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Abgract. In the study of similarity solution of unsteady gentive laminar boundary
layer flow above a vertical porous plate, four eliént similarity cases arise of which we
will present one of them. As usual the governing-domensional boundary layer partial
differential equations are simplified first by ugiBoussinesq approximation. Secondly,
similarity transformations are introduced on theidaof detailed analysis in order to
transform the simplified coupled partial differetiequations into a set of ordinary
differential equations. The transformed completmilarity equations are then solved
numerically by using Nachtsheim-Swigert shootirggdtion technique along with sixth
order Runga-Kutta method. The flow phenomenon & lcharacterized with the help
of obtained flow controlling parameters on the e#lpand temperature fields across the
boundary layer are investigated. Numerical resfdtsthe velocity and temperature
distributions are presented graphically. It is fothat a small suction or blowing can
play a significant role on the patterns of flow aachperature fields.
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1. Introduction

Mixed convection flows or combined forced and fmmvection flows, arise in many
transport processes in engineering devices andturen These flows are characterized
by the buoyancy parameter (measure of the influeoiceghe free convection in
comparison with that of forced convection on thedfiflow) which depends on the flow
configuration and the surface heating conditiortee Pproblem of free mixed and forced
convection over a horizontal porous plate has batracted the interest of many
investigators (Viz. Clark and Riley [1]. Schneid2} and Merkin and Ingham [3] among
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several others) in view of its application in mamgineering and geophysical problems.
Ramanaialet al. [4] considered the problem of mixed convectionravéorizontal plate
subjected to a temperature or surface heat fluyinvgias a power of.

The problem of mixed convection due to a heatedamled vertical flat plate
provides one of the most basic scenarios for hemtster theory and thus is of
considerable theoretical and practical interest had been extensively studied by
Sparrow et al. [5], Wilks [6], Afzal & Banthiya [flunt & Wilks [8], Lin & chen [9].
Hussain & Afzal [10], Merkin et al. [11] etc. Howewn the problem of forced, free and
mized convection flows past a heated or cooled heitly porous wall is of interest in
realtion to the boundary layer control on airfaibrication of ceramic machine parts and
food processing. Watanabe [12] has considered fixednconvection boundary layer
flow past an isothermal vertical porous flat plptate with uniform suction or injection.
Sattar [13] made analytical studies on the combfoezked and free convection flow in a
porous medium. Further, a vast literature of siritifasolution has appeared in the area of
fluid mechanics, heat transfer, and mass transferas it is one of the important means
for the reduction of a number of independent védgiskvith simplifying assumptions. It is
revealed that the similarity solution, which beiatjained for some suitable values of
different parameters, might be thought of beinggdblkition of the convective boundary
layer context either near the leading edge or faayain the downstream. Deswita et al.
[14] obtained a similarity solution for the steddyninar free convection boundary layer
flow on a horizontal plate with variable wall tennatire hossain and Mojumder [15]
presented the similarity solution for the steadyifear free convection boundary layer
Ifow generated above a heated horizontal rectanguidace. Furthermore the study of
compete similarity solutions of the unsteady laminatural convection boundary layer
flow above a heated horizontal semi-infinite porquate have been considered by
hossain et al. [16.17].

The similarity solutions in the corite$ mixed convection boundary layer flow
of steady viscous incompressible fluid over an impeEable vertical flat plate were
discussed by ishak et al [18]. Ramanaiah et al $fi8]ied the similarity solutions of free,
mixed and forced convection problems in a saturptgdus media. Recently, Hossain at
al.[20] Presented Similarity solution of unsteamymbined free and force convective
laminar boundary layer flow about a vertical poreusface with suction and blowing.
But in their analysis, they considered the firstikirity case out of the four cases. In the
present study we will consider another case forchmplete similarity solution of the
unsteady laminar combined free and forced convedtioundary layer flow about a
heated vertical porous plate in viscous incompbéssiluid and be attempted to
investigate the effects of several involved paramsebn the velocity and temperature
fields and other flow parameters like skin frictidreat transfer coefficients across the
boundary layer. We are also tried to predict tHe of small suction or blowing velocity
on these parameters as well.

2. Basic equations of the flow and mathematical analysis

A semi- infinite flat-plate extending vertically wards and which is fixed with its
leading edge horizontal is placed in an unsteadg Btream. The plate is heated to a
certain unsteady temperature above the ambientetetype T.. Heat is supplied by
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diffusion from the plate. The density of the fluidar the plate is reduced so that the fluid
there is buoyant compared with the fluid in theefstream at a large distance from the
plate. Consequently layers of the fluid close t® plate begin to rise. It is supposed that
the maximum velocity created in this buoyant lagea distancé from the bottom of the
plate isU. If the Reynolds number based on this velotitis sufficiently large, buoyant
flow is amenable to Prandtl's boundary layer analys

Considering the flow direction along thkeaxis. Then the simplified form of the basic
boundary layer equations of mass, momentum andggnfr a viscous and heat
conducting fluid of variable properties subjecttbody force are as follows:

Dp ou ov
LT+ —+—1|=0 1
Dt p(ax 6yj M
Du ou ou 0 ou
——=(p- + e+ e |+ — | y— 2
p o = (P pe)os pe( o+ axj 6y('u6yJ 2)
D& 0 0 d(, 08) pPC oT
— +0{—(logAT)+u—(logAT)} | =—| k— |- —2(u - € (3
e, 22 +0[2 (ogem)eu 2 (oaam)] | = 2 (k22 Lo u-u) 2

Since at a particular statio(mx,t) the pressurg does not very with y through the

boundary layer, we have writtgn=p,, U - u,, 0 - po,, T - T,, and ai - 0.
y
Also we have

written, TT “Te _g AT =T, -T, @)

w e
where AT andT, are functions ok andt. T, =T, (=constant) is one of the solutions of

(4).

3. Similar solutionsfor the Boussinesq appr oximation
In this section we will simplify the above bounddayer equations (1)-(3) using the

usual Boussinesq approximation Thus the eliminatibrthe first term?f in the
continuity equation(1) will be found to lead to gtsimplifications in the boundary layer
equations. Since the fluid property variations othan density variation in the buoyancy
term of the momentum equation are ignored completethis approximation, it is also

assumed here that the fluid temperature outsidedbadary layef,, is constant. Hence

we get

a_u +ﬂ =0 (5)
ox oy

Du ou ou 9%u

—=- ATO+—=+u,—+v 6
Dt gXﬁT at e GX ayz ( )
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D6 0 0 v 0%
— +6{—(logAT )+u—\(logAT )} = —— 7
C
where, p:pr,,u:,ur,k:kr,cpch and U :& , Pr:% are the
’ o r

kinematic viscosity an@r is the Prandtl number of the fluid respectively.

4. Equations gover ning similar solutions
To reduce the above system equations (5)-(6) iitatde forms we adopt the method of
similarity solutions. Hence the following substituts are introduced-

f=x,¢=;i&5,T=L—V=0UFL—¢nUﬁ-VW
oy _ oy

The equation of continuity (5) permits us to ertea—, V——a—, where
y X

l/J(x, y,t) is the stream function at any poink, (y, t). With the traditional
u
(x,t)
W&, ¢,1)=y(&, DU DF(EP,7)+y(E01),
where the velocity componentsand v are found to be
u=UF, v, = _—61//(;;(5,0) and-v = (J'UF)gr —¢y,UF, —v,.
oy(¢0r)
0¢

velocity normal to the porous surface, so thatdficén either be sucked or blown through
it. Physically,v,, <0 andv,, > 0 represent the suction and blowing velocity throtigh

¢
substitution/ dg = F(¢, ¢, 1), we have
0

Herev, = — represents the non-zero wall velocity called suctr blowing

porous surface respectively. For uniform suction lfowing) v,,=constant. However,

v,, =0 implies that the surface is impermeable to thédflin view of the above
transformation, equations (5) to (7) become

1
UF 155 + (2o + 85 )F, + E(al +a,)FF,, -8,F; -a,F, a9 +a, =0 (8)

v 1

ﬁﬂ¢¢+(ao¢+as)l9¢ +§(ai+az)Fl9¢_(a7+aeF¢)ﬂ=O )
Where F(&,¢,7) and 9(£,¢,7) are assumed t this stage to be functionzafone and
the a'sare given by () yy, =ay, (i) (2u,), =a, (i) y2(u,), =@, (Vi)

y(Ue)r _ a,.

e

_Ww :a3! (V)
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2 2
wo—{—an%gx:%,wm %%w9,+%a%»}:%,mmy%mgﬂﬂr=
(iX) Y°u.(logAT ), = 3 (10)

The boundary conditions which are imposed in otdefetermine the solutions of the
transformed boundary layer equations (8)-(9) avergby: F(O) =F, (0) =0
Fy(0)=5(0)=1, (=) =0 (1)
The relations in equation (10) furnish us with #@nditions under which similarity

solutions are obtained provided that als must be constants and thus the equations (8)-
(9) will become non-linear ordinary differentialleions.

In view of the conditions (ii) and (i) stated inudion (10), we havg’u, = a,& + A(T)
and
y? =2a,T + B() , where A(7) is either a function of or constant andB(¢) is either
a function ofé or constant. The above two relations yield
dA(r) dB(E)
dr = d&
Therefore, the forms of the similarity equatiorig scale factor:ue(f, r) and y(f, T)

depends wholly on the equation (12) and this sidnateads to the following four
possibilities:
A(r)

(A) both AAT) g 9BE)
dr d
B¢ _ g o) d(r 1) ~ 0 but dB(f)¢O

= (& —ap)(a, +22) (12)

are finite constants, (B) bo and d are zero,

#Z 0 but

Hdﬁ()

4.1. Similarity case to be considered

Of these four similarity cases, only the Case @)vfhich both(gAj and (3—?} are
r

zero has been studied here for the sake of breVhys we havey® = 2a,7 + B({)

andu, _—a1£ A()
2a, +B(¢)

yields the relations between the constants as wWslloa,, @ are arbitrary and

2a,7 +B)
a,=-2a, a=a, a=y28,+1,)v,, as:‘ﬁTATg*'((:j&Ag'

a, =a, —2a,, a, = —4a,, a; = a,. Substituting the constants and chooskg a, f
and @ = a,/7 the above equations (8) to (9) reduce to:
89
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U2
Byp (74 1) T +2B( 1, = 17 +1) + 2( 1, - 1)+u—gﬂ =C (13)
e
Prg,, +(n+1,)9,+ 2818, +(4- B1,)9=C (14)
Subiject to the transformed boundary conditions
f0=1,0=0 f,(=)=% JO)=L 5(ew)=0 (15)
2 2
where is also chosen that, = a,, % 0 =1, ﬁ:2,5, Vv, = ifw, L :U—ZF
v L. " a
with UZ =-g, B ATL, and L, :2ue(r+ro) is the local characteristic length. The
2
terms & :U—2Fz9 in the momentum equation indicates how importambylncy
Qo Uo

effects are compared with the forced flow effecthie flow is said to be aided
whenlJ ﬁ / uj is greater than zero and called an opposing whisrmp#tameter is less than
zero. WherlJ 2 << u? the flow becomes a forced flow, whereastbf << u’ the flow
becomes a free convection flow. The skin frictiow deat transfer coefficients, and

b
g, associated with the equations (13) and (14) Bfe~ ,u\/uz“‘_ﬁ {V(xuj Xo)} f (0)
X+ X,

b
kAT u - _
andq, = - . J, (0). The AT - variation for this i€\T [ :
V2B |v(x+x,) t+t
5. Numerical solution and discussions
To obtain the solution of differential equation8)4(14) with the boundary conditions
(15), a numerical procedure based on NachtsheingeStvshooting iteration technique
(guessing the missing value) (Nachtsheim & Swi@g#965)) together with Runge-Kutta
sixth order integration scheme is implemented. &fiects of various pameters on the
flow and temperature fields have been determined different values of the
suction/blowing parametdr, , the driving parametef3 (the ratio between the changes
of local boundary-layer thickness with regard tosifon and time), the buoyancy
parameterUFz/ uj (the square of the ratio between the fluid véloc@aused by

buoyancy effects and external velocity for the éordlow) and the prandtl numbé?r.
Since there are four parameters of interest irptheent problem which can be varied, to
observe the effect of one, the other three paramate kept as constants. Under these
conditions the solutions to the problem thus olgdifinally by employing the above
mentioned numerical technique are plotted and #tabdl in terms of the similarity
variables.

The effect off,, on the velocity and temperature profiles are ptbtn the Fig.
1(a) and (b) respectively. From Fig.1 (a), we obsdhat the velocity is increasing for
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the decreasing value 6f in the regiom < 102. The maximum velocity appears
atn =1.0. Then the velocity profiles start decreasing aretdme negative when
n >1.59 again the velocities take the reverse directiod &nally become zero at
abouty =5.1. The magnitude of the velocities reaches the Isighalue whery = 2.53.
Further we conclude that the velocity profiles ease with the decreasing value &f in
the region (Osqs 2.53 and increasing with the increasing df, in the region
(2.5397 < 5.:}1 for both suction and blowing. From the Fig. 1{l® observe the effect

of f, on the temperature profiles. From the figure iblserved that the wall lost its

temperature to the fluid and after sometimes i¢irexs the temperature from the fluid. In
the region very close to the surface, the temperdtlls sharply and decreases with the

increase irf,,. Wheryp =1.22, the temperature profiles take the reverse doectind
increase with increasinty,. Here the temperature again decrease with theaser of
f,, whens7 > 35 and finally approaches to zero whgir 5.06.

8 — fw= _ r

o 0.34 l'i ] o
0.4 7 9.34 "
02 \\ 0.0 0'8 ] — 0
TO T T _3\5 =i T
'@2')1\2\_}/45678910 I p3456780910
-0.4 A _?5 1
'6_6 - l‘2 ]

! - .

() (b)

Figure 1: (a) Velocity profiles and (b) Temperature profifes different values off,,
(with fixed values of U /u? = =13, #=10 andPr=0.72).
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06 . ——(U_P"2/(u_0y2=-1.4 —— (U_F2/(u_0y2=-1.4

%] —— (U_F"2)/(u_0"2)=-1.3 2 7 — (U_R"2/(u_0y'2=-1.3

4 N N —— (U_PP2/(u_0y'2=-1.2

03| (U_F)r2/u_0)y*2=-1.2 1 - (L_Fy2iu oy2=-1.
ILES] P2 oy 2 =11 —— (U_P"2/(u_0y'2=-1.1
~ 01 - P)"2/(u_0)2 =-1. |
201 ] p 0
] 010 1 3 56 7 8 9 10

-0.2 4 ~ -1 -() O

-0.3 4 b

0.4 - ~ '2 -

@

" |
l] —
(@) o

Figure 2: (a) Velocity profiles and (b) for different vaIueBUi /uj (with fixed values
of /=10, f, =-03 andP, =0.72).

Fig. 2(a) and Fig. 2 (b) show the effeci Ui /uj on the velocity and
temperature profiles. we observe from Fig.2(a) that velocity profiles are increasing
near the surface with the decreasing valuehléf/ uj and obtained maximum value at
n = 099. Then the velocity profiles change their direci@nd obtained negative values
at 7>1.65 and finally become zero at= 6.5. The magnitude of velocity obtained its
highest value whem = 265 and after that a reverse characteristic is foltete the
magnitude of velocity is decreased with the inceeasf magnitude 0UF2 /uj Again the

effects ofU,f /uj on the temperature profiles show that, very clusehe wall the

temperature falls sharply in the regldg/s <1.35. The unusual shape of the
temperature profiles in Fig. 2(b) indicates that tall rejects more and more heat to the

fluid as the buoyancy parametb)rﬁ /uj decreases. This is due to the plate possessing

an infinite source of heat at the leading edge, ih)aAT D% atx = 0, hencel,, —» o«

ast — O at the leading edge.
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0.8 T B = B =

0.7 I égl 1.91

os e 0.99

0.4 -
. 03 0.985 — B=
5 02 —B= 3 0.985
\I 0.1 0.984 !

o0 |

01 NS o o o M 345678910

-0.2

-0.3 )

0.4

-0.5

7
—

(b)
(a)
Figure 3: (a) Velocity profiles and Tempeture for differerdlwes of £ (with fixed

values oflU 2 /u; =-1.3, f,=-03 andPr=0.72).
From Fig. 3(a), we see that the velopityfile becomes positive and a maximum
appears at) = 2.35 for minimum value of3 =0.967. After that the velocity profiles

again change their directions and become negataies when s = 325 and

asymptotically approaches zero far away from thateplsurface. Here the velocity
profiles decreases with increasjig Fig. 3(b) we see temperature first increases with

decreasing8 whenz > 2.3 and asymptotically approach to zero for all valokeg3 for

far away and then they are again increase witleasings .
From the Fig. 4(a) we observe that thlecity profiles decreases with the increase
in Pr. The velocity is positive in the regio@<7<1.5€ and become maximum

atn =0.97. After that the velocity profiles changes theirediions and become negative
in the regiod.58<7 < 5.1

Pr=.72
0.5 1

5
0.4 Pr=10 1
82 Pr=7.0 I 0.5
01 {7 ol =
o I S R B & 0 ] : T ] . . . ]
-0.1 -0.5 1 3 4 5 6 7 8 9 10
0.2 1 4 5 6 7 8 9 10 1
0.3
-1.5
2

Pr =.72
Pr =1.0
Pr =7.0

— frp -

0.4 1
-0.5

n - n -

(@) (b)

Figure4. (a) Velocity profiles and (b) for different values Pr (with fixed values of
UZ/u;=-13,4=10 and f,=-03).
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Finally reduced to zero asymptoticatkcept forPr= 7.0. From the figure 4(b)
we observe that the temperature profiles decreasimg with the decreasing in Pr close
to the wall. For relatively higher values gf they changes there direction and become

positive. Before reaching zero finally, the temper@a becomes positive and never
negative again.
The values proportional to the coeffits of skin friction f( /(0)) and heat

transfer(—:?’ (0)) are tabulated in Table (4.1)—(4.4). From the tdtbie seen that with

the increase inf,,, both the coefficients of skin friction and hetrisfer increase. The
coefficient of skin friction decreases whereas aodfficient of heat transfer increases
with increasing) §/u§ . Two different situations are observed f@r variation. In the
range of 0.967< < 0.98¢, the skin friction decrease but the coefficient fafat
transfer increases whereas in the rangd.684< < 101 both the skin friction and
heat transfer coefficients increase for the in@eias/3. Again both the skin friction

(f7(0)) and heat transfe(—ﬂ’(O)) coefficients reduces with the increase in Pr.

Unfortunately no experimental data is availablegdo correspond our numerical results.

Table 1: Variation of the coefficients of skin friction arkat transfer with, UE /ug,

IB!Pr.

Values proportional to the coefficients of skincfion ¢ “(0)) and heat transfi
(=9 (0)) with
the variation of suction parameter for fixdd /u> =—1.3, 8 =10 andPr=0.72

fw f "(0) -9 (0)
0.3¢ 0.6435: 3.0708(
0.3( 0.6384« 3.0100:
0.0C 0.54592. 2.5097¢

- 0.3C 0.6384« 1.9961°
- 0.5C 0.44654! 1.6933

Buoyancy parameterUi/ug for fixed f,=-03,=10 and
Pr=0.72

T
U2/u? 7(0) -9 (0)
-1.1 0.43814 2.161¢
-1.2 0.45465 2.058¢
-1.8 0.47747 1.9961
-1.4 0.50978 1.9694
driving parameter3 for fixed f,,=— 03,U /uj =—13and
Pr=0.72
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B

f //(0)

-5'(0)
0.965 - 1.56803! -1.99252!
0.9¢ -1.0887 -1.67478i
0.98: -1.00654 -1.62193l
0.98¢ 0.26870: 0.82713
0.98¢ 0.33107. 1.1726t
0.9¢ 0.41164 1.58868
1.01 0.52818: 2.45717
Prandtl’s numbesPr for fixed f, =— 0.3, =10 andU? /u? =—1.3.
Pr £7(0) -9 (0)
0.72 0.4774 1.9961°
1.0C 0.422009. 2.0921.
7.0C 0.4 0.2

6. Conclusion
Similarity solution for the two-dimensional unstgddminar combined free and forced
convection boundary layer flow over a semi-infirtiiated vertical porous plate with the

dA dB(¢)

similarity case— and
dr
findings the following conclusions can be drawn:
() Velocity increase with the decrease of sudtiowing and increasing with the
increasing for both suction and blowing.. In thgioe very close to the surface, the
temperature falls sharply and decreases with the&se suction and blowing. Here the
temperature again decreases with the increase aifosuand blowing and finally
approaches to zero.
(i) The velocity increase near the surface witle tecreasing values of buoyancy
parameter. The unusual shape of the temperatuieated that the wall rejects more and
more heat to the fluid as the buoyancy parameteedses.
(i) The velocity decreases with increasing cohtparameter and temperature first
increases with decreasing control parameter anah@syically approach to zero for all
values of control parameter for far away and th@y tare again increase with increasing
control parameter
(iv) With the increase in®oth the velocity and temperature decrease. Alsh te
values proportional to the coefficients of skircfion and heat transfer decrease with the
increase in the prandtl’s number.

=0 has been studied in this paper. On the bastheof
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