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ABSTRACT : The unsteady three-dimensional Couette flow of a viscous incompressible fluid between two porous flat
plates with uniform injection and periodic suction has been investigated. Perturbation technique has been used to
obtain approximate solutions for the velocity and temperature fields, skin friction and Nusselt number. The velocity
and temperature profiles have been plotted to study the effects of different non-dimensional parameters on them.
Increasing mass concentration parameter results in an increase in the main velocity. Increase in the frequency
parameter results in flattening of the main velocity profiles. The effects of other non-dimensional parameters have
also been studied. Furthermore, skin friction and Nusselt number have been tabulated for different values of the non-
dimensional parameters.
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1. INTRODUCTION

Dusty Couette flows are a part of many industrial processes including transpiration cooling, filtration and
drying. Some of the areas of application of these flows are in oil recovery, aerodynamics, inverted pendulum and
geothermal springs [9]. The steady two-dimensional plane Couette flow with transpiration cooling for uniform injection
and suction at the porous plates for a clear fluid has been discussed in Eckert [4].

The steady Couette flow plates with transverse sinusoidal injection of the fluid at the stationary plate and the
constant suction at the plate in motion have been studied by Singh [10] and have further extended for dusty fluid by
Govindarajan et al. [6] and with chemical reaction by Ahmed et al. [1]. The study Couette flow for dusty fluid with heat
transfer with an exponential injection at the uniform plate and a constant suction at the stationary plate has been studied
by Gireesha et al. [5].

The flow and heat transfer in Couette flow for micro and nano channels have been studied by Jiji and Yazdi [8]
and Zhang [11] respectively. Heat transfer in unsteady Couette flow for a dusty gas was first studied by Datta and Mishra
[3]. The buoyancy effects in Couette flow were studied by Choi et al. [2].

The application of the transverse sinusoidal injection or suction velocity in the unsteady problem of transpiration
cooling for a clear fluid was studied by Guria and Jana [7]. The present work aims to extend this work for dusty fluid
with slip boundary condition at the suction plate and natural convection.

2. FLOW DESCRIPTION AND GOVERNING EQUATIONS

The flow under investigation has been modelled as an unsteady three-dimensional flow of a viscous,
incompressible, dusty fluid between two horizontal porous flat plates separated by a distance ‘d’ in a slip flow regime
with uniform suction at the stationary plate and periodic suction at the plate in motion. The upper plate is assumed to be
the one in motion with uniform velocity U in the direction of the flow. The Cartesian coordinate system is chosen with its
origin on the lower stationary plate, x*- axis in the direction of the flow, y*- axis taken perpendicular to the plate and
directed into fluid flowing in laminar regime with a uniform free stream velocity U and z*- axis is taken normal to the
x*y*- plane.

Asian Online Journals (www.ajouronline.com) 1305



http://www.ajouronline.com/
mailto:gomathi_math@yahoo.com

Asian Journal of Applied Sciences (ISSN: 2321 — 0893)
Volume 04 — Issue 06, December 2016

<

x*
Figure 1: Couette dusty flow with constant injection and periodic suction at the porous plates

The upper plate is subjected to a constant injection —V; and the lower plate to a transverse sinusoidal time
dependent suction velocity distribution of the form

v* = -V [1 + ecos (ZZ *)] Q)
where £(« 1) is the amplitude of the suction velocity as shown in Fig 1. The distance between the plates is taken equal
to the suction velocity. The slip condition is assumed for the fluid phase and similar slip condition is also assumed for the
particle phase.

Denoting dimensional velocity components as u*, v* and w*in the directions x*, y* and z*axes respectively for
the fluid phase, uy, v, and w,, in the directions x*, y* and z"axes respectively for the particle phase and T* and T,, for
the temperature of the fluid and particle phase respectively, the governing equations are given as:

For fluid phase:

St o = 0 @
v W e = o(ZE+ T gh T + (- w) 3
bl s G Se o
S S = (B )T (- w) ©
o6 (Gt i w i) = k(e ) AR ) ©
For particle phase:

Ty = 0 @)
B = Ew-wy @
Pt v W o = Ew-w) ©
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awp « 0wy « Owp _ kK ok

o TV ay* T Wp o - my (W WP) (10)
aTy £ 0Tp . 0Ty _ A (ko

at* T P ay* tw Wp az* - rp (T Tp) (11)

where all the symbols have their usual meanings and are given in the Appendix.

The corresponding boundary conditions are:

* *a *. * * *a *. *

u* = 16—;*, vt = —V0[1+scos( —ct )] = Lza_‘;/*’ T =T,

* *au*. * * *aW*. *

uy = 16;, v, = -V [1+sco ( —ct )] wy = Ly 6yf' T,=T, at y=0 (12)
u*=U;v;=—V0; w*=0;T"=T.

uy, = U, vy = —V; wp —O,Tz’; =T at y=d (13)

_ Y
where L%, L, = (ZTT) LandL = p (%) %is the mean free path and r is the Maxwell's reflection coefficient.

By mtroducmg the following non-dimensional parameters:

y_ z* Pt o_w, v w o, TTg L AL Y Vp, o Wp,
y==—;z=—=;t=ct";p= —pVOZ,u TR W= TO*—T,;’FP 7 Up U o Wp =
Tp Tq . Vod . up . Nom ; .
0, = el Re = - Reynolds number; Pr = — Prandtl number; f = 5 Mass concentration parameter;
0~ 'd
L . T -T, a(T5-T; d?
h ==, Slip parameter, m = 14, Gr = M, Grashof number; 1 ==,
d Tg-T, Uvy v
myV( . .
Frequency parameter ; A = ;’K", Relaxation time parameter. (14)

The governing equations (2) - (11) can be rewritten in non-dimensional form as follows:
v ow

5 0z = (15)
ou ou _ _u _u _
/’1 +R ( ay+WE) = (a py + ReGro + &< (up u) (16)
v v v _ a%v  9%v fRe
AE+R€(U6—+W6—Z) = (? —) ( p ) (17)
2
/12—‘:+Re(v—+w‘;‘;/) = ( 2 a_)_ —+fﬁ( w, —w) (18)
a6 6 a6 826 a 2 fRe
APrE+RePr(v£+WE) (ay py )+R Gr9+——(9 ) (19)
9vp  wp = (20)
ay 0z
6u ou _ Re
p + Re (v 5 T W 0zp) = T(u - u,) (21)
20 a R
v” Re (v % w, ;Zp) = Te (v-v,) (22)
awp + Re (v M 4 w, a;;p) = % (w—wp) (23)
aep aep 26; _ Re
/17+R (Up oy +w p az) - 7(9_917) (24)
The corresponding boundary conditions are
u = Z—;; v =—S[1+ & cos(mz — t)]; W=hz—‘;; =1
a 3
u, = aL;; v, = —S[1+ ¢ cos(nz —1)]; wp = halyp; ,=1 at y=0 (25)
u =1v= -1; w=0:60=m
u, = L,v, = —1; w,=0,0,=m at y=1 (26)
where S = 1.
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3. SOLUTION OF THE PROBLEM

When the amplitude of oscillation in the suction velocity is small (¢ « 1), we can assume u, v, w, 8, uy, v,
wy, 8, and p in the following form to solve the differential equations (15) - (24).

u(y, zt)

v(y,z,t)
w(y,z,t)
0(y,zt)
u,(y,2,t)

vp (y! Z: t)
w,(y,z,t)
gp (y! Z! t)
p(y,zt)

When & = 0, the differential equations (15) - (24) pertaining to two dimensional flow are obtained as:

Vo
ug — Revyuy + ReGroy + f:l (upo - uo)

Po
" ’ fRe
wo — Revowy + T(Wpo - WO)
2 fRe
8y — RePruo0} + 25 (0, — 6,)
!

Up,,

I 1 -—
Vol + X(ul’o — uo) = 0
U, = Vo

1

170Wp;J +X(Wp0 —WO) = 0

’ 1 _
Vo0, + % (6, = 60) = 0
subject to the boundary conditions

dug. i _
uO = a_yo, 170 = _S, WO =
Bupo .

Upy = h oy ' Upo = —S; Woo =%,
Uy —1, 170=_1; Wo—o,
Up, =15 Vp, = —1; wp, = 0;

ue(y) + cu (3, z,t) + 2uy(y, z,t) + -

vo(¥) + ev,(y,2,t) + 2v,(y, z,t) + -

wo () + ew; (v, 2, t) + 2w, (y, z,t) + -+

0o(y) +6,(y,z,t) + £20,(y,z,t) + -
up, ) +eup (v,2,6) + €%up, (v,2,8) + -
vy, ) +ev, 0,2,0) + %, (3,2, 8) + -
wpo(y) + swpl(y, zZ,t) + szwpz(y,z, t) + -
0, ) + 0, (v,2,8) + €26, (v,2,1) + -
Po) +epi(0,2,t) + €%p, (¥, 2, t) + -

= 0

(v =70)

1
O O O >l o

90:1
6y, =1 at y=0
90=m
9p0=m at y=1

The solutions for the equations (28), (30), (33) and (35) are

Vg = v = -1

Do = 0

@7)

(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
@37)

(38)

(39)

(40)
(41)

Substituting S = 1 and equations (40) - (41) in equations (28) - (37) and rearranging as done in Govindarajan et al. [6],

we get

—Auy’ + (1 — ReA)uy + Re(1 + f)lugy + ReGréy — AReGro,

—Awl" + (1 — ReN)wy’ + Re(1 + f)w,
—A6}" + (1 — ReN)8y + Re (Pr+2f) 6

—Aup0 + Up, = Uo

—AWp; + Wy, = Wy
! -

—Aepo + 01’0 = 8o

The solution to the remaining equations are:

Wy = Wy, = 0
0o = Cie71Y + C,el?Y + (4
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= ] y 2y
6y, Coe + oA 1)e 1 (1 A]Z)e 2V 4+ (4 (50)
U = C4e]3y + Cse/Y+Cg + C,e/1Y + Cgel2Y + Coy (51)
Up, = Cwe + oz A]3)e/3y - Ame/‘”’ + Cg + ACy + e Ah)ehy
+ )ehy + Coy (52)
The unsteady state equations are:
2_1;1 % = 0 (53)
aul % dug _ %uy | 9%uy fRe _
1221 Re (-5 22+ v, ay) = (azyz + 5 221) + ReGroy + 22 (u,, —uy) (54)
6111 ovq _ 0°vy |, 0°vq _ % fﬁ
AZ2 4+ Re (- 5—) = (ay2 +222) —Re 2 + (vp —,) (55)
6w1 owq _ °w. 0°wq _ % fﬁ _
A%e T Re ( = ay) - (ayz 622) Re s+ (WP1 Wl) (56)
96, LN _ 2260, . 0%6, 2 fRe _
wrgarepr(-sTrn ) = (GEATH) (0, —0) Q)
6vp1 6wp1 - 0 (58)
6y
pl Up, _ Re
+Re ( S Y1 Ty ) B A (u1 up1) (59)
171 o & —
+ Re ( S ) = A (v1 UP1) (60)
Wp _ Re
=Bt Re (- 52 ) = E (wy -, ) (61)
a0
i v = Re (g, —
A at +Re ( S + U, 6y) A (61 9?’1) (62)
The boundary conditions become
a a
u, = g—?; v, = —=S(cos(nz — t)); wy = ?; 6,=0
Up, = :51; Vp, = —S(cos(nz - t)); Wy, = h :::1; 9p1 =0 at = (63)
W=v=w=0=u =v, =w, =6, =0 at = (64)

In order to solve these partial differential equations u,,
following complex form:

vy, Wy, 64, Up + Vp s Wy 9P1 and p, are assumed to be of the

u;(y,z,t) = Uy, (y)eimz=0)
v, (¥,2,t) = V1 ()l
w,(y,2,t) = i v}, (y)el@z=0
0:(y,z,t) = 0,,(y)el@=0
up (v,2,t) = upll(y)ei(nz—t)
Vpl(y. z,t) = vpll(y)ei(nz—t)
Wpl(y, Z,t) = _Upll(y)el(n'z—t)
le(y, z,t) = pll(y)ez(nz—t)
p1(¥,2t) = P11 (y)ei@=0
(65)
Now using S = 1 and (65) in equations (53) - (62) and rearranging as before, we get
ufy + Reuy; + (—m% + iDuyq + f%(upll - u11) = —ReGro;; + Revy ug (66)
vy + Reviy + (=1 + ivyy + f%(vpn - Ull) = Repi, (67)
vii + Reviy + (o + id)vi, + fie (vP’n it = m?Repiy (68)
011 + Rebiy + (=m* + iAPT)0y; + Zfie (91111 911) = Rev,,6, (69)
_Aup11 + (1 - ?_j) Up.s = U1 Avpllup:) 70)
_Avplll + (1 h Z_j) Ypia = V11 1)
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I iAA ! !

—Avp11 + (1 — E) Vp, Vi1 (72)
’ iAA

A0y, + (1 - E) O, P (73)

Boundary conditions are

1
>
iy
-
-
EG
i
-
D

Ouyqg,

Uy = h?’ vy = —1; Wy = ay 611=0

— au?’u. _ _1- _ awpu. _ —
Up = h 2y Vp,, = 1; Wy, = h—ay : 91’11 =0 at y=0 (74)
U1 = V11 = Wi = 911 = upll = vpll = Wpll = lel =0 at y = 1 (75)

The solutions of the equations (66) - (73) subject to boundary conditions (74) - (75) are

P11 = Aje™ + Ae™™ (76)
vy = Cize’8Y + Ci4el9Y + Cise/10Y + CyieleY + Cppel7Y (77)
Vp,, = Cie€’117 + Cy7e767 + Cige’7 + Ci9e/8Y + Cype’?? + Cypel10Y (78)
i
Wi o = —[C13Jge’®” + Crafoe?®” + Ci5)10/1%7 + Ci1Jee’s” + Ciaf7e77] (79)
i
Wp,, 7 —[Ci6J11871Y + Ci7Jse7 + Cig];77Y + Crofgel®” + Cr0Joe% + Ca1Jr0e7107 ] (80)
0.1 = szehzy + C233113y + C24€]14y + (Czselsy + C26e]7y + C27e]8y + ngelgy + ngehoy +
C3Oe/11y)e/1y + (C3le]6y + 63261731 + 6336183/ + 6346193’ + C35611°y + 63661113’)6123/ +
(C37e]6y + C38e]7y + C3ge]8y + C40619y + C4le]1oy + C426111y)€]5y (81)
67’11 = C43€]11y + C44e]1zy + C45€]13y + C46€]14y + (C47€]5y + C4Se]7y + C4ge]8y + Csoeley + CSlehoy +
C5291113’)el1y + (Cssefsy + C54ef7y + Cssefsy + Cséelgy + C57el1oy + C586111J/)e]zy +
(ngeley + 66061731 + Cﬁlelsy + 6'6261931 + Cﬁ3eh°y + 66461113’)6153’ (82)
Uqp = Dlefsy + Dzefgy + D3e]10y + D4€]12y + Dsehsy + D6el14y + (D7e]ay + Dgehy + Dgelsy +

Dloel'w + Dnehoy + Dlzehﬂ/)ehy + (D13e]63/ + D14e]7y + Dlsefsy + Dlﬁe/r;y + D17e]10y +
D186111Y)e/2y + (Dlgelsy + Dzoehy + D21e/8y + Dzzefgy + DZBehoy + D24e/1137)e]3y +

(Dzseley + DZGehy + D27e]8y + ngejgy + ngehoy + D3Oe/11}’)el4y + (D3le/6y + D32617y +
D33€]8y + D34e]9y + D3se]1oy + D3Ge]11J/)e/5y + D37e]6y + D386']7y + D39ye]8y + D40y€]9y +
D41yel1oy + D42€]11y (83)

Up,, = D436111y + D44e]63/ + D4se]7y + D4Ge]12y + D47e]13y + D483114y + (D4ge]6y + Dsoehy +

DSlelsy + Dszefgy + D53el10y + D54e/11Y)e]1y + (Dssefsy + Dsﬁehy + D57e]8y + Dsselgy +
Dsgehoy + Dsoe/11Y)e]2y + (Dﬁle/sy + D62€]7y + D63e]8y + D64e]9y + Désehoy + D666111y)613y +
(D67elsy + Dssehy + Dﬁgelsy + D7Oe]9y + D7le]1oy + D7Ze]11J/)e/4y + (D73elsy + D74e]7y +
D7Se/8y + D76€]9y + D77el10y + D7Be/11Y)e]5y + D796111y + Dsoyelsy + DBlyelgy + Dgzye’“’y +
D83e]sy + D84€]9y + D85€]10y (84)

Skin Friction

The skin friction at the wall due to main flow is given by:
= au dug dugy i(mz—t) 2
Tx (dy) (dy ) € ( ) € + O(E )

dy y=0
Ty, + €Rey cos(mz — t + ¢y) (85)

y=0 y=0

The skin friction at the wall due to cross flow is given by:

ve ) ) el o)

y=0 y=0
= €Re,cos(mz —t + ¢,) (86)
Nusselt Number
The rate of heat transfer from the plate can be calculated using the formula q,, = — (Z—D and can be written in non-
y=0
dimensional form as Nusselt number:
= (% = _ (% _ (4611 i(mz—t) 2
Nu (dy)y=0 (dy )y=0 € ( dy )y=0 € + O(S )
= —04(0) + eRer cos(mz — t + ¢p) (87)
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4. NUMERICAL RESULTS

The velocity and temperature profiles have been plotted in (Fig.2-24) to study the effect of different non-
dimensional parameters on the profiles. Furthermore, skin friction and Nusselt number have been tabulated (Table 2-11)
for different values of non-dimensional parameters such as Grashof number (Gr), Reynolds number (Re), Prandtl number
(Pr), mass concentration parameter (f), relaxation time parameter (A), frequency parameter (1), Slip parameter (h) and
temperature parameter (m). The main flow velocity profile and temperature profile for fluid with very little particle mass
concentration have been tabulated in Tablel. The results are found to be in agreement with that of Guria and Jana [7].

Increasing the relaxation time parameter (A) or decreasing the magnitude of Grashof number (Gr) results in a
decrease in the main velocity magnitude for both fluid and particle phase (Fig.2-5). For Gr > 0 and higher Reynolds
number (Re), the magnitude of main fluid and particle velocity increases with increasing Re as expected (Fig.6-7). The
magnitude of main velocity decreases with increasing value of temperature parameter (m) and decreasing value of slip
parameter (h) for both phases and Gr > 0 (Fig.8-11).

Increasing the mass concentration parameter (f) results in a small increase in the magnitude of main velocity for
fluid phase and the increase in magnitude decreases with increasing f for the particle phase (Fig.12-13). The cross flow
velocity profile flattens with decreasing relaxation time parameter (A) for both phases at higher values (Fig.14-15). Also,
increase in slip parameter flattens the cross flow velocity profile (Fig.24). Variation of other parameters has little effect
on the cross flow velocity profiles.

Increasing relaxation time parameter (A) flattens the particle temperature profile but increases oscillations in the
fluid temperature profile (Fig.16-17). Decreasing Pr flattens the oscillations in the temperature profiles for both fluid and
particle phase (Fig.18-19). Increasing mass concentration parameter (f) flattens the temperature profiles, but to a smaller
extent with increasing values (Fig.20-21). Increasing the temperature parameter (m) increases the oscillations in the fluid
temperature profile (Fig.22-23).

The amplitude of the shear stress and the magnitude of tangent of phase shift due to main flow increases with
the increasing magnitude of Grashof number (Gr) and the increasing magnitude of difference between the temperature
parameter (m) and the temperature at the opposite end (Table 3). The amplitude of the shear stress due to both main flow
and cross flow decreases with increasing slip parameter (h). The tangent of phase shift increases with increasing slip
parameter (h) for cross flow but decreases with increasing slip parameter (h) for main flow (Table 5 and Table 7).

The amplitude of the shear stress due to cross flow increases with increasing frequency parameter (1) and
relaxation time parameter (A) (Table 6). The tangent of phase shift due to cross flow mostly increases with increasing
relaxation time parameter (A) but it decreases with increasing frequency parameter (o). There is no general relation
between the dependence of the shear stress due to main flow on the other parameters. The shear stress is dependent on
the interplay between these parameters and a general trend can only be obtained for a much localized domain (Table 2-4).

The amplitude of Nusselt number decreases with increasing mass concentration parameter (f) while it increases
with increasing relaxation time parameter (A). The tangent of the phase shift of Nusselt number follows the opposite
trend with increasing f and A (Tablel10). Both the amplitude and tangent of phase shift of Nusselt number increase with
increasing Prandtl number (Pr) but decrease with increasing slip parameter (h) (Table 9 and Table 11).

The amplitude of Nusselt number increases with the increasing magnitude of difference between the
temperature parameter (m) and the temperature at the opposite end but it does not affect its tangent of phase shift (Table
9). Similar to the shear stress, there is no clear trend of Nusselt number with respect to Reynolds number (Re) and
frequency parameter ()). For small values of frequency parameter (A) and Reynolds number (Re), there is a phase lag
(Table 8). For other cases, there is mostly a phase lead.

5. CONCLUSION

We have extended the work of Guria and Jana [7] to study the effect of dust particles in the fluid and slip
parameter on the three-dimensional unsteady couette flow of viscous incompressible fluid between two horizontal porous
flat plates. A periodic suction is applied to the stationary plate and a constant injection is applied to the uniformly moving
plate. The conclusions of the study are:

» Increasing the relaxation time parameter (A) or decreasing the magnitude of Grashof number (Gr) results in a
decrease in the main velocity magnitude for both fluid and particle phase.

» The magnitude of main velocity decreases with increasing value of temperature parameter (m) and decreasing
value of slip parameter (h) for both phases.

» The amplitude of the shear stress and the magnitude of tangent of phase shift due to main flow increases with
increasing magnitude of Grashof humber (Gr) and increasing temperature difference between the two plates.

» The cross flow velocity profile flattens with decreasing relaxation time parameter (A) for both phases at higher
values.
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» The amplitude of the shear stress due to cross flow increases with increasing frequency parameter (A) and
relaxation time parameter (A).

» Decreasing Pr or increasing Re flattens the oscillations in the temperature profiles for both fluid and particle
phase.

» The amplitude of Nusselt number decreases with increasing mass concentration parameter (f) while it increases
with increasing relaxation time parameter (A).
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Figure 2: Main particle velocity uvs y for . = 5, Re = 2.5, Figure 3: Main particle velocity uyvs y for A =5,
Pr=2,m=15h=05,f=0.2,2=0.0,t=0.0, Re=25Pr=2,m=15h=05,f=0.2,z=0.0,t=0.0,
e=0.05 e=0.05
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Figure 4: Main velocity u vs y for A =5, Re = 2.5, Pr =2,  Figure 5. Main particle velocity u,vs y for 1 = 5, Re = 2.5,
m=15h=054=02f=022z=0.0t=0.0, Pr=2m=15h=054=02f=02,2z=0,1t=0.0,
e=0.05 e=0.05
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Figure 6: Main velocity uvsy for . =5, Gr = 2.5, Pr =2,  Figure 7: Main particle velocity upvs y for A = 5, Gr = 2.5,
m=15h=054=02=0.22z=0.0,t=0.0, Pr=2m=15h=054=02f=022z=0,1=0.0,
e=0.05 e=0.05
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& =0.05

1
0.5

u 0 ]

45 =02
=05 te0s

-

0 0.2 0.4 0.6 0.8 1

y
Figure 12: Main velocity u vs y for A = 5, Re = 2.5,
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Figure 9: Main particle velocity u vs y for 1 = 5, Re = 2.5,

Pr=2Gr=25h=054=02=0.22z=00t=0.0,
e=0.05
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Figure 11: Main particle velocity u, vs y for A = 5,
Re=25Pr=2,Gr=25m=2,=024=022z=0.0,
t=0.0,¢=0.05
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Figure 13: Main particle velocity u vs y for A = 5,

Re=25Pr=2Gr=25 m=2h=054=0.2,
z=0.0,t=0.0,¢=0.05
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Figure 14: Cross-flow velocity wvs y for A =5, Re = 2.5,

Pr=2,Gr=10,m=15h=0.5,f=0.2,z=0.0,t=0.0,
e=0.05
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Figure 16: Temperature O vs y for . =5, Re = 2. 5, Pr = 2,
Gr=10,m=15,h=05,f=0.2,2z=0.0,t=0.0,
e=10.05
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Figure 18: Temperature O vs y for . =5, Re = 2.5, Gr = 1,
m=15h=054=02f=0.22z=0,1t=0.0,
e=0.05
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Figure 15: Cross-flow velocity W, vs y for A = 5, Re = 2.5,
Pr=2,Gr=10,m=15h=05,f=0.2,2=0.0,t=0.0,
e=10.05
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Figure 17: Particle temperature 0 ,vs y for A =5,
Re=25Pr=2,Gr=10,m=15,h=0.5,f=0.2,
z=0.0,t=0.0¢=10.05

1A8|

1.5}
1.4
1.3

12
Pr=2

11 Pr0.72

1 —

09—
0 0.2 0.4 0.6

y
Figure 19: Particle temperature 0 ,vs y for A =5,
Re=250Gr=1,m=15h=054=0.2f=022z=0,
t=10.0,¢=0.05
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Figure 20: Temperature 6 vs y for A =5, Re = 2.5, Pr = 2, Figure 21: Particle temperature 8, vs y for . = 3,
Gr=25m=2h=054=022z=0.01t=0.0, Re=25Pr=2,Gr=25m=2h=05,4=0.2,
e=0.05 z=0.0,t=00¢=0.05
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Figure 22: Temperature O vs y for . = 5, Re = 2.5, Pr = 2, Figure 23: Particle temperature 6 yvs y for A = 5,
Gr=25h=054=02f=022z=0.0t=0.0, Re=25Pr=2Gr=25h=054=02=0.2,
e=0.05 z=0.0,t=0.0e=0.05
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Figure 24: Cross-flow velocity w vs y for A = 5, Re = 2.5, Pr = 2,
Gr=25m=2f=02,4=02,z=0.0,t=00,¢=0.05
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Table 1: Comparison of results of the main flow velocity u with Guria and Jana (2006) for
A=6,Gr=0,Pr=0.72,m=1,h=0,2z=0.0,t=0.2,£=0.2

y Guria and Jana (2006) Present Work
Re=15 Re=2.0 Re=25 Re=15 Re=2.0 Re=25
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.25 0.3841 0.4359 0.4877 0.3961 0.4462 0.4963
0.5 0.6660 0.7191 0.7670 0.6771 0.7197 0.7616
0.75 0.8640 0.8936 0.9189 0.8933 0.8990 0.9116
1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Table 2: Shear stress due to main flowaty =0 for Gr=2.5,Pr=0.72, m=2,h=0.5,f=0.2,
A=0.2,2z=0.0,t=0.0,&=0.05

Re Re, tan ¢,

A=1 A=5 A=10 A=1 rA=5 A=10
2 3.1778 24314 6.8542 -1.6375 -1.0331 -0.7992
3 8.2985 2.3730 2.6252 -3.5349 -0.2738 -0.5452
4 2.3332 2.6268 2.5056 0.1015 0.1042 0.0259
5 1.5035 2.5209 2.7149 0.2807 0.3056 0.2331

Table 3: Shear stress due to main flow aty =0 for Re = 2.5, Pr=0.72, A.=5,h=0.5,f=0.2,
A=0.2,2z=0.0,t=0.0,£=0.05

Gr Rex tan ¢x
m=0 m=1 m=2 m=0 m=1 m=2
-10 7.7709 1.5828 9.0747 -0.13648 -9.09245 -0.5217
-5 3.8386 0.7944 45781 -0.13916 -5.82967 -0.51467
0 0.0959 0.0959 0.0959 0.076986 0.076986 0.076986
5 4.0261 0.7997 4.4160 -0.12881 14.02991 -0.54383
10 7.9585 1.5881 8.9126 -0.13131 87.58858 -0.53627

Table 4: Shear stress due to main flowaty =0 for Re = 2.5, Pr=0.72, Gr= 2.5, A=5, m=2,
h=0.5,z=0.0,t=0.0,e=0.05

F Re, tan ¢,
A=0.1 A=0.2 A=03 A=0.1 A=0.2 A=03
0.2 1.2050 2.1679 5.1606 0.5183 -0.5595 6.4725
0.4 0.9101 1.1652 2.2303 0.3784 -0.1564 1.6247
0.6 0.7342 0.8979 2.5938 0.2685 0.0176 0.2532

Table 5: Shear stress due to main flowaty =0 for Re =2.5,Pr=0.72, Gr=25, A=5 m=2,f=0.2,
A=02,2z=0.0,t=0.0,£=0.05

H Re, tan ¢,
0 10.4774 0.4314
1 1.2773 -0.6834
2 0.6908 -1.6827
Table 6: Shear stress due to cross flow at y =0 for Re = 2.5, Pr=0.72, Gr =2.5, m = 2,
h=05,f=0.2,z=0.0,t=0.0,£=0.05
A Rez tan ¢z
A=0.1 A=0.2 A=03 A=0.1 A=02 A=03
1 0.2370 0.2980 0.5330 -0.0714 0.5700 1.4634
5 1.1948 1.2739 1.4556 -0.1876 -0.1279 0.0396
10 2.4604 2.5861 2.8129 -0.3766 -0.4922 -0.4343

Asian Online Journals (www.ajouronline.com) 1316



http://www.ajouronline.com/

Asian Journal of Applied Sciences (ISSN: 2321 — 0893)
Volume 04 — Issue 06, December 2016

Table 7: Shear stress due to cross flowaty =0 for Re =25, Pr=0.72, Gr =25, A=5, m=2,
f=02,A=0.2,z=0.0,t=0.0,e=0.05

H Re, tan ¢,
0 10.0484 -0.2211
1 0.6798 -0.1217
2 0.3518 -0.1183
Table 8: Nusselt number at y = 0 for Gr=2.5,Pr=0.72, m=2,h=0.5,f=0.2, A=0.2,
z=0.0,t=0.0, e =0.05
Re Rer tan ¢r
A=1 A=5 A=10 A=1 A=5 A=10
2 2.5207 4.3771 5.7800 -0.8105 0.0364 0.3587
3 4.4035 3.9331 4.2636 -0.2052 0.0802 0.2368
4 3.4002 3.7135 3.9340 0.0456 0.1109 0.1834
5 3.5436 3.7250 3.9066 0.0269 0.0949 0.1486
Table 9: Nusselt number aty =0 for Re =2.5,Pr=0.72, Gr =25, A=5,f=02, A=0.2,
z=0.0,t=0.0,&=0.05
H Rer tan ¢
m=0 m=2 m=3 m=0 m=2 m=3
0 6.6486 6.6486 13.2972 0.1812 0.1812 0.1812
1 3.9439 3.9439 7.8878 0.0322 0.0322 0.0322
2 3.8559 3.8559 7.7117 0.0210 0.0210 0.0210
Table 10: Nusselt numberaty =0 for Re=2.5,Pr=0.72,Gr =25, A=5m=2,h=0.5,
z=0.0,t=0.0,e=10.05
f Rer tan ¢,
A=0.1 A=0.2 A=03 A=0.1 A=02 A=0.3
0.2 0.1263 4.1053 10.2522 0.1623 0.0509 -0.0210
0.4 0.0574 1.9914 5.8892 0.1695 0.0730 0.0653
0.6 0.0364 1.4098 4.9051 0.1477 0.0901 0.1912
Table 11: Nusselt numberaty =0 for Re=2.5, Gr=25,A=5m=2,h=0.5,f=0.2,
A=0.2,2=0.0,t=0.0,&=0.05
Pr Rer tan ¢r
0.72 4.1053 0.0509
2.0 4.5539 0.0681
7.0 7.3351 0.0900
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