Pr St
12 Nu = — - _ = — i
(3.12) u [t\/gerf(\/Pr>+ - exp( Pr)+2\/§erf(“Pr>}
From Egs. (2.16) and (3.2), The rate of mass transfer coefficient or Sherwood
number as follows:

tSc VSc
(3.13) Sh= [t(\/uSc) er f(Vut) + (\/ 7r> exp(—pu )(2f> erf(f)}
We now study the expression for Skin-friction coefficient Cy from Egs. (2.14)

and (3.11) which measure Shear stress at the plate is presented in the following
form:

(3.14) Cy = e [1g + Ia0] + ) [Ilo1 — o] — H23H24]

exp(bt
— 1/;[%(1’[25 — Hgﬁ) + 1oy + Iog — H29i|
Whereazlgrpr, = 1= Sc,b_ %,d:“fich’
Mo = VO + ){1 —er fe(v/(M +a)0) },

Iy = xp(—(M + a)t),

L
N
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oy = (M—l—a)t(erfc( (M+a)t)—1) I xp(—(M + b)t),

Tt
Iy = Pr(li—&—b){erfc( (P +b 1)
1
b

}+ Ly +b)t),
= () (e (Y 30)) -5 e+ >{“§<1-effc< )
=2 (e () (- 20)),

Ias = v/(Sc(p + d)) (er fe( M+d)t—1)+<\/§)(exp(—( M +d)t)),

1 1 1
My = oo (1 —er f(VA) + = (t+ - ) {VM (1 - ex fev/ATE) },

Hgg:(li(t—&—(li){\/lﬁ(exp(—Mt))} 2d\/g(l—erfc\ﬁ)
H29:;<t+:l){\//780(1—6rf0\/>) \/7(exp( ut))}.

3.2. Numerical Solutions by Finite Element Technique. The finite el-
ement procedure (FEM) is a numerical and computer based method of solving a
collection of practical engineering problems that happen in different fields such as,
in heat transfer, fluid mechanics [45], chemical processing [46], rigid body dynam-
ics [47], solid mechanics [48], and many other fields. It is recognized by developers
and consumers as one of the most influential numerical analysis tools ever devised
to analyze complex problems of engineering. The superiority of the method, its
accuracy, simplicity, and computability all make it a widely used apparatus in the
engineering modeling and design process. It has been applied to a number of sub-
stantial mathematical models, whose differential equations are solved by converting
them into a matrix equation. The primary feature of FEM [49, 50] is its ability to
describe the geometry or the media of the problem being analyzed with huge flex-
ibility. This is because the discretization of the region of the problem is performed
using highly flexible uniform or non uniform pieces or elements that can easily de-
scribe complex shapes. The method essentially consists in assuming the piecewise
continuous function for the results and getting the parameters of the functions in
a manner that reduces the fault in the solution. The steps occupied in the finite
element analysis areas follows.

Step 1: Discretization of the Domain. The fundamental concept of the FEM
is to divide the region of the problem into small connected pieces, called finite
elements. The group of elements is called the finite element mesh. These finite
elements are associated in a non overlapping manner, such that they completely
cover the entire space of the problem.
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Step 2: Formulation of the Element Equations. A representative element is
secluded from the mesh and the variational formulation of the given problem is
created over the typical element.

i) Over an element, an approximate solution of the variational problem is
invented, and by surrogating this in the system, the element equations
are generated.

ii) The element matrix, which is also known as stiffness matrix, is erected by
using the element interpolation functions.

Step 3: Assembly of the Element Equations. The algebraic equations so achieved
are assembled by imposing the inter element continuity conditions. This yields a
large number of mathematical equations known as the global finite element model,
which governs the whole domain.

Step 4: Imposition of the Boundary Conditions. On the accumulated equations,
the Dirichlet and Neumann boundary conditions (2.9) are imposed.

Step 5: Solution of Assembled Equations. The assembled equations so obtained
can be solved by any of the numerical methods, namely, Gauss elimination tech-
nique, LU decomposition technique, and the final matrix equation can be solved
by iterative technique. For computational purposes, the coordinate is varied from
to , where represents infinity external to the momentum, energy and concentration
edge layers.

Variational formulation. The variational formulation connected with Egs.
(2.10)—(2.12) over a typical two-nodes linear element is given by

(3.15) /:+ w [(%) - (%2;) ~ (Gr)6 — (Ge)o + (M)u]dy =0
(3.16) [ (5 - o (50 + )iy =0
b [l (5 Ao

where wi, we and ws, are arbitrary test functions and may be viewed as the vari-
ation in u, 6 and ¢ respectively. After dropping the order of integration and non-
linearity, we appear at the following system of equations.

(3.18) /:“ [(wﬁ(%) + (%) (%) — (M) (wn)u
— (Gr)(wn)0 — (Ge)(w1)] dy — [(wn(%)}f =0
(3.19) / [ (5) + 5 (%) (52)

- () twomar = [(52) (5,)1," =0



64 RAJU, ARUNA, SWAMY NAIDU, VARMA, AND RASHIDI

o [ s (56

(S)\C)(wd)(b} dy — K%) (%)EH Y

Finite Element Formulation. The finite element model may be obtained

from Eqgs. (3.18)—(3.20) by replacing finite element approximations of the form:
2 2 2
(3.21) w= W 0=3 0556 =D ¢y
j=1 j=1 j=1

with wy = we = w3 = 9§ (i = 1,2) Where ug, 05 and ¢F are the velocity, temperature
and concentration respectively at the j™ node of typical et element (y.,ye11), and
¢ are the shape functions for this element (Yes Yet1), and are taken as:

(3.22) - Yet+1 — Y and ¢S = Y = Yet1
Ye+1 — Ye Ye+1 — Ye
The finite element model of the equations for e element thus formed is given by
(K] (K] [KP]] H{uc) (MU (M) [MET] [{u'} {b}
(3.23) | [K2Y [K22] [K2]| | {0°} | + |[MZ] [M22] [M2]] | {0}| = [{b*}
[P (K22 (K] ({6} (MY [MP2] (M) [{e} {o°<}

where {[K™"], [M"™"]} and {{u®},{6°}, {¢°}, {w}, {0}, {¢"*} and {b™}} (m, n =
1,2, 3) are the set of matrices of order 2 x 2 and 2 x 1 respectively. These matrices
are defined as follows:

Ye+1 awg 81/)6 Ye+1
K= [ SR [S2d it= [ @iy, b= b o
J e [ Jy } [ oy } J e J

Ye+1 Ye+1
k2=t [ oy, K5 = G+ Go) [ @i Wiy, K3 =
1 Yet1 rGap¢ s S [Yet1
22 _ - i[5 23 _ 2 €) (4 21 _ 28
Kij - Pr [ ay :| |: ay ]d Y, Kz_] Pr /?;E (%)(%)d% MZJ Mz] 07

Yet1 Ye+1
M :/ (W) (W) dy, M3 = M =0, M3 :/ (W5 (W5)dy, K =0,

= [ s [ )G

. DU\ ey e YN Tvers . e PN\ Tvers
o :W(a*;)}; L [(d’)(ay)}; wa = [(5) (5],

In one-dimensional space, linear and quadratic elements, or element of higher
order can be taken. The entire flow province is divided into 11000 quadratic ele-
ments of equal size. Each element is three-noded, and therefore the whole domain
contains 21001 nodes. At each node, four functions are to be evaluated; hence, after
assembly of the element equations, we acquire a system of 81004 equations which
are nonlinear. Therefore, an iterative scheme must be developed in the solution.
After striking the boundary conditions, a system of equations has been obtained
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which is solved mathematically by the Gauss elimination method while maintaining
a correctness of 0.00001. A convergence criterion based on the relative difference
between the present and preceding iterations is employed. When these differences
satisfy the desired correctness, the solution is assumed to have been congregated
and iterative process is terminated. The Gaussian quadrature is applied for solving
the integrations. The computer cryptogram of the algorithm has been performed in
MATLAB running on a PC. Excellent convergence was completed for all the results.

4. Study of Grid Independence and Rate of Convergence of Finite
Element Method

4.1. Study of Grid Independence. In general, to study the grid indepen-
dency/dependency, how should the mesh size be varied in order to check the solution
at different mesh (grid) sizes and get a range at which there is no variation in the
solution. We showed the numerical values of velocity (u), temperature () and con-
centration (¢) for different values of mesh (grid) size at time ¢ = 1.0 in the following
Table 1. From this table, we observed that there is no variation in the values of
velocity (u), temperature (6) and concentration (¢) for different values of mesh
(grid) size at time ¢t = 1.0. Hence, we conclude that, the results are independent of
mesh (grid) size.

4.2. Rate of Convergence of Finite Element Method. The rate of con-
vergence of finite element method with the help of iterations for different values of
time ¢ on velocity, temperature and concentration profiles in Tables 2 to 4 respec-
tively. From these tables, we observe that there is a very very small error between
all the iterations and tending to zero. Hence, we can say that, the current finite
element method is stable and convergent.

5. Comparison of LTT (Analytical) and FEM (Numerical) Solutions

‘We have obtained a inclusive range of solutions to the transformed conservation
equations. To test the strength of numerical finite element computations, we have
compared the flow velocity, temperature, concentration profiles and skin-friction,
Nusselt number, Sherwood number coefficients in Tables 5 to 7, respectively with
the Laplace transform solutions. It is clearly seen from Tables 5 to 7, that the
results are in excellent agreement. As the accuracy of the numerical solutions is
very good, the values of u, # and ¢ corresponding to analytical and numerical
solutions are very close to each other.

6. Results and Discussions

Numerical evaluation of the numerical and analytical results are reported in
the previous section was performed and a selective representative set of results is
reported graphically in Figures 2 to 21. These results are obtained to illustrate
the influence of magnetic field parameter (Hartmann number), Grashof number for
heat and mass transfer, Prandtl number, heat absorption parameter, Schmidt num-
ber, chemical reaction parameter and time on velocity, temperature, concentration
profiles and skin-friction, Nusselt number and Sherwood number coefficients. For
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better explanation tables for skin-friction, Nusselt number and Sherwood number
have also been provided (Table 7). For all computations, the values of the Prandtl
number are chosen such that they represent Mercury (Pr = 0.025), Air (Pr = 0.71),
Water (Pr = 7.0), Water at 4° C (Pr = 11.62) and the values of the Schmidt number
are chosen to represent the presence of species by Hydrogen (Sc = 0.22), Water-
vapour (Sc = 0.60), Oxygen (Sc = 0.66) and Ammonia (Sc = 0.78), (Raju et al.
[32]). All the profiles exhibit the asymptotic behavior in the flow due to exponential
motion of the plate. This is due to the induced flow generated by the exponen-
tially accelerated plate. In the present study, the boundary condition for y — oo is
replaced by ymax which is a sufficiently large value of y where the velocity profile
approaches the relevant free stream velocity and a span-wise step distance of 0.01
is used with ymax=90.

6.1. Effect of Grashof number for heat transfer (Gr). The influence
of Grashof number for heat transfer (Gr) on velocity profiles is presented in Fig-
ure 2. The Grashof number for heat transfer indicates the relative effect of the
thermal buoyancy force to the viscous hydrodynamic force in the boundary layer.
As expected, it is observed that there is a increase in the velocity due to the en-
hancement of thermal buoyancy force. Also, as Gr raises, the peak values of the
velocity increases quickly near the porous plate and then decomposes smoothly
to the free stream velocity. From Table 7, the skin-friction coefficient increases
from 1.63997531 to 1.73338294 with increasing the value of Grashof number for
heat transfer (Gr) from 2.0 to 4.0. There is no effect of Grashof number for heat
transfer (Gr) on rate of heat and mass transfer coefficients.

6.2. Effect of Grashof number for mass transfer (Gc). For different
values of Grashof number for mass transfer (Gc) on velocity profiles is presented
in Figure 3. The Grashof number for mass transfer characterizes the ratio of the
buoyancy force to the viscous hydrodynamic force. As usual, the fluid velocity
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increases and the peak value is more distinctive due to enhance in the species
buoyancy force. The velocity distribution reaches a distinctive greatest value in the
locality of the plate and then decreases properly to move towards the free stream
value. It is perceived that the velocity magnifies with increasing values of Grashof
number for mass transfer. As Grashof number for mass transfer (Gc) from 2.0 to
4.0, then the skin-friction increasing from 1.63997531 to 1.80743933 in Table 7.
There is no effect on rate of mass transfer coeflicients as Grashof number for mass
transfer (Gc) increases from 2.0 to 4.0 in Table 7.
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6.3. Effect of Magnetic field parameter (Hartmann number) (M).
In Figure 4 the effect of increasing the magnetic field strength on the momentum
boundary layer thickness is demonstrated. It is now a well established fact that the
magnetic field presents a damping effect on the velocity field by creating drag force
that opposes the fluid motion, causing the velocity to decrease. However, in this
case an increase in the M only slightly slows down the motion of the fluid away
from the moving vertical plate surface towards the free stream velocity, while the
fluid velocity near the moving vertical plate surface decreases. This phenomenon
has an excellent agreement with the physical fact that the Lorentz force generated
in the present flow model due to interaction of the transverse magnetic field and the
fluid velocity acts as a resistive force to the fluid flow which serves to decelerate the
flow. Figure 5 show that the effect of increasing values of magnetic field parameter
results in decreasing skin-friction coefficient across the boundary layer because of
the application of transfer magnetic field will result a restrictive type force (Lorenz
force) similar to drag force which tends to resist the fluid and this reducing its
Skin-friction coefficient. As magnetic field parameter (M) increasing from 0.5 to
1.0, then the skin-friction decreases from 1.63997531 to 1.47647977 in Table 7.
There is no effect on rate of heat and mass transfer coefficients as magnetic field
parameter (M) improves from 0.5 to 1.0 in Table 7.

6.4. Effect of Prandtl number (Pr). Velocity and temperature profiles for
some realistic values of Prandtl number Pr = 0.025,0.71,7.0,11.62 which are im-
portant in the sense that they physically correspond to mercury, air, water and
water at 4°C are shown in Figures 6 and 7, respectively. From Figure 6, it is found
that the momentum boundary layer thickness increases for the fluids with Pr < 1
and decreases for Pr > 1. The Prandtl number actually depicts the ratio between
momentum diffusivity to thermal diffusivity and hence controls the relative thick-
ness of the momentum and thermal boundary layers. When Pr is small, that is,
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Pr =0.025 (Mercury), it is noticed that the heat diffuses very quickly compared to
the velocity (momentum). This means that for liquid metals the thickness of the
thermal boundary layer is much bigger than the velocity boundary layer. In Fig-
ure 7, we observed that the temperature decreases on increasing Pr, because lower
Pr value has more uniform temperature distribution across the thermal boundary
layer as compared to higher Pr value. This phenomenon occurs when the lesser
values of Prandtl number are equivalent to increasing thermal conductivity. There-
fore, heat is capable to diffuse away from the heated surface more quickly compare
to bigger values of Prandtl number. Thus, the temperature of Water (7.0) falls
more rapidly compared to Air (0.71) and Mercury (0.025). Near the plate, the
temperature is a maximum and approaches zero in the free stream region asymp-
totically. In Table 7, Prandtl number increasing from 0.71 to 7.00, decreases the
skin-friction coefficient from 1.63997531 to 1.50224813 and the rate of heat transfer
coefficient from 0.89517581 to 0.66418824. This is attributed to the fact that as the
Prandtl number decreases, the thermal boundary layer thickness increases, causing
reduction in the temperature gradient (i.e. 6(0)) at the surface of the plate. The
temperature gradient reduces at the surface because low Prandtl fluid has high
thermal conductivity, causing the fluid to attain higher temperature thereby re-
ducing heat flux at the surface. Also, for such low Prandtl number, the velocity
boundary layer is inside the thermal boundary layer and its thickness reduces as
Prandt]l number decreases so the fluid motion is confined in more and more thinner
layer near surface, which experiences increased drag (skin-friction) by the fluid.
There is no effect of Prandtl number on rate of mass transfer in Table 7.

6.5. Effect of Schmidt number (Sc). The effect of the Schmidt number
on the velocity and concentration profiles are shown in Figures 8 and 9, respec-
tively. As the Schmidt number increases, the velocity and concentration decreases
in Figure 8. This causes the concentration buoyancy effects to decrease yielding
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a reduction in the fluid velocity. Reductions in the velocity and concentration
distributions are accompanied by simultaneous reductions in the velocity and con-
centration boundary layers. Figure 9 shows the concentration field due to variation
in Schmidt number for the gasses Hydrogen, Water-vapour, Oxygen and Ammonia.
It is noticed that the concentration of the fluid decreases as the Schmidt number
increases. The concentration falls gradually and progressively for hydrogen in dis-
tinction to other gases. Physically, it is true since increases of Sc mean decrease of
molecular diffusivity, which results in decreases of concentration boundary layer.
Hence, the concentration of species is smaller for higher values of Sc. In Table 7, the
rate of mass transfer at the plate reducing from 0.68041581 to 0.56507275 sharply
when mass diffusivity is decreased or Sc is increased from 0.22 to 0.30. The skin-
friction falling from 1.63997531 to 1.48746252 as Sc increases from 0.22 to 0.30
in Table 7. Also, from Table 7, the rate of mass transfer at the plate reducing
from 0.68041581 to 0.56507275 sharply when mass diffusivity is decreased or Sc is
increased from 0.22 to 0.30.

6.6. Effect of Heat absorption parameter (S). The effect of heat absorp-
tion parameter on velocity and temperature profiles are shown in the Figures 10
and 11, respectively. Figures 10 and 11 illustrate the influence of heat absorption
parameter on the velocity and temperature at ¢ = 1.0, respectively. Physically
speaking, the presence of heat absorption effects has the tendency to reduce the
fluid temperature. This causes the thermal buoyancy effects to decrease resulting
in a net reduction in the fluid velocity. These behaviors are clearly obvious from
Figures 10 and 11 in which both the velocity and temperature distributions de-
crease as S increases. It is also observed that the both the hydrodynamic (velocity)
and the thermal (temperature) boundary layers decrease as the heat absorption
effects increase. From the Figures 12 and 13 in Table 7, it is observed that in the
presence of heat absorption, the skin-friction coefficient increases, while the rate of



CHEMICALLY REACTING FLUID FLOW INDUCED BY AN EXPONENTIALLY... 71

GFr=20,Ge=20M=025,

Seadlicer ALl Se=022 Pr=071, §=0.5,

Se=022,Pr=071, 8=035

a=01,¢=10 4 e=0.1,¢=10
4 1\_
I A=05,10,1520 0.5 4 L it A=0510,1520
W,
2 Vel
LA
WA
1] T T = |:| L = =
1] 30 ¥ 60 an 0 30 ¥ Gl an
FIGURE 14. Velocity pro- FIGURE 15. Concentra-
files for different values tion profiles for different
of \. values of \.
1
Fr=20, Fe=20 M=05 Gr=20,Ge=20M=05,
2 Se=022, Pr=071,5=025, Se=022, Pr=071, §=05,
a=01¢=10 a=01,¢=10

Sh

0.5 4

A=05,10,1520
A=05,10,1520

o - T " 0 - —
1] 30 ¥ 6l an 1] 30 ¥ 60 an
FIGURE 16. Skin-friction FIGURE 17. Rate of mass
coefficient for different transfer for different val-
values of \. ues of \.

heat transfer reduces considerably for fixed values of remaining parameters. Ob-
viously, in the presence of heat absorption, buoyancy force increases due to which
fluid velocity in boundary layer increase considerably resulting in the increase of
drag i.e. skin-friction at the surface. Also in the presence of heat absorption the
fluid is at higher temperature, hence the rate of heat transfer is reduced at the
surface. In Table 7, the numerical values of rate of mass transfer have no difference
(same) for increasing values of heat absorption parameter.

6.7. Effect of Chemical reaction parameter (\). Figures 14 and 15 dis-
play the effects of the chemical reaction parameter on the velocity and concen-
tration profiles, respectively. As expected, the presence of the chemical reaction
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significantly affects the concentration profiles as well as the velocity profiles from
Figures 14 and 15. It should be mentioned that the studied case is both for de-
structive and generative chemical reaction. In fact, as increases, the considerable
reduction in the velocity profiles is predicted, and the presence of the peak indi-
cates that the maximum value of the velocity occurs in the body of the fluid close
to the surface but not at the surface. Also, with an increase in the chemical reac-
tion parameter, the concentration decreases. It is evident that the increase in the
chemical reaction significantly alters the concentration boundary layer thickness
but does not alter the momentum boundary layers. Figures 16 and 17 and Table 7,
exhibit the effect of chemical reaction on the skin-friction and rate of mass transfer
coeflicients. It is seen that an increase in the first order chemical reaction causes
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a decrease in the skin-friction and rate of mass transfer coefficients at all points.
There is no effect of chemical reaction on rate of heat transfer coefficient in Table 7.

6.8. Effect of time (t). The influence of time t over velocity, temperature
and concentration profiles are elucidated with the help of Figures 18 to 20. It
is clear that the velocity, temperature, concentration profiles of the fluid rising
with increase of time. The comparison of skin-friction and rate of mass transfer
coefficients for dissimilar values of time (¢) as shown in the Figure 21. From this
Figure 21, we noticed that the curves for skin-friction and rate of mass transfer
coefficients are close to each other. This means that, the numerical values of these
coeflicients are almost concur each other.

7. Conclusions

In this present investigation, we studied the effects of chemical reaction and
heat absorption on unsteady, incompressible, viscous fluid flow past an exponen-
tially accelerated vertical plate with variable temperature in presence of magnetic
field. Finite element technique along with Laplace transform technique is employed
to integrate the equations governing the flow. From the present numerical investi-
gation, following conclusions may be drawn:

1. It was found that when the Grashof number for heat and mass transfer
increased, the fluid velocity increased.

2. The velocity, temperature distribution within the boundary layer de-
creases with the increase in values of the Prandtl number.

3. The presence of heat absorption effects caused the reductions in the fluid
temperature which resulted in decreasing in the fluid velocity.

4. Chemical reaction considerably influence on the concentration boundary
layer and wall mass transfer rate.

5. Presence of foreign species reduces the velocity as well as thermal bound-
ary layer and further reduction occurs with increasing Schmidt number.

6. For the accuracy purpose, the present numerical and analytical results
were compared in all the fields of the flow and found in a good conformity.

7. The fluid motion and the fluid friction may be successfully controlled
to some extent by imposing the transverse magnetic field. As such the
magnetic field is an effective regulatory mechanism for the flow regime.
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XEMNJCKHN PEATVYJYEHEU ®JIVII NMHAYKOBAH
EKCIIOHEHIINJAJIHO YBP3AHOM BECKOHAYHOM
BEPTUKAJIHOM IIJIOYOM ¥ MATHETHOM IIOJBbY "N
ITPOMEHJBUBOM TEMIIEPATYPOM, AHAJIN3NPAH

LTT 1 FEM METOIJAMA

PE3UME. V¥ oBoM pajy, HALUIM CMO M HYMEPUYKA W AHAJIUTUIKA PeEIlerha
3a edeKaT XeMUjCKEe PeaKIfje 3a HeCTAIMOHADHH, HECTHUIIJ/BUB, BUCKO3HU (DIIyH
KOjU TPOJIa3u TOpe] eKCIOHEHIHjaaHo yOp3aHe BepTUKAJIHE ILIOUe Ca VIIUjarmheM
TOIJIOTE M IPOMEHJHbHBOM TEMIIEPATYPOM y MarHeTHoM mosby. IIpobisiem TOKa je
OIIMCAaH CUCTEMOM HeJIMHeapHUX MapIUjaJHIX Ju(epPeHInjaHIX jeIHAYNHA Ca O/l-
roBapajyhuMm rpaHugHUM ycjaoBuMa. Permmm cMmo jeaHaudnue momohy edukacHor u
nperu3Hor Meroza konadnux esiemenara (FEM) kao u rexaukom Jlaacose rpamc-
dopmanuje (LTT). Juckyrosane cy npoueHe HyMEpUUKUX Pe3ysrara U rpadudku
cy npukasanu npoduin Op3uHe, TEMIIEPATYPE U KOHIIEHTPAIUje Y TPAHUYHOM CJIOjy.
Taxkobhe, uspasu 3a nospimuHCKO Tpewwe, Hycenros u [llepByos 6poj ussesieHu cy
U JIUCKYTOBAHU IIyTeM TpadUKoHa U Tabesia 3a PasjIndnuTe BPEIHOCTU IIapaMeTapa
cucreMa.
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