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Abstract

In thus thesis. the effeets of 1adiation on magnetobydrodyname(MHD) natural convection
flow from a porous vertical plate in presence of heat generation has been scrutinized. A set of
different governing equahons aleng with the corresponding boundary conditions of the
physical problems are represented mathematically. Finite-difference niethods accompanied by
the Keller Dox scheme are used for the numerical solution of the governing equations that
contan the equations of continvity, momentum and energy equations ae altercd into a set of
non-dimensional boundary layer equations in conjunction with the corresponding houndary
conditions by usme the appropnate transformation. All through the concentration 15 paid on
the assessment of the surface shear stress in terms of local skin friction, rate of heat transfer in
leymis of local Nusselt nomber, velocity profiles in additen to temperature profiles.
FORTRAN 90 iv used to simulate the formulation of the job and to got the giaphical output of
the numerical values TECPLOT has been used. A collection of parameters set 5 also taking
into account for computation censisting of heat generation parameter ¢/, rachation paramete:
R, surface temperature parameter &, Prandtl number Pr and magnetic paratcter 3. The
results m terns of ocal skin frichion, local Nusselt number will be showa i tabular ferms.
Velocity profiles, temperature profiles, skin friction coefficient and rate of heat transfer have
beert cxhibited graphically for various values of heat generation  parameter, radiation

parameter and surface temperalure parameter separately and the Prandil number as well,
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e Chapter 1

1.1 Introduction

The cffect of radiation on free convection has been drawn forth not only for its
fimdamental aspects but also for its significance w the centexts of space technology and
processes invelving high temperature. Like conduction or convection thermal radiation is
not an avallable heat transfer process. So information on thermal radiation like thermal
radiation on froe convection from a vertical porous plate with heat peneration wall sigufy

sigmificant significance.

As said by Maswell's classical electromagneiic theory, radiant energy travels in the form
of elechomagnetic waves and according to Planck’s it travels in the form of discrete
photon. The mplications of electromagnetic are of inlerest in engineering applications.
Without interacting with a medium thermal radianon 15 iransfcrred. Moving over a long
distance makes it of great magnitude in vacuum and space application. Thermal radiation
is important during atmospheric 1e entry of space vehicles, in combustion applications
(fircs, furpace, rocket nozzles, engines etc.), in nuclear reactions {such as in the sus, 1 a

fusion reactor or in nuclear bombs), [30]

Generally, the density difference pives rise to buoyancy forces, which drive the flow,
Buovancy induced convective flow is of great importance in many heat remaovat processes
in engmeering technology and has attracted the attention of many researchers m the last
fow decades due to the fact that both science and technology are bemmg imteresied in
passive energy slorage systemns, such as the cooling of spent fuel reds in nuclear power
applications and the design of solar collectors, In particular. it has been ascertained that
free convection induced the thenmal stress, which leads to critical structural damage in the
piping systems of nuclear reactors. ‘The buoyant flow arising from heat rejection to the
atmosphere, licating of rooms, fires, and many other heat transfers processes, both natural

and artificial, are other examples of natural convection ftows.

Porous platcs 15 termed by the plate possess with very fine holes disinbuted uniformily

over the entire surface ol the plate through which Nuid can flow freely.

The plate from which the fluid enters inte the flow region is known as plate with injection

and the plate from which the fluid leaves from the {low region is known as plate with
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suction. Sometimes it is being necessary to controls the boundary layer flows by injecting
or withdrawing a fluid through a heated boundary layer wall to enhance heating or cooling
of the system. This technigue is used in air eraft wings, For the present problem we wil

conzider the suction.

Magnetohydrodynamic {(MHD} is the science, which deais with the motion of a nghly
conducting flud in presence of a magnetic feld Error! Reference source not found.
The motion of the conducting fluid across the magnetic field gencrates electric currents
which change the magnetic field and the action of the magnetic [ield on these curvents give
rise to mechanical forces, which modify the Awd. it is possible to attain cquilibrium 1 &
conducting fuid i the current 15 parallel to the magnetic field. For then, the magnetic
forces vanish and the equilibrium of the gas is the samc as in the absence of magnetic
fields are considered forcc free. But most liquids and gascs arc poor conductors of
clectriony In the case when the conductor 15 cither a hqwid or a gas, clectromagnetic
forces will be generated which may be of the same order of magnitude as the
hydrodynanneal and nertial forces. Thus the cquations of motion as well as the other
forces will lave to take these electromagnetic forces into account. The MHD was
originally applied to astrophysical and geophysical problems, where it is still very
important but niore recently 10 the problem of fusion power where the application is the
creation and containment of hot plasmas by electromagnetic forces, swce material walls
would be destroyed. Astrophysical problems include solar structure, especially i the outer
layers, the solar wind bathing the earth and other planets, and interstellar magnenc fields,
The primary geophysical problem is planetary magnetism, produced by currents deep in

the planet, a problem that has not been solved to any degree of satisfaction.

In the absence of work donc, a change in internal cnergy per unit volumc in the material.
is proportional to the change in temperature which is known as heat generation [33] The
study of heat gencration in moving fuids s important i view of several physical
problems such as those dealing with chemical reactions and those concemed with
dissociating fluids. Possible heat generation effects may alter the temperature distribution
and, therefore, the particle deposition rate. This may occur in such applications related to
nuclear reactor cores, fire and combustion modeling, clectronic chips and semicenductor
wafers. In fact, the literature 15 replele with examples dealing with the heat transfer in
jaminar (low of viscous fnids. Vajravelu and Hadjinicolaou [31] studird the heat transfer

in a wiscous Muid over a siretching sheet with viscous dissipation and intemal heat
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seneration 1n this shudy, they considered that the volumetric rate of heat generation,

g [W ! m Ishould be

W |(T=T) Jor T 2T,
7 7o for T el

o

where €7, is the heat generation constant.

The above relation explained s valid as an approximation of the state of some exothermic
process and having T.. as the onset temperature. When the inlet temperature is nof less
than T.. they used GufT- 72j. To our best knowledge, the heat generation effect on MHD
frec convection {low on a porous plate with constant heat flux has not been studicd yet,

and the present work demonstrates the issue

The cases of incompressible viscous fluid such as comlinuity equation, momentiun
equation and cnergy equation are deal with the goverming partial differential equations and
the radiation cnergy emutted by a body 15 transmifted n the space in the form of

clectromagnelic waves.

Merkin | 5] studied free convection with blowing and suction. Lin and Yu [16] studied fres
convection on a herizontal plate with blowing and suction. Hossain, et al. [1] studied the
effect of radiation on free convection flow from a porous verical plate. Soundalgekar et
al 2] studied the combined free and forced convection flow past a semi nfinite vertical
plate with variable surface temperature. Hossain and Takhar |3] studied radiation effect on
mixed convection along a vertical plate with uniform surface temperature. Sparrow and
Cess [4] stuched free convection with blowing or suction. Molla et al. {6] smdied natural
convection flow aleng a vertical wavy surface with uniform surface temperature m
presence of heat generation/absorption. Ali [7] studied the effect of radiation on free
convection {lows on spliere with heat generation. Akhter [8] studied the effect of
radiations on free convection flow on sphere with isothermal surface and umfonn heat
Flux. None of the aforementioned sludics, considered the heat generatton cifects on
laminar boundary layer {low of the fluids along porous plate with radianon heat loss.
Cogley ct al.[9] studied differential approximation for radiative in a non-gray gas near
equilibrium, Eichhom [10) studied the cffect of mass transfer on free convection. Claike
[11} studied Transpiration and natural convection on the vertical flat plate problem, |
Merkin [12] studied the effects of blowing and suction on fice convection boundaiy

layers. vedhanayagam et al. [13] a transformation of the boundary layer gquations for frec
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convection past a vertical flat plate with arbitrary hlowing and wall temperaturc vanations
Clarke and Riley [14] studied natural convection nduced in a gas by the presence of & ot
porous horizontal surface. Clarke and Riley [13] studicd free convection and the burmng
of a harizontal fuel surface. Keller [17] applied numerical methods in boundary layer
theory. All et al. [18] smdied natural convection- radiation interaction in boundary layer
flow over horizantal surfaces. Sigget and Mowell [19] studied thermal Radiation Heat
Transfer. Sparrow and Yu [20] studied local non similarity thermal boundary laver
solutions. Chen [21] studied parabolic systems on local non-sinyitarity method. Hossam et
al. [22] studied non-darcy forced convection boundary kayer flow over a wedge embedded
in 2 satursled porous medmm. Cebeci and Bradshaw [23] studicd physical and
computanonal aspects of convective heat transfer. Mossam [24] studied effect of
transpiration on combined heat and mass transfer in mixed convection along & vertical
plate. RButcher [25] studied 1mplicit Runge-Kutta processes. Nachisheim and Swigerl [26]
studied satisfaction of asymptouc boundary conditions in numerical solution of systems of
non-linear eguation of beundary layer type. Na [27] stuched computational method 1n
engmeermg boundary valie problems,  Ozisik [28] studied radiative transfer and
imteractions  with  conduction  and  convection.  Molla et al. [29]  studied
Magnetohydrodynamic natural convection flow on a sphere with uniform heat flux m

presence ol heat generation.

Many researchers have studied the Problems of free convection boundary luyer [tow over

ot on a various tyvpes of shapes.

In the present work, the effects of radiation on free convection flow from a porous plate in
presence of heat generation have been invesbigated. The results will be obtamed for
difterent values of relevant physical paramelers We have considercd the natural
comvection boundary layer flow from a porous plate of an electncally conducting and
steady viscous incompressible [luid in presence of strong magnetie ficld and heat

aeneration with constant heat flux.

The governng panial differential equations are reduced to locally non-simwlar partial
differential forms by adopting some apprepnale iransformations. The transformed
boundary layer equations are solved numerically using implicit finite difference scheme
with the Kelter box technique [17]. The results in terms of local skin friction. local nusselt
aumber will be shown in tabular forms. Surface shear stress in tenms of local skin frnction

and the rate of beat transfer in terms of local Nusselt number, velooity profiles as well as
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ternperature profiles have been displayed graphically for selecied values of parameters
consisting of heat generaiion parameter (3, the magnetic parameter Af Prandtl number Fr

and the radiation parameter &g

In chapter 2, we have investigated the cffect of radiation on natural convection flow from
a porous plate in presence of heat generation. The non-dimensional boundary layer
equations are solved by using imphait finite difference methods [23). The results in terms
of lacal skin friction, local Nusselt number will be shown in tabular forms. Velocity
profiles, temperature profiles, skin fricnon coctficient and heat transfer coefficient will be
displayed graphically (or the widc range of heat generation parameter, radiation parameter
and surface temperature paramcter separately while the Prandtl number s 1o be taken (L&

to 113 hkely

Tn chapter-3, we have investigated the effect of mdiation on magnetohydrodynamic natural
canveetion flow from a porous plate in presenee of heat generabion. Numcernieal results
have been shown in terms of local skin frieton, the rate of heat transter, velocity profiles

as well as temperature profiles for a selection of relevant physical parameters set.



Chapter 2

Effect of Radiation on Natural Convection Flow from a Porous
Vertical Plate in Presence of Heat Generation

2.1 Introduction

The effect of radialion on natural convection fow from a porous vertical plate in presence
ol hicat generation is portraved in this chapter. 1n the presence of radiation, the effeets of
the natural convection laminar flew from a porous vertical plate immersed in a viscous
inconipressible oplicatly thin fluid have been scrutinized. The govennng boundary layer
equations are {irst transfonmed into a non-dmensional form and the resulting nonlwear
wystem of partial differential equations are then solved numeticatly using a very efficient
fimre-chTerence method known as the Keller-box scheme. Over the work the attention is
confered on the cvolution of the shear stress in terms of local skin friction and the rate of
heat ransfer i terms of local Nusselt numnber, velocity profiles as well as emperature
profiles for some sclected values of parameters set consisting of heal generation paramcter

). radiation parameler Ry, surface temperature parameter £, and the Prandlt number Pr.

2.2 Formulation of the problem:

in the presence of heat generation, natural convection boundary layer flow from a porous
vertical plate of a steady two dimensional viscous incompressible fluid and the radiated
heat tramsfer has been investigated. Ower the work it is assumed that the surface
temperatare ol the porous vertical plate, T, is constant, where 7. >T. Here T, 15 the -
ambient temperatare of the fluid, 7 is the temperature of the lwd o the boundary layer. g
15 the acceleration due to gravity, the fiuid 15 assumed to be a grey emitting and absoibing,

but non scattering medium. In the present work following assumptions are made:

i) Variations in fluid propemies are limited only 1o those density variations which affect

the buoyancy terms

11} Viscous dissipation effects are negligible and
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i) The tadative heat flux in the x-direction is considered negligible in comparison with
that m the y direction, where the physical coordinates (n, v) are velocity components along

the (x, v) axes. The physical configuration considered is as shownn Fag.2.1:
f 3

+§ Thermai
3 boundary

1layer

Momentum
boundary
layer

I_/

b
Figure: 2.1 The coordinate system and the physical model

The conservation equations for the flow characterized wath stcady, Jaminar and two
dimensional boundary layer; under the usual Boussinesq approximation, the continuity,

momentumt and energy cquation can be written as:

=4 = =0 21
Xy I";j,-'
on ou 57w R
plu—+rv—)=pg-—=+pgfT-1.) (2.2)
gy &y £x
AT &r ’
gc, (i +1:ﬁ—}=k?—?—%+ﬁ,(?"—?;} {2.3)
R

With the boundary conditions
x=0,y>0u=07T=7_.
y=0x>0u=0v=V,T=T, {2.4)
yow,x>0u=0T=1,

where p is the demsity. k is the thenmal conductivity,f (s the coefficient of thermal

expansion, v is the reference kinematic viscosity v = w/p , ¢ is the viscosity of the fluid,
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C, is the specific heat due to constant pressure and g, is the radiative heal {lux in the
direction In order to reduce the complexity of the problem and to provide a means of
comparison with future sudies that will employ a more detail representation for the

radiative heat flux: we will consider the optically thick radiation limit. Thus radiaton heat
flux term is simplified by the Rosscland diffusion approximation [{}Zi-‘?ik {1973)) and is

oiven by

de a7}
o, +o,) &

g, =~ (2.5)

In Equation (2.5) &, is the Rossefand mean absorption co-efficient, o 1s the scaltermg co-

efficient and o is the Stephan-Boltzman censtant.
Now introduce the following non-dimensional vanables:

'k

. 2.6
' vE (2.6)
4x Ik
= — 77
d 1{ulgmr} (2.7)
R I 3 £
w =1y g fATE fT4
7T '
= = 2.
n-r o
{;'uziﬁ 5:51[1..,1:&_1:}1"_1:"«! =ﬂ”
i T, T, kla+,)

Where. @ is e non-dimensional temperature function, & 18 the surface emperaturc

parameter and Ry is (he radiation parameter.

Substituting {2.8) into Equations {2.1), (2.2) and (2.3) lcads to the following non-

dimensional equations

SUa-247 £ f”—.:;[f f”af] (2.9)

-l—fiHlJ.-;Rd(H(i?“—l}f;) }f}@ﬂr +If0 88 = [I?’E——fﬁj @2.10)

prdy 7 a5 o
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Where -Pr=1Cp/%  is the Prandtl number and O=v0,&/V oC, 15 the heat gencration

pararmeter.

The boundary conditions (2.4) become

f=0."=06=1at n=0

2.1
=0,0=0a 5w S

The solution of equations (2.7), (2.10) cnable us to caleulate the nondimensional velocity

components 4, v {Tom the fotlowing expressions

— VZ I r
T VepTL 1) o Stem (2.12)
Ve Lag é—r?.f'+¢%}

In practical applications, the physical quantities of prineiple interest are the shearmy stress
. and the rate of heat transfer m terms of the skin-iriction eoctficicnts Cs and Nusselt

number My, respectively, which can be wniten as

1 v
"'n'rlﬂ = AT (qt - f.:fll,)JF”ﬂHdcﬁ = m(f)ﬁh“ (2.13)
Cu aT
where ©, =;;L—] and 4. =—;{—] (2.14)
’a.]'J/q:u (:3}’ ) .

gq 18 the conduction heat {lux.

Lising the Equations (2 8) and the boundary condition (2.11} into {2.13) and (2.14), we act

(“er . ';':--'rﬂ" [_‘{-1 D}

N 2.15
My ==& (1+§Rdﬂj)§’{.x,ﬂ) @43)

The values of the velocity and temperature distribution are caleulated respectively from

the following relatioms:

=G 0=0(xy) {2 16)
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2.3 Results and discussion

In this exertion the effect of radiation on natural convection {low on a porous vertical plate
in presence of heat peneration is mvestigated, Solutions are obtained for fluids having
Prandd number £r = 1.0 and for some test values of Pr=0.8. 0.9, 1.0, 1.1 and 1.15 agamst
7 for a wide range of values of radiation parameter &y, swface temperature paranieter &,
and heat generation parameter (. We have considered the values of heat cencration
parameter & = 00.0, 5.0, 10.0, 15,0 and 17.9 with radiation parameter &y =0 I, Prandtl
number £r = 1.0 and surface temperature parameter & = 1.1, The values of radiation
parameter Ry =000, 0 05, 0.1, 0.2, and 0.3 have been taken while { = 2.0, Pr=10and &,
= 1.1. Different values of surface (emperature parameter &, =0.0, 0.5, 1.5, 2.5, and 3 2.are
considered while @ = 2.0, Pr = 1.0 and R; =0.1. Numerical values of local ratc of heat
transfer are calculated in terms of Nusselt number Mu for the surface of the porous vertical
plate from lower stagnation point to upper stagnation point. The effect for d fferent values
of heat generation parameter  on local skin friction coefticient Crand the local Nussell
number M. 45 welt as velocity and temperature profiles with the Prandt]l number Fr = 1.0,

radiation parameter 8, =0.1 and surface temperature parameter &, = 1.1,

Vigures 2.2-2.3 display results for the velocity and temperature profiles, for different
values of heat gencration parameler O with Prandil number Pr = 1.0, radiation parameter
Re=0.1 and surface temperamire parameter &, = 1.1, 1t has been seen from Figures 2.2 and
2.3 that as the heat generation parameter O increases, the velocily and the temperature
profiles increase. The changes of velocity prefiles in the 5 direction reveals the typical
velocity profile for natural convection boundary layer flow. i.e., the velocily is zero at the
boundary wall then the velocity increases to the peak value as 7 imereases and finally the
veloeiy approaches to zero (the asymptolic valuc). The maximum valucs of velocity are
recorded to be 022590, 028724, 0.36866 and 0.46717 for Q=00.0, 5.0, 10.0, 150
regpeetively which occur at the same point 5=0.83530 and for Q=17.9. the maximum
vatues of velocity are recorded to be 0.53057. Llere, 1t 15 observed that at 77 = 0.9793 1, the
velocity mereases by 106.8% as the heat generation parameter Q changes from 0.0 to 15.0.
The changes of temperature profiles in the # direction also shows the typical temperatare
profile for natural convection houndary layer flow that is the value of temperature profile

is 1.0 {onc) at the boundary wall then the temperature profile decrcases gradually along 7

10 i



Chapter 2: Radiation on natural convection flow from porous nlate with heat generation

direction for the value (less then 1.0 to the asymptotic value. But for Qz1.0the
temperature profile incrcases {at n = 0.68439 temperature 15 2.20416 for Q= 17.9) and

again it decreases gradually along # direction to the asymptotic value

The offect Tor different valucs of radiation parameter &g the velocity and temperature
profites m case of Prandtl number Fr = 1.0, heat generation parameter O = 2.0 and surface
temperature parameter & = 1.1 are shown in Figures 2.4 and 2.5, Here, as the radiation
parameter R4 increases, the velocity profile increases and the temperature profile increases
ylightly such that there exists a local maximum of the velocity within the boundary laver,
but velocity increases near the surface of the vertical porous plate and then temperature

decreases and [inally approaches to zero.

The cffect of different values of surface temperaturc parameter &, the velocity and
temperature profiles while Prandtl number Pr = 1.0, heat generation parameter O = 2.0
and radiation parameter Ry =0.1 are shown in Figures 2.6 and 2.7. Here, as surface
lenperature patameter &, increases, the velociny profile ncreases and the temperature
profile increascs such that there exists a local maximum of the velocity within the
boundary layer, but velocity mnereases near the surface of the vertical porous plate and then
temperature decreasces and finally approaches to zero, However, in Figures 2.8 and 2.9, it
ie shown that when the Prandtl number Pr increases with &, = 1.1, £; =01 and = 2.1

both the veloeity and temperatuee profiles decrease.

Figures 2.10-2 11 show that skin friction coefficient C; increases and heat wansfer
coeflicient Nu decrease respectively for increasing values of heat generation parameter
i case of Prandtl number Pr = 1.0, radation parameter R;=0.1 and surface tenmperature
paramcter &, = 1.1, The values of S}I(in friction coefficient Cp and Nusscht number N are
recorded to be 0.18218, 0.17690, 016844, 0.16072, 0.15370 and 0.00379, 0.06612.
1.61372, 2.46974. 3.24161 for 0=17.9, 15.0, 10.0, 05.0 and 00.0 respectively wineh oceur
at the same point & = .23, Herc, it is observed that at £ = 0.23. the skin fnchion increases
by 18.52% and Nusselt number Nw, decreases by 97.336% as the heat gencration
palameter  changes from 17.9 to 00.0. It is observed from the figure 2.10 that the skin
friction increases graduaily from zero value at lnwer stagnation peint along the & direction
and from Figure 2.11; 1t reveals that the rate of heat trwnsfer decreases along the &£

direction front lower stagnation point to the upstrean,

Il



Chapter 2 Radiation on natural convection Now from porous plate with heat generation

The effect of different values of radiation paramcter £; on the skin friction coefficient and
the local rate of heat transfer while Prandd number P = 1.0, heat generation parameter £}
= 20 and surface temperature parameter 6, = 1.1 are shown in the {igures 2.12- 2.13.
Here, as the radiation parameter R, increases. the skin friction coctficient and heat transfer
coelficient inerease. From Figures 2,14 - 215, it can also easily be secn that an increase in
the surface temperarure parameter &, leads to increase in the local skin friction coefficient
Cr and the local rate of heat transfer M, while Prandtl muamber Pr = 1.0, heat generation
paramecter = 2.0 and radiation parameter R, =0.1. It Is also observed that at any position
of &, the skin friction cocfficient Cx increases and the local Nusselt number Au. increase
as @, mereascs from 0.0 to 3.2. This phenomenon can casily be understood from the fact
that when {he surface temperature parameter %, increases, the temperature of the fld

rises and the twckness of the velociny boundary layer grows, 1.¢., the thermal boundary

layer become thinuer than the velocity boundary layer.

The variation of the local skin friction coefficient Ci and local rale of heat transfer My, for
difTercnt values of Trandtl number Pr for 4, = 1.1, R& =0.1 and @ = 2.0 are shown m
Figures 2,16 and 2.17. We can observe from these figures that as the Prandtl number Pr

mereases, the skin friction coefficient decreases and rate of heat transter nerease,

Numerical values of skin {riction coefficient Cr and rate of heat transfer Nu are calculared
from equations {2.15) and (2.16} for the surface of the porous plate from lower stagnation

pointat &=0.01t0 £=0.23. Numerical values of (g and Ny, are depicted in Table 2.1.

12



Chapter 2: Radiation on nawral convection flow from porous plate with heat coneration

Table 2. 1+ Skin friction coefficient and rate of heai transfer against x for different values of

heat generation paramcter O with other controtling parameters Pr=1.0, Rd=10 |, &, =1.1.

Q=00.00 (=05.00 Q=15.00 Q=17.90

LRt

Ca Ny Cre Nty Cr N, Cr Mie

ooLoon | 000558 | 63 48300 | 0.00655 | 6341941 | 0.00GED 6329037 000835 | 63 25294
002000 | 001316 | 31 79806 | LOT31e | 3170462 | Q0318 3131748 GO1318 | 3LA6315
003000 | 001980 F 2143338 | 001982 | 2132836 | 001956 2i0810B (OL1D8T | 2000816
0.04000 | 002636 | 1615827 | 0.02640 | 16.00381 | 0.02648 1569322 Q02651 § 1560295
p05000 | 003305 | 1306291 { 0.03313 | 1287776 | (L03328 12 50441 0.03333 | 1225360
006000 | 003960 | 1094126 | 0.03973 | 1072343 | 004000 10.28912 Q.64008 | 1016131
007000 | 0.04633 947057 | 04634 022375 | 004695 BI22E5 004707 | 85757y

DO8000 | 005289 | 233268 | 003319 BO3492 | 005381 7.48892 003399 | 732204
DOgNon | 003965 7.47655 | 008007 716741 | 006094 6.534635 (hoa1z0 | 6347306
GA0D | D022 | 676800 | DOSSTH f 42769 | 006798 532745 (06834 | 551384
wEL000 | 007300 | 620876 | 0.0TITT 583677 | 007333 506630 G07582 | 4830626

02000 | 007958 3.72544 | G.0BOSG 5.32183 | 008262 448062 0 NR324 | 422772
013000 | 008638 530190 | 008784 489618 | LOSIIG 3 URT3E 0 09106 3T7MES
014006 | 009297 49813 009433 4.31345 | 009753 3 52307 HENLE 322257
013000 | 0.09980 468056 [ 010172 418314 | 010580 212176 0.10705 270424
016000 | 01063% 442372 | 0.10872 JEG07S p 1137 274352 (h11323 238868

017000 | 011324 | 4.19896 | 0.11604 363276 | 012208 24023 (h1230g 201344
{18000 | O EESYS 3.59051 0.¥2314 33900 | 0.1304] 207501 (h13268 FAG062
0.19000 3 012671 21218 | G13062 317888 | O 13925 L.77503 U149 1330408
0. 20000 | (13331 164435 | (L15T7ER 207723 | O §AROY 147273 0 15§50 0.997324
G030 | 014020 3,49948 | .14550 279773 | 015746 b201 50 f1e129 | 0.6RAZ0
2000 | O 14680 236159 | 0153292 282517 | (R106E7 002816 0457128 037026

023000 | 013370 324161 0.16072 246974 | 017690 0.66612 {15218 (306379

Here in the above table the values of skin friction cocfficient Cn and Nusselt number Nu,
are recorded to be 0.18218, 017600, 0.16072, 0.15370 and 0.06579, 0.66612, 2.46974,
3.2416] for O=17.9, 15.0. 10.0. 05.0 and 00.0 respectively which occur at the same pont

&=1023. Here, it is observed that at &= 0.23, the skin {riction increases by 18.52% and

Nusselt number N, decreases by 37.336% as the heat generation parameter ¢ changes

from 17.9 1o 06.0,
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Figure 2.3: Temperature profiles for different values of ¢ with Pr =
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Velocity profiles

Figurce 2.4; Velocity profiles fur different values ol &y with Pr= L0,
taw=1.1 and Q=2.0
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Figure 2.5: Temperature profiles for different values of Ky with Pr =
1.0, &, =1.1and ¢4=2.0
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Figure 2.12: Skin-friction coeflicient for different values of £y with
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Chapter 2: Radiation on nahural convection flow from porous plate with heat generation

2.4 Conclusion

The effcet of radiation on natural convection flow on a porous vertical plate [n presence of

heat generation has been mvestigated for different values of relevant physical parameters

including Prandt] number Pr. and surface temperature parameter &

+ Significant effects of heat generation parameter ¢ on velocity and rempcratre
profiles as well as on skin friction and the rate of heat transfer have been found in this
investigation but the effect of heat generation parameter { on rate of heat transfer is
more significant. An increase in the values of heat generation paramcter ¢ leads 10
increase both the velocity and the temperaturc profiles, the local skin friction
cocfficient Cr increases at different position of # and the local rate of heat transter
Ny, decreascs at different position of £ for £ < (1.1 and decrease asymiprotically when
Pr=1.0

»  The increase 1n the values of radiation parameter R, leads to increase n the velocity
profite, the temperature profile, the loeal skin friction coefficient €4 and the loval rate

gf heat transfer M,

+ Al the velocity prolfile, temperature profile, the local skan friction coefficient T and

the local rate of heat iransfer M, mercases significantly when the values of surface

emperatre parameater £, increase.

e The mcrease in Prandt! number £r leads to decrease in all the velocity prolile, the
temperarure profile. the local skin friction coefficient Cp hut the local rate of: heat

transier Vi, increasa.
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Chapter 3

Effect of Radiation on Magnetohvdredynamic Natural
Convection Flow [rom a porous vertical plate in Presence of
Heat Generation

3.1 Introduction

‘This chapter desenibes the effect of radiation on Magnetohydrodynamic (MHD) natural
convection Mow from a porous vertical plate in presence of heat generation. The governing
boundary layer equations are first transformed into a non-dimensional form and the
resulting nonhnear system of partual.differential equations are then solved numencally
using a very efficient fimic-difference method known as the Keller-box scheme, Here the
attention has given on the cvolubon of the surface shear stress mn terms of local skin
friction and the rate of heat transfer m terms of local Nusselt number. velocity distribution
as well as temperature distribution for a selection of parameters sct consistng ol heat

generation parameter, magnetohydrodynamic (MHD) parameter and the Prandlt number.

3.2 Formulation of the problem:

Magnetohiydrodynamic {MHD) natural convection boundary tayer flow from a porous
vertical plate of a steady two dimensional viscous incompressible fuid in presence of heat
peneration and radiation heat transfer has been investigated. Tt is assumed that the surface
emperature of the porous vertical plate, T.., is constant, where Tu>¥a Herc To is the
ambient temnperature of the [luid, 7 is the termperature of the fluid m the boundary laycr, g
is the acceleranon due to gravity, the fuid is assumed to be a grey cmitting and absorbing.

but non scattering mechunt in the present work following assumptions are made:

i Variatons in {luid properiies are limited only to those density varations which affect

the buoyancy terms
i} Vizcous dissipation effects are negligible and

i) The radiative heat flux in the x-direction is considered neglipible in comparison with
that in the ) direction, where the physicat coordiates (i, v) are velocity components along

the (x, vJaxes. The physical configuration considered is as shown in Fig 3.1
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Figure: 3.1The coordinate system and the physical mode]

Under the usual Boussinesq approximation, the continuity, momentum and cnergy

cquations for two dimensional steady laminar boundury layer flow  problem under

comsideration can be watien:

g Ay
== (.1)
av o
P T £ u . )
t—trv—= y——+ po T -1 )1—o,f,u {3.2)
ca (i v’
a7 T i
;Jchlfn_\—+vﬂ—]=ﬁ.:&—,-— f‘ +G(r-T.) )
Gix oy Syt oy

With the boundary conditions

x=0,y>0u=0T=7T_.
¥y=0x>0u=0v=FVT=T_ (3.4)

y—owx>0u=07T=7,

where o is the demsuy, & is the thermal conductivity, # is the cocfficient of thermal
cxpansion, v1s the refercnce kinematic viscosity v=i/p , g 1s the viscosity of the wnd, C,
15 the specific hest due to constant pressure and g, Js the radiative heat flux in the y
dircction, Gy 15 the strength of magnetic field, ey 15 the clectrical conduction. Ih order to

reduce the complexity of the problem and to provide a means of comparison with future
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studics that will employ a more detml represenlation for the radiative heal fux: we will
consider the optically thick radiation limit. Thus radiation heat flux term is simplified by
the Rosseland diffusion approximation [Ozisik (1973)] and is given by

Her ar?
3.5
o +0) o (3-3)

¥, =~

In Fguation (3.5} a, is the Rosseland mean absorption co-ctlicient, 65 15 the scattering co-

efficient and o 1s the Stephan-Boltzman constant,

Now witroduce the following non-dimensional variables:

- (3.6)
Ve
; !
4y 1
N 3.7
° le":z,ﬁ&i"} -7
y=rigprer s
T
A= Tx (3.8%
r.-1I.
Ii?" 21—:'. ﬁ:ﬁh —l:i—] = TL'_T:D : R(f:——-ﬁh:u'""
7 I T a+ o)

Where, @ is the non-dimensional temperatie function, £, is the surface temperature
paramcter and Ry is the radiation parameter,

Substituring (3.8) inte Equations (3.1}, (32} and (3.3} leads to the following non-

thmensional equations

£ B ' 3
rrg-ariasgrasprael L LBl gt g (39
e &4 P

Ll g eyl v 20,
;ﬂ{a.gm(h(ﬂ“ 1}5)}an}+gﬂ+3fﬁléﬁ—f(;’a§ 6@.&] (3.10)

where Pr=+v(k is the Prandtl number, O=v(p&/V pC, is the heat generation parameter

and M=/ ay'vp is the magneto hydrodynamic parameter.

The boundary conditions {3.4) become
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F=0f=08=1at n=0

. {3.11)

={, =035 n—ow
The solutions of equations (3.9), (3.10) and {3.11) enable us to calculate the
nondhmensiona! velocity components #,7 trom the following expressions
j— V_
f=——M

Vgp(T, -1.)

=& g
- v (3.12)
= -I?

—earee-nrred
52

In practical applications, the plivsical quantities of principle interest are (he shearing stress
r. and the ratc of heat transfer in terms of the skin-friction coefficients Cy, and Nusselt

nember M respeciively, which can be writlen as

v 4

Nu, = (g +g.) ,andC, = T (3.13
V&lﬂ Iy )li'—l} gt gﬂﬁ?ﬂ( )j:l:ﬂ ]
i 5T
where T, =,u["—if] and g =—k(fJ ; (3.14)
o \ OV
] n=

g 15 the conduction heat flux
Using the Cquations (3.8) and the boundary condition (3.11} inte (3.13} and (3 14),we get

Cp, =& "(x,0)

315
MNu = .f"ﬂ’(x,ﬂj { )

The values of the velocity and temperature distribution are calculated respectively from

the following relations:
w=EE ), 6=0(xy) {3.16)

We discuss velocity distribution as well as temperature profiles for a sclection of

purameter sets consisting of heat generation parameter. MHD parameter. and the Prandlt

number at diflerent pesition of <.
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3.3 Resnlts and discussion

In this context we havc investipated apalvtically the effect of radiation on
magnetohydrodynamic natural convection [ow on a porous vertical plate in presence of
heat generation. Solutions are obtained for fluids having Prandil number Pr = 1.0 and for
some values of Pr= 0.8 0.9, 1.0. 1.1 and 1.15 against 7 for 2 wide range of values of
radiation parameter Ry surface temperature parameter £, heat generation parameter ¢ and
magnetic parameter M. We have considered the values of heat generation parameler ¢/ =
1.0,350,10.0, 150 and 17.9 with radiation parameter 8;=0.1, Prandtl number P» = 1.0 and
surface temperature parameter &, = [ and magnetic parameter M=2.0. The values of
radiation parameter £ =0.0, 0.05, 0.1, 0.2 and 0 .3 have been taken in case of ¢/ = 2.0, Pr
= 16, & = L1 and magnctic parameter Af=2.0. The different vaiues of swrface
temperature parameter &, = 00, (L5, 1.5, 2.5 and 3.2 arc considered with @ = 2.00 Pr= 1.0
and B, =0.1 and A=2 0. Different values of magnetic parameter M=010, 5.0, 10.0. 15.0
and 25.0 have been taken n case of 0 =20,Pr=10, & = L1 and &, =0 | Nuncneal
values ot Tocal rate of heat transfer are calculated in termis of Nussell number My for the
surface of the porous platc from lower stagnation point to upper stagnation point. The
cffect for different values of heat generation paramicter ¢ and magnetic parameier 34 on
jacal skin friction coefficient Cx and the local Nussell number M., as well 45 velocily and
temperature profiles with the Prandt]! number Pr = 1.0, radiation parameter R,y =0.1 and

surface temperature parameter &, = 1.1, are also obscrved.

Figures 3.2-3.3 display results for the velocity and temperatare profiles, for different
vahues of heat generation parameter O while Prandtl number P = 1.0, radianon parameter
£, =0.1 surface temperature parameter &, =.1.1 aﬁd magnetic parameter =20, It has
becnt seen from Fiepres 3.2 and 3.3 that as the heat generation parameter ¢! increascs, the
velocity profiles decreases and the temperature profiles increase. The changes of velocity
profiles in the # direction reveals the typical velocity profile for natural convection
boundary layer {low, l.e.. the velooity is zero at the boundary wall then the velocity
increases to the peak value as 1 increases and finally the velocity approaches to zero (the
asymptotic value). The changes of temperature profiles in the s direction also shows the
typical temperature profiles for natural conveetion boundary layer flow that 1s the value of
ieperature profiles is 1.0 (one) at the boundary wall then the temperature profile

mereases for 7<1 and decrcases gradually along ;2 | direction to the asymptotic value,
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The variation of the velomity and temperature profiles for different values of radiation
parameter Az in case of surface temperature parameter &, = 1.1, Prandtl number Pr=1.4.
heat generation parameter 2 = 2.0 and magnetic parumeter 47=2.0 are shown in Figures
1.4 and 3.5, Here, as the radiation parameter R, increases, both the velocity and the
tempcrature profiles increase slightly such that therc exists a Jocal maximum of the
velocity wathin the boundary laver, but velocity increases near the surface of the vernwcat

porous plate and then temperatire decreases slowly and finally approaches to zero.

The effect for different values of surface temperature parameterd,. the velecity and
temperature profiles with Prandtl numiber Pr = 1.0, heat generation parameter {0 = 2.0,
radiation parameter &£y =0.1 and magnetic parameter 4=2.0 are shown in Figures 3.6 and
3.7, Here, as the surface temperature parameler &, increases, the velocity and the
ternperature profiles increase slightly such that there exisis & local maximum of the
velocity within the boundary layer, but velocity increases near (hc surface of the porous
plate and then temperature decreases slowly and finally approaches to zero. Mowever, in
figures 3 R and 3.9 it has been shown that when the Prandtl number Pr = 0.8, 0.9, 1.0. 1.1
and 1.15 mereazes with ¢, = LI Be =01, ¢ = 2.0 and M=2.0, both the velocuwy and

femperature profiles decrease,

Figures 3.10 display results for the velocity profiles for different values of magnetic
parateter M with Prandtl number Pr = 1.0, radiation parameter s =0.1, heat gencration
parameter () = 2.0 and surface temperature parameter @, = 1.1. It has been seen from
figure 3 10 that as the magnetic parameter M increascs, the velocity profiles increase up
the position of 7=(1.73363 after hat position velocity profiles decrease with the increase of
magnctic parameter. 1t 1s also observed from figure 3.10 that the changes of velocity
profiles in the # direction reveals the typical velocity profile for naturai convection
boundary layer flow. ie., the velocity 1 vero at the boundary wall then the velocity
increases to the peak value as # increases and finally the velocity approaches to zero (the
asymplouc value) but we sec from (s higure and ns magnified portion for M=25.0 the
velocity profile crosses ali the other veloeiry profiles. This is because of the velocity
profiles having lower peak values for higher values of magnetic parameter tend to increasc
comparatively slower along 7 direction than velocity profiles with higher peak values for

lower values of magnetic parameter. Figure 3.11 display results for the temperature

.8
'

profiles, for different values of magnetic parameter M while Prandtl number £ = 1.0
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radiation parameter Ry =1.1, heat generation parameter @ = 2.0 and surface temperature
parameter & = 1 1. The maximum values of velocity are recorded to be 0.69695, (146467,
0.36407, 028047 and 021740 for M=.25.0, 20.0, 10.0, 5.0, and 0.0, at 77=0.73363,
7=0.83530 and 7=0.99806. The velocity is 0.45019 at 77=0.99806 for M =25.0. Here. 1t 15
abserved that at 7=0.99806, the velocity increases by [08.32% as the magnetic parameter
M changes from 0 to 25.0.

-

From figure 3.11, as the magnetic parameter M incrcases, the jemperature profiles
merease, we observed that the temperature profile is 1.0 {one) at the boundary wall then
the temperature profile decreases gradually along 7 direction to the asymptotic »alue, But

for M=23.0 the temperature prefile increases, at 7=0.63633 it is 1.79070 then it deerease.

Fipure 3.12 show that skin friction coefficient Cp decrcases for increasing values of-heat
gencration parameter (4 with Prandtl number Py = 1.0, radiation parameter K; =0.1, surface
temperature parameter &, = 1.1 and magnetic parameter A4=2.0. It 15 observed from Figure
3.12 thal the skin friction increases gradually from zero value al lower stagnation point
along the & direction and from Figure 3.13; it reveals that the rate of heat transfer increasces

along the ¢ diection. But for Q=0.0, 5.0 and 10.0 N, are along £ axis.

The cileet for different values of radiation parameter R, , the skin friction coefficient and
heat transfer coelficient while Prandt] number £+ = 1.0, heat generation parameter {J = 241,
surface temperature parameter &,= 1.1 and magnetic parameter M=2.0 are shown in
Figutes 3.14- 3.15. Here, as the radiation parameter Rd increases, both the skan [riction

coelficient and heat transfer coefficient increase.,

From Vigures 3.16 - 3.17, it can also casily be seen that an increase in the surface
temperature parameter &, leads to increase 1 the local skin fachion cocflicient Crand heat
transfer coelficient increase while Prandtl number Pr = 1.4}, heat generation paramcter (=
2.0, radiation parameter Ay =0.1 and magnetic parameter #=2.0. This phenomenon can
casily be understood from the fact that when the surface temperature parameter &
decrenses, the temperatures of the Muid decline and the thickness of the velocity boundary
laver downhill, ie., the thermal boundary layer becomes thicker than the velocity
boundary layer. Therefore the skin friction coeflicient Cr and the local Nusscit number

Ny, drops off.
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Chapter 3: Radiation on MHD natural convection from 2 porous plate with heat generation

The variation of the Jocal skin friction coefiicient C; and local rate of heat transfer N for
different values of Prandtt number £r whiled, = 1.1, Ry =0.1, 0 = 2.0 and M=2.0 are
shown in Figures 3.18 and 3.15. We can observe from these figurcs that as the Prandtl
numtber Proincreases, the skin friction coefficient decreases and rate of heal transfer

nereases.

Figures 3.20-3.21 show that skin {riction coeiticlent C and heat transfer coefiicient N,
decreases for ncreasing values of magnetic parameter M while heat peneration parameter
O=2.0.Prandll number P = 1.0, radiation parameter X, =0.1 and surface temperature
parameter &, = 1.1. The values of skin friction cocfticient Cg and Nusselt number My, are
recorded to be 0.14843, 0.13862, 0.13416, 0.12997 and 0.12605 and 0.12212, 1.75442,
248459, 3.16466 and 3.79971 for A=25.0, 15.0.10.0, 5.0 and.0.0 respectively which
occur at the same point £ = 0.19, Here, it observed that at & = 0.19, the skin friction
increases by 17.7% and Nusselt number MNu, decreases by 96.17% as the magnetic
parameter A changes from 0.0 to 25.0. It is observed from figure 3.20 that the skin friction
increases oradually {from zcro value at lower stagnalion peint along the & direction and

from Figure 3.21; 1t reveals that the rate of heat transfer decreases along the & direction.

MNumencal values of rate of heat transfer Nu, and skin fiiction coefficient Crare caleulated
from Equations (3.15) and (3.16) front the surface of the vertical porous plate. Numerical

values of ), and Mu, are shown in table 3.1
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Chapter 3: Radsation on MHD natural convection from a porous plate with heat generation
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Chapter 3: Radiation on MHD natural convection from a porous plate with heat generation

3.4 Conclusion
|

For different values of relevant physical parameters including the magnetic parameter 4,
the effect of radiation on natural convection flow from a porous vertical plate in presence
of heat generation has been investigated. The goveming boundary layver equations of
motion are transformed into a non-dimensional form and the resulting non-hnear systems
of parbal differential equalions are reduced to local non-similarity boundary layer
equatons, which are solved numencally by using implicit finite difference method
together with the Keller-box scheme. From the present investigation the followmg
conclusions may be drawn:

» Significant effects of heat generation parameter (0 and magnetic patameter 4 on
velocity and temperature profiles as well as on skin friction coefticient €y and the
rate of heat transfor A, have been found in this investigation but the cifect of heat
generation parameter (7 and magnelic parameter M on rate of heat transfer 15 tmore
sipnificant. An increase in the values of heat generabon parameter 7 leads o the

velocity decrease and the temperature profiles increase, the local skin friction
coelficient Cy and the local rate of heat transfer Nu, decreases at different position

of & for Pr=1.10

»  All the velocity profile. temperamure profile and the local skin friction coetficient Cr
and the local rate of heat transter Nu. significanily increase when the values of
radhalion parameter Ks increase

s As surface temperature parameter &, increases, both the velocity and the temperature
profile nerease and also the local rate of heat transfer My and the locaj skin frichion
cocfficient Cr, signilicantly mercascs

+ Lor increasing values of Prandtl number Pr leads to decrease the velocily profile, the
temperature profile and the local skin friction coefficient Cp but the Jocal rate of heat
transfer M, increases.

« An increpse w the values of 3 leads to increase the velocity profiles and the
temperature profiles and also the local skin friction coefficient Cy imercase but and
the local rate of heat transfer Mu, decreases,

3.5 Comparison of the results

. i : . :
Figure 3.22 depicts the comparisons of the present numencal results of the Nusselt number

N with Hossain et al. (1998). Here, the radiation, heat generation and magnetic elfects are
ienored (i.e., Ry =0.05, 0 =0.0 and M =0.0) and Prandt! numbers Pr =1.0 and &, =1.1, &,

=15, #,=2.5 are chosen. In this work the results helped me to take firm decision thal the
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present results agreed well with the solutions of Hossain et al. (1998} in the presence of

suchon, |

‘ &a ] Present
————— Haasain st &
— F Present
“E }\ ————— Hossain et al
% 60 —\§ 2 Present
5 | ® Hoasain ef al
m
1]
=
"6 £0 -
QS
(3]
i
a0
L . L ] L L L ] . r L | | I J 1
o1 D2 0.3 04 0.5

Figure 3.22: Comparisons of the present numerical results of Nusseh
number Ny for the Prandtl numbers #r =1.0 wath those obtamed by

Hossain et al {1998).
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Figure 3.22(a): Compansons of the present numerical results of
Nusselt number Nu for the Prandtl mumbers Pr=1.0 and &, =1.1 wath
those obtained by Hossain et al. (1998).
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Figure 3.22(b): Comparisons of the present numerical results of
Nusselt number N for the Prandtl numbers Pr =1.0 and &~1.5 wnh
those obtained by Hossain et al {1598).
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Figure 3.22(c): Comperisons of the present numerical results of
Nusselt number M for the Prandtl numbers Pr =1.0 and &,~2.5 with
those obtained by Hossain et at (1998).
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Figure 3.23: Comparisons of the present numerical results of Skin
friction coeficient Cg for the heat generation parameler & = 1.1, 1.5
and 2.5 with those obtained by Hossain et al (1398).

Figure 3.23 shows the comparisons of the presem numerical results of the skin friction
coefTicients Cg with Hossain et al (1998} for difterent values of surface temperature which
are 9 =| 1.1, 1.5 and 2.5. Here, the radiation and the magnetic effects are ignored (i.e., K
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=0.0 and Af =0.0) and Prandt] numbers Pr = 1 0 have been chosen The comparison shows
fairly good agreement between the present results and the results of Hossain et al {1993).
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Figure 3.23(a): Comparisons of the present numenical results of Skin
friction coefticient Cg for the heat generation parameter &, = 1.1 with
those obtained by Hossain et al (1998).
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Figure 3.23(b): Companisons of the present numencal results of Skin
friciion coefficient (g for Lhe heat generation parameter &, = 1.5 with
those obtained by Hossain e af (1998}
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Figure 3.23{c): Comparisons of Lhe present numerical results of Skin
friction coefficient Cg for the heat generation parameter &, =2 5 with
those obtained by Hossain et al {1998)
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Chapter 3: Radiation on MHD narural convection from a porous plate with heat geTleraricn

3.6 Extension of this work

In this work. we considered constant viscosity and thermal conductivity but they are

functions of temperature,

o If we consider the viscosity and thermal conductivity as the function of temperature

thern we can extend our problen.

+ Also taking the non-uniform surface temperature, the problem can be extended,
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Appendix

Implicit Finite Difference Method

Impheil finite difference method in conjunction with Keller- box elimination technique is
engaged to dig up the solutions of the transformed goveming equations with the
corresponding boundary conditions, This practice is well documented and widely used by

Kelier and Cebeei (1971) and recently by Hossain er al. (1990, 1992, 1996, 1997, and
1998).

Accompanted by Keller —box elimination scheme, an epigrammatic discussion on the
advancement of algorithin on implicit finite difference method is given below taking into

account the {ollowing LBquations (1-2).

f”+3ff"—3(f')1+f]—§?’"-*'|f’13'”§1=r§[f'g:'"§”{-,f"J (1)
8¢ o

And

LiHH%Rd{H(E"—1]0}3}2—9}+Q9+3fﬂ'+53'=§[frﬂ_ﬂﬁr] @)
: 7

Pr di gt df

To apply the aforementoned method, we first convert Equations {1)-(2] into the following

system. of first order equations with dependent variablesu(&.n),v(&,n), p(&,1)and

gi&,1) as

f=un=v, g=6 and B=p (H
. . p . g o
viLtp fv—pat” +g—.§v+;:5ug1 = §[u;—;—-§;—v) {4
1 @ 3 s dr i
:Ea—n[{l+p3(l+&g}}p]+p4g+§p+p[ﬁr-;[ua§ pﬁé’}

= L[,ﬂ'ﬂ {pp(1+ 00T ]+ pg +Ep+ pifp = fi[ua—g— PiJ (3

Pr ol 2l

where
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4
P =3,j?3=2, M= ERIIT = Q, P =AM (6)

The correspanding boundary conditions are

f1E,0=0,u(£,0)=0undg(£,0)=0

. (7}
uff, o) =0,e(5,0)=0

We now consider the net rectangle on the (& i) plane and denote the net point by

=0, n,=mn_ -}-fij, j =120
=0, &= &+ k,, n=12,... N
Kn
“ - e R
A
Fj ' r 3
| 1
| |
| |
Mot o R S
f |
':
: h 4
'.I'L|_] D C
;.:J”-' an-l.‘ﬂ £

Figure Al; Net rectangle for difference approximations for the Box scheme

Here ¢ and 5 are just sequence of numbers on the (£,77) plane, &, and & arc the variable

mesh widths.

We approximate the quantities (f #, » p} at the pomts (5,1} of the not by

(f7 ) ,v), py) which we call net function. We also employ the notation g for the

guantitics midway between net points shown in Figure (Al) and tor any net function as

eu=103
g

L+ &) (%)
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Fioie = é’(??_,r_ ??J-!}

n=lf2 - H n-1
g, =4lg + g )

Now we write the difference equations that are to approximate Lquations (3) - (3} by

considel ing one mesh rectangle for the mid peint (571 },} to obtan

f;l.l.' _ j*f.lr_] L
Y =U; 2 (9}
I
Hj —u' \
T:Vj-wz (10}
gr.‘ _g”__l .
‘JTJ_:PHH (11)
i
} ‘I?II _ "y'" 1»'“_1 - =l o I. | | l
1 -1 S 1-1 Y E 4
ST T PP |—{P;_” ) r+{g} = (v fr—(p uE®Y
! I, "z 1 2 2
! .'.l— ! N M-” I f.'_ ”_I
=& } .{{U} _ﬁ;— = (v } P )

7 W n

h
— P+ [{{pspilmgﬁﬂ—{pm{1+&g)l}j-l}+

W
1| lpi =i+ (] ‘

P -
Yt p(+8gY ) —(pp(L+ a«gﬁ:—::}]

+{mgf:j:;; +p /P J}j +(Ep) )
- g

n | Y n-1
sa- | el ;,'«{ - y f
=& i G|l ——————— p 1
SRS B }’5 -.
Similarly cquations (4] — (5) are approximatc by centering  about the nnd
poim{ﬁ""}inr}/]. Centering the equations (8) about the point (.ff"-’}é,n] without
2
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specifying i to obtain the algebraic equations. The difference approximation 1o Equations
($)-(5) become

RSB RN R SRR 20 SR (N YRR Clo FRVE T 3

—'[-f"‘}:_jé +a, {J'T_% V::;,; j ¥ 7 Ilf} (2:)] ¥ “j_v('f ] R;__ifz

Where
= - ) e
53 "y ..'* 3 ,-""E

o, 1 v

-~

ﬂnd R.-J | — Lr II +{_z {szn_ll +(fu)rr—il
,-—— = i3 -5

n

)i[‘r";l{f’:.-l _P;q]""‘IIT;_]{{Pzp“']'ﬂg}a}:: “{F3P“+5\g)3}j-|”+§;_% p;—}é +
(D€ (P Py M ran )i+ U ol

a-|

a”[{“g),-_}{—{fﬂ}r}é J:,,(E-’ V. J};é’i f/r"‘Pj_/f -¥ P |/ JI_},;]

1 - ! -1 Iyx ERYl [ ]
= —[h,-'{pj‘ =P B Upp(L bg) Y —{ppO+ 8g Y Y3+ Sy p) 0t
(p-t)l_lfés j/+{(p])” I/+an}-’{fp}j /

‘H"[{(“g}:_}é_{“g)j_}é J,A/E J—}égf }5} P'_, J/f”_-;/ 1’: :L/JFJ._I/}]

. =l
= 1?1-}5

wlhere

M =y = P+ 15 sl 80'Y — (o 82 -

n-1

[Q/p“-wmg,gj,<mr'umr'

T, =M ’i/+crn S Py Dy - (“g)::l,'/{]

The corresponding boundary conditions {7) become
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Jo =0, u =90, gg =1
uy, =0, gi =20

.lr] H-l

If we assumne (f A ,gl ,p;'] Y, i=0,1,2,3, - -+, IMAX with mtial

vatues equal to those at the proviso x stations. For higher iterates we et

uell )
fj =/ +§fj
uﬁ”” :u':"’ +r5'u':'}
‘L"”+” {r] 51{(1]

! (12)
g{rm _ cjrm L8 g':’}

pjs n_ p':'} _|_5p{r}
We then msert the right side of the expression (12) mn place of {7, u,, viand g'r mn

Equations (13)-{15} dropping the terms that are quadratic i r?fj." mﬁ'u’;,fi v and & pi,_

This procedure yiclds the following linear system of algebraic equations:

JI,r‘l_lfJ =5 f!ﬁlb__),rilil 3 f”]

?Ji u[‘}+§u[” +um +§u"‘ }

Fiflt-8 10 (Eu[’}+ sut? 1=(r),
Ju '“ é:{“‘ I (5vj"+ Sp'j'fljz(rd J,

Sg)' - ﬂﬂﬂ— Y (Sg)’+ 85 )=n),
AMomentun equation becomes:
R 28—y = v (P }"._}, a0 v]’,_}_, o vyt
i .;+ﬂf"}i(u ¥ X—L‘F(H Y },}+ - +Og, X/}
—@JI_H{H,% Tou i+, RENe 5;2_}?}";_}5 -{l’j_}é +5V:._%}].ﬂ”_}3}

Su' + 51.':,_] ol
-3 r& )}_}, — =R

(30,8 (5,0, 8% +(5),8 f; +(5.),4 1, +(5,), 01 +(5,), Fut'
+(5,), 88, +{55), 8¢, + (5], &p, + (510), 6P = (1),
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Enerpy equation becomes

L0} = ) = P = 45 ap U 007, O+ AV -
Ho,p(l+8g)" Y, = 8ip, 1+ ag) b - _}/(F AL S
(D8, 4 3+ Ry @ AU DY) #8072, )

—a, [{ug),_y + 5(!!3}’;_y}+(pj M

—p,_uU yt = {()_y + 60, |x}’gj_}x}
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(1), 50 +(ry), 8 p+ (), 8 £+, S S+, ulf
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Thus the coefficients of momentum equation are
[ _, 1 n
(51)_'& +_ (P| : u f Jr:,"|1+2'§ 1
] 3

2 274

] " | &, -
I:";i}_,-= E{(pi}l__l_-'_an}vﬁ}"-z_vj—:ﬂ
Yoz

]' il J (I.II =
(s.), = —{tm yoata, }vﬁl ~= Y

- 1 ’l 1 aﬂ A I n
':""1L=—‘FEII+E{U‘1 J_l+a”}ﬂ_1l'__ﬁ 1._.+ £

2

1
(5, ——%-ftp a5 e

1

{53}, = J(Pz}" +a 3l - (pdTY

= 2 i3
i
('1"".!:]|.=E
[
{Sﬁ}_,- =E
(Sq:'_.. =0
':.""'m:l,—ﬂ

Agam the coefficients of energy equatien are

(13}
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1 Ll I 1 .-| n-l1
(), =0+ ] {800V 1+ 60 4Ry e =Sy

I | - 1 ] n 1 1 ' n =1
{1y} = F[_h; - poh {{I+.ﬁg}3}j_]]+E§J_}€ +_2-{{F1}J—/Ié +a, b f —%fj_}é

] n P
i5L=5Her%+aJpp-2pP%

n=1

1 " - ¢ a.ll
['ril},l = E{{plj-"lf‘_: Taw}'p,u-l __2"1”_.,_}{

&, , L,
(t), —gg;EgA_
&, | R
{'rb} R g;q _5 g;—llfz (t)

N ! : 1 Lo
(!?}__n = FL:;'{?_JIPJPJ a{{.i+ﬁ.g)2}_l;—l]+5{(p4jj_H _fzjl[Eu_,?-'_Eu_lr_l ]

I - 1 il 1 1 1 r ]' I
(1), = (=387 Py MO+ 88Y Y 14 APy =5 wsay ]
1), =0
I:'rll:ll]; =0
The boundary condition 4“3) beoomes

ef, =0, dn, =0,08, =1

s
&n =080, =0 (1)

which just express the requirermnent for the boundary conditions to remain during the

iteration process. Now the system of linear Bquations (13) and (14} together with the

boundary conditions (13) can be written 1 matnix or vector form, where the coefficient

mainx has a block tri-diagonal struclure, The whole procedure, namely reduction to fivst

order followed by central difference approximations, Newton's quasi-lineanzabon method

and the biock Thomas algurithm, is well known as the Eeller- box method
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