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Abstract

Convective flow and temperature distribution in rotating inclined composite porous and fluid layers, in which the pressure
gradient is kept constant, is analytically studied. The fluids in all the domains are distinct in thermal conductivities, viscosities and
densities. The flow is assumed to be steady, two dimensional, laminar and fully developed. Due to the inclusion of buoyancy forces,
viscous and Darcy dissipation terms, the governing equations are non-linear and coupled. The solutions for region Il are obtained
by the regular Perturbation process, whereas the solutions for region | and region Ill are obtained by solving them as linear
differential equations with constant coefficients. The outcomes of the governing parameters on the fluid flow are numerically
computed and graphically depicted and inspected in detail. It is observed that increase in Coriolis force incorporated through the
porous and rotation parameters reduces the temperature and axial velocity of fluid in the three regions.
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1. Introduction

Many recent studies contributed to the subject of
convection in a permeable medium owing to its enormous
practical engineering and scientific applications such as, drying
technology, energy accumulator devices, and packed-bed heat
exchangers, nuclear waste respiratory and geo-thermal devices.
Fluid flow is also a normal phenomenon within a revolving
structure. The velocity, density, volume, etc, will have an effect
on the fluid particles internally and rise as the fluid rotates.
Fluid rotation can be limited, but cannot be disregarded. Flow
in a revolving system has ample industrial and technical
applications. One fluid occupying the entire closure case was
studied in most of the existing research. The fluid mechanism
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also requires duo or more distinct immiscible fluids and sheets
of one liquid over another layer in practical conditions. During
composition and execution of fluid models in low gravity areas,
the behavior of two fluid flow is of great use. Even a
multilayered fluid arrangement gives a modified model for
growing high quality crystals which involve the buoyancy-
driven convective process. Perception of the convective
interaction of composite porous and fluid layers requires
modeling of such systems. Various problems in two phase flow
considering porous and rotation parameter have been studied
by researchers like Bian, Vasseur, Bilgen, & Meng (1996),
Chauhan and Rema Jain (2005), Hadidi and Bennacer (2016),
Karuna Sree Chitturi, Sri Ramachandra Murty Paramsetti, &
SobhanBabu (2020). Malashetty, Umavathi, and Pratap Kumar
(2001), Malashetty et al. (2004), Simon Daniel, & Shagaiya
(2013) and Sri Ramachandra Murty, Balaji Prakash & Karuna
Sree (2018). Umavathi (2005) investigated the effect of
composite couple stress fluid and viscous fluids. Velocity and
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temperature effects in an inclined channel of composite fluid
layer and porous layers was analysed by Malashetty (2005).
The unsteady flow and heat transfer of porous fluid between
viscous fluids were studied by Umavathi (2010). Rashidi
(2012) studied chemically reacting combined heat and mass
transfer effects along a horizontal surface. Kalili (2015)
analyzed unsteady convective heat and mass transfer of a
power-law pseudo plastic nanofluid on a stretching wall.
Armaghani (2016) analyzed numerically, heat transfer and
entropy generation in a baffled L-shaped cavity of water-
alumina nanofluid. Mohebbi (2017) analyzed numerical
simulation of natural convective flow of a nanofluid in an L-
shaped enclosure having an internal heating obstacle. Also
Mohebbi (2018) investigated numerical simulation of forced
convection of three different nanofluids in expanded surfaces.
Recently, Lu (2018) studied flow and temperature
characteristics of nano fluid between two clear fluids. The
peristaltic propulsion of nanofluid through a porous rectangular
duct was studied by Riaz (2019) and peristaltic fow of nano
particles through a curved channel with second-order partial
slip and porous medium was investigated by Riaz (2020).
Houman (2020) studied numerical modeling of nanoparticle
migration with effects of shape of particles and magnetic field
inside a porous enclosure. Zeeshan (2020) analysed
nonspherical nanoparticles in electromagnet hydrodynamics of
nanofluids through a porous medium between eccentric
cylinders. Unsteady flow of two incompressible Maxwell fluids
between infinite horizontal parallel plates in a porous medium
is studied by Constantin (2021). Even though the study on
convective flow and temperature distribution through
composite porous and fluid layers with inclined geometry is of
use, particularly in geophysical systems, there appears to be a
very limited number of researchers, notably, Malashetty,
Umavathi, and Kumar (2005), Umavathi, Liu, Kumar and
Meera (2010), Sheikholeslami and Ganji (2014) and Lu,
Farooq, Hayat, Rashidi and Ramzan (2018). The aim of the
present paper is to study the effect of the parameters such as
inclination angle, rotation parameter and porous parameter etc.,
on MHD convective flow and heat transfer through an inclined
rotating system of composite fluid and porous layers.

2. Materials and Methods

The physical representation of the problem is shown
in Figure 1. It is composed of two plates which are inclined,
parallel and infinite in length along x and z-directions. The
upper and lower plate temperatures,T,, and T,,are kept
constant. ‘@’ is the angle made by the inclined channel with the

Region-I
d?u, . op
H dyzl +sin ¢(T1 =T, )plgﬂl =2pQw, + ox
d’w,
M dyzl =-20u,p,
d’T,

T=Twm

Clear viscous fluid

Region 11

Clear viscous

T=Tw2

Figure 1. Physical configuration

horizontal plane. The regions I and 111 with —h <y <( and
h <y < 2h are loaded with clear viscous fluid with viscosity
1, » density p and thermal conductivity Ki. The region Il with
0<y<h is filled with porous material of permeability K,
saturated with viscous fluid of density p, , viscosity ., and

thermal conductivity Kz. The permeable medium is considered
to be homogeneous and isotropic. The three fluids have
constant transport properties with laminar flow, fully developed
and are assumed to be in a steady state. The flow in the channel
is navigated by temperature gradient AT :Twl _TWz and

OX
by the existence of heat transfer. When rotated with an angular
velocity, mathematically the problem involves the coupling of
Navier-Stokes equation (for fluid region) with Brinkman-
extended Darcy equation (for porous medium) with the
corresponding conditions at the common boundary of the fluid
and porous layer. In order to get realistic predictions, we have
considered Brinkman extended Darcy-Lapwood model. The

entire system is rotated with the angular velocity (2 , about the
y-axis. Therefore, for Boussinesq fluids the equations of motion
and energy following Malashetty, Umavathi, and Kumar
(2005) are:

pressure gradient ( —op j which is constant and is not affected

@
)

®)
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Region-11
d?u . 0
Hy d > +Sm¢(T2 Ty )ngﬁz uz _ZPZQW2+8_§ 4)
d’w, u
H dy? : _Tzwz —2pQu, ®)
d 2Tz Hy 2 2
d_y2+K2k(u2 + W, )=0 (6)
Region-111
d?u, 5]
£y dv?2 +plgﬁ15|n¢(-r — T, ):8—5+ZP1QW3 @)
d?w.
dy -2 p,Qu, ®)
2
d T23 =0 9)
dy
where ui and wi are the x and z components of fluid velocity, where the subscripts i = 1, 2, 3 represents I, Il, I1l phase values

respectively. The thermal expansion coefficient is fiand Ti is the temperature. The velocity vanishes at the walls, because of the
no-slip condition. Considering the above conditions, the respective boundary and interface conditions on velocity and temperature
distributions are:

U, (2h) =0, w(2h) =0; u, (h) =u,(h), w,(h) =w, (h); u,(0) =u,(0),

w, (0) =w,(0)u,(—h) =0, w,(-h)=0 (10)
du, 2% and dw, _ﬂzdw at y=h du M%
dy dy dy dy gy " ay
dw. dw,
and 2=y —= at y=0 (11)
2 dy H dy y
T,(2h) =T,;, Ty(h) =T, (h), T,(0) =T;(0), T,(=h) =T,,,.
dT, dT, dT, dT,
K,—t=K,—% at O0and K, =K,—2 aty=0
1 dy dy y= dy 1 dy y (12)
u X u . u < W « W « W V1 * Y2 x V3 *  Ha
Wehave, =t =u’, Z=u,, ==U, ==W, =t=w, Z2=w =y, ==y "=y3 —=m
U u o | oy P hy hy K2
Pr:ﬂlcp,/i=£, Re:ulhl,K K h—h n=22 y_A RZ= Qv?l
Ky Jk Vi Ky’ £, By’
. 3
h -T 2
Eo_ U ’ { (T- 2)i| g, Gr=9/M (r\grl w2) P:( hl](ap)
Cp(T - w2) (Twl TWZ) Vl /“llul ax
Here average velocity is indicated by U1 .
Applying the above transformations, the equations (1 to 9) transform to:
Region-I
d’u, Gr . )
+—(Sing)6, = P + 2R"w, 13
dy? Re( ?)6, A (13)
2
d V;Il — —2R2ul (14)
dy
d?e,
2 =0 (15)

dy
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Region-11
‘2;“22 + n”;(;; (Sing)6, — }“;‘2‘2 = mP + 2R%w, (16)
dw, W opey, an
dy h
C:ye; + Pr Ecﬁ—j%(u22+wzz) =0 (18)
Region-111
‘2;“23 + (;—; (Sing)@, = P + 2R*w, (19)
ddzvg?’ =—2R%u, (20)
ﬁ%zo (21)

The dimensionless forms of the interface and boundary conditions are:
u,(1+h)=0, w(@+h)=0, u(h)y=u,(h), w(h)=w,(h),
U,(0)=u,(0), W,(0)=w,(0), u,(-1)=0, w,(-1)=0,
U _du, gg dw _dw, g oy

dy dy dy dy

du, _ du; gng dw, _ AW 5y,

dy dy dy dy

6,(1+h)=1, 6h)=6,h), 6,(0)=2¢6,0),6,(—1) =0,

Kdgl:% at y=h,d92:K% at y=0. (22)
dy dy dy dy

Considering @, =U, +1@,, Q, =U, +1a@,, fori=0,1and0,=U,+1@®,, equations (13 to 21) in complex form are:

Region-I
2
Zyﬂl +g—£(sin )6, =P -2iR%, 23)
2
c; «21 0 (24)
y
Region-I1
d? mGr , . A2 -
dyclz R (sin@)0, =1 d, =mP —2i R%q,, (25)
d’e KA, -
dy22 +Pr ECHF(%QZ):O (26)
Region-111
d’q, Gr . ‘2
dy? +%(sm ©)0, =P -2iR"q, @7)
d?e,
o 28
v (28)

az is the complex conjugate of qz.
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The respective boundary and interface conditions are:
% (2)=0,0,(1)=0a,(1),9,(0)=0;(0), g;(~1) =0,
dg, _ 1 da, dg, _ dg,

== at y=1, =m at y=0 (29)
dy m dy dy dy
6.(2)=1 61 =6,(), 6,(0) =6;(0),6;(-1) =0
do, _ 1 dé tyzl,dgzzK% at y=0. (30)
dy K dy dy dy

2.1 Solutions of the problem

The governing energy and momentum equations for Region | and 111 are linear ordinary differential equations. Hence the
solutions can be obtained using the methods of ordinary differential equations. The equations for Region | and Il are

Region |
d?q, Gr, . .
dyCll +%(sm 9)0,=P-2iR% (31)
d?e,
-0 (32)
y
Region 111
d? G
v q R —(sinp) 0, =P -2i R? 0, (33)
d?e
=0 (34)
dy2

For Region Il the governing energy and momentum equations are non-linear and coupled, so regular Perturbation Method is applied
to obtain approximate solution. The perturbation parameter € = Pr.Ec (which is small), is used as the perturbation quantity. The
solutions for Region Il are considered as

(6:,6) =(Gio, b)) + (i, O1) +...... (35)
where gq;o, 0;o are the solutions for the case when € = 0 and q;;, 6;;are perturbed quantities related to q;o, 8;0 respectively.
Substituting the above solutions in equations (25) and (26) and equating the factors of identical existing powers of €, we obtain
equations of zeroth-order and first-order approximations for Region 11 as follows:

Region-11
Equations of zero™-order approximation
d*q,, mGr A? .
dy220 + nb Re( Ng)by, — 2 Oy =MmP-2i Rzon (36)
2
d 61 =0 (37)
dy
Equations of first-order approximation
d’ q221 ( ingp)o,, — 122 0,y =mP —2i RZQzl’ (38)
dy h
d’g, K /12
dy§1 =5 (G0 Gpo) =0 (39)

Boundary conditions

*1 (2) =0, G (1) =0y (1) 1 Uy (1) =0, O20 (0) =0, (0)’ Uy (O) =0,
dql 1 quO dq21 — 0 at y =1 ,

=08 1% 5 yq
% (-1) dy m dy &Y=
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dQ21

dqzo :m% dy =0 at y =0. (40)

dy dy
6,(2) =1 6,(1)=6,,Q), 6,,(1) =0, 6,(0) = &(0),
0,,(0) =0, 6&;(=1)=0,

at y=0,

k9% _ 49 y=h=1,—d6’2°=K—dl93 at y=0.
dy dy dy dy
d921 _ — — d 921 — —
o =0aty=h=1, —2 =0aty=0 (41)
Here
O =U +IW, , Oy =Uyy +1Wyg, Gy = Uy +1W,,, and 0 = Uy +iW;. (42)
Solutions of equations (31 to 34) and (36 to 39) using boundary conditions (40) and (41) are:
_K+y
124K (43)
_(A+Ky)
T 24K (44)
_Q+y)
° 24K (45)
b= [(d, e +d, ™) cosV,y)+ 0,4 0, Y] (46)
=L (€ -0, e™) sinfly)-9,-9,] (47)
u, = [(de™ +d,e™)cos(Ry)] (48)
w, = [(d,e™ ~d,e™)sin(Ry) + g, +9,Y] (49)
Uy = [(dse™ +d,e™)cos(Ry)] (50)
w, = [(de™ —d,e™)sin(Ry) +gs +,Y] (51)

0y, ={dg y+d; + Hye®™ +H e +H ,c08(2V,y)H, y* +H,,y* +H ;
+H,,e"ysin(V,y)+H.,e"Wsin(V,y)+H. ey cos(V,y)+H,.e " cos(V,y)
+H,e™ysin(V,y)+Hye ™ sin(V,y)+H e ™y cos(V,y)+H e cos(V,y)}
+i {H,,Sin(2V,y)+H e Wy sin(V,y)+H,,e"sin(V,y)+H ey cos(V,y)}
+i {H 168 2 cos(V,y)+H e Y ysin(V,y))+H e sin(V,y) }
+i {H51e'\’1yy cos(V,y)+H,e™ cos(V,Y) } (52)
u,, = (dee"+d,e™) cos(V,y)-R.e”7-R,e ™ +R .y’ +R,,y*
+R,,c08(2V,Y)-R e ysin(V,y)+R ,,e"y cos(V,y) -R.sin(2V,y)
+R..+R,y+R .y’ +R ,£Wcos(V,y)+R " sin(V,y)
+R 6™ cos(V,Yy)+R e sin(V,y)+R ey cos(V,y)
+R e ysin(V,y)+R,y’e ™ cos(V,y)+Rzy’e Wsin(V,y) (53)
w,, = (d,,e™-de") sin(V,y) +R e™Vy+R e 2 +R Y +R ,y*
+R,, C0S(2V,Y)+R SN2V, Y)-R.e"ysin(V,y)+R ,e* ycos(V,Y)
+R R, VR Y ++R €'V c0s(V,Y) +ReW'sin(V,Yy)
+R4,6™ c0s(V,Y)+Rq,e™ sin(V,y)+R e ' ycos(V,y)

+R e YSIN(V,)+Rosy e COS(V,y) +Rogy e sin(V,y) -
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The constants involved in Equation 46 to Equation 54
are not given for conciseness and solved by taking the
parameters as (n, Re, b, P) = (1.5, 5, 1 -5). In the Figures 2 to
8, excluding the differing one, all other values are taken from
the set (¢, h, Gr, R, m, k, K, 1) =(30°%1,5,1,05,05,1,2).

In addition to analyze temperature distribution and
impact of velocity on fluid flow it is also important to observe
the effect of physical properties such as skin friction and
Nusselt number.

The skin friction at the upper plate is given by

(ﬂ) =t1r and

dy y=2
The skin friction at the lower plate is given by
=Tp.

(dug)
ay/y=—q

Similarly the rate of heat transfer from the wall to the
fluid, knowing the temperature distribution, at the upper
plate (qr) and lower plate (gg) is given by

(&), = (&)

3. Results and Discussion

=dqs
y=—1

Fluid flow and heat transfer in three regions in an
inclined channel consisting of composite porous and fluid

layers is analysed. The impact of porous parameter A on
velocity field is represented in Figures 2(a) and 2(b). It is

noticed that as the value of A increases, both the axial and
transverse velocities decrease in all the regions. The velocity
fields for region I and region I11, which consist of clear viscous
fluids, are large compared to the region Il, which consists of
porous matrix. The porous matrix in region Il drags the fluid
back on either side of the porous layer. Further it is interesting
to note that the minimum of the velocity occurs at the middle
of the region Il. There are two maxima one each in region | and
region Il. It is also found that the presence of two fluid layers
on either side of the porous layer increases the mass flow rate
in the porous medium. This indicates that the porous frame
exerts a notable effect on the velocity field. The impact of the
rotation parameter R on velocity field is represented in Figures

()
2 —
— ".Q“A'a.;_- .....
$,,
15 L
2) .
=il
. 7’ ” &
....... =2
/ / K
v 0541 ] ———-=
¢ | \ A=6
) “
i N \\\ . == =8
S e.
- \~\\ .
), 3
05 1 DA
Py il
P o
® oad
s catl

3(a) and 3(b). It is observed that axial velocity decreases with
increased rotation due to the Coriolis force. Also it is noticed
that as the rotation parameter R increases in (0, 1.65), the
transverse velocity also increases, but decreases beyond the
range as R increases. Figures 4(a), 4(b); 5(a) ,5(b) ; 6(a) , 6(b)
and 7(a), 7(b) indicate the effect of Grashof number Gr, angle
of inclination ¢, ratio of viscosities m and the ratio of heights
h, showing that as the respective parameter values increase
both the axial and transverse velocities increase. Further, it is
noticed that for all the parameters the graphs are symmetric in
region | and Ill, and the velocity in the porous region is less
when compared with viscous layers.

s eeeiR=05
ST

4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 3. Velocity distribution of R (a) Axial (b) Transvers

(b)

Figure 2. Velocity distribution of A (a) Axial (b) Transverse
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Figure 7. Velocity distribution of h (a) Axial (b) Transverse
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Figures 8(a) to 8(f) show the effect of various
physical parameters on the temperature field. Temperature
profiles are linear for region I and Il and non-linear for region
Il for all governing parameters. Figures 8(a), 8(b) and 8(f)

display the effect of porous parameter A rotation parameter R
and the ratio of heights h on temperature. The increasing values

of A, Rand h reduce the temperature in region Il. Figures 8(c),
8(d) and 8(e) indicate the effect of Grashof number Gr, angle
of inclination ¢ and of ratio of viscosities m showing that as the
values of Gr, ¢ and m increase, the temperature increases in

(a)
2
15
1 7
4’!
Valls
0.5 K;.,f
: g
¥ 0 1‘4
!
....... W=
05 =6
1 -- s

()
2 7
/
’f
15 /
/
/
rd
1 /
y 05 /)
o -
/ == G1=3
/' —Gr1=10
0.5 / Le
/ Gr=15
S Gr=20

Gr

4 7!
05 .
AL R=03
, AT el
/ = =R=l3
05 f - M
‘ / — k=2
/ R~

region II.

The numerical values of skin friction and Nusselt
number are given in Table.1 It is noted that the rate of heat
transfer is invariable for upper and lower plates. As the values
of parameter A increase, the skin friction increases for the upper
plate and decreases for lower plate. As the value of R increases
up to 1.6, the skin friction for the upper and lower plate
increases and then decreases. For the parameters Gr, ¢, m and
h, as the values increase the skin friction for upper plate
decreases and increases for the lower plate.

(b)
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Figure 8(i). Temperature distribution of (a)  (b) R (c) Gr (d)$
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Figure 8(ii). Temperature distribution of () m (f) h
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Table 1.  Skin friction and nusselt number at both upper and lower plates with different physical parameters
Physical Skin friction Skin friction Nusselt number at the Nusselt number at the
parameter at the upper plate (7) at the lower plate (75) upper plate (q7) lower plate (g5)
r=2 -3.08121 0.607441 0.66667 0.66667
A=4 -2.78249 0.372212 0.66667 0.66667
r=6 -2.68386 0.288432 0.66667 0.66667
r=8 -2.63969 0.250498 0.66667 0.66667
R=1 -3.08121 0.607441 0.66667 0.66667
R=15 -0.67573 1.606712 0.66667 0.66667
R=2 -0.21733 1.605959 0.66667 0.66667
R=3 -0.31824 0.131480 0.66667 0.66667
R=4 -0.77626 0.048277 0.66667 0.66667
Gr=5 -3.08121 0.607441 0.66667 0.66667
Gr=10 -3.35113 0.617434 0.66667 0.66667
Gr=15 -3.62104 0.627427 0.66667 0.66667
Gr=20 -3.89096 0.637420 0.66667 0.66667
$=0 -2.81130 0.597448 0.66667 0.66667
¢=30 -3.08121 0.607441 0.66667 0.66667
¢=60 -3.27880 0.614757 0.66667 0.66667
$=90 -3.35113 0.617434 0.66667 0.66667
m=0.5 -3.08121 0.607441 0.66667 0.66667
m=1 -3.39093 0.855358 0.66667 0.66667
m=15 -3.58779 1.010610 0.66667 0.66667
m=2 -3.72364 1.116667 0.66667 0.66667
h=0.1 -2.56865 0.189271 0.66667 0.66667
h=0.2 -2.61481 0.229074 0.66667 0.66667
h=0.4 -2.72173 0.320782 0.66667 0.66667
h=0.5 -2.78249 0.372212 0.66667 0.66667
h=0.8 -2.97422 0.527970 0.66667 0.66667

4. Conclusions

It is perceived that the impact of the porous and
rotation parameters is to retard the temperature, axial and
transverse velocities in three regions. The increase in buoyancy
force incorporated through Grashof number and the angle of
inclination is to enhance the temperature, axial and transverse
velocities for the three layers. The flow and thermal aspects of
the fluids in the channel are enhanced by an increase in the ratio
of viscosities of the fluids and the ratio of heights of the three
regions. The results obtained can be used in heat transfer
aspects associated with the multi layer fluids, such as porous or
clear or viscous. The applications include both geophysical and
industrial fields, such as thermal energy storage system, flow
and heat transfer behavior of lubricants in a porous journal
bearings and porous rollers, tertiary recovery, groundwater
hydrology, reservoir engineering, for purification and filtration
processes in chemical engineering, to study seepage of water in
river beds, the underground water resources in agriculture
engineering, and many others where porous matrix is framed
next to a clear fluid.
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