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Abstract:

This study investigates the influence of fine dust particles on heat and mass transfer of a Couette
flow between two porous plates, employing the perturbation technique. The flow is generated
between two infinite parallel plates, with the upper plate moving at a uniform velocity while
the lower plate remains stationary. The presence of dust particles modifies the fluid’s
momentum, energy, and concentration profiles. The governing partial differential equations,
which describe the conservation of mass, momentum, energy, and concentration, are
formulated for a two-phase flow model-—comprising a viscous fluid phase and a uniformly
distributed dust phase. The perturbation method is applied to linearize the nonlinear coupled
equations under small parameter assumptions. Analytical expressions for velocity,
temperature, and concentration fields are derived and discussed for various physical parameters
such as the dust particle relaxation time, Prandtl number, Schmidt number, and mass
concentration parameter. The results show that the presence of fine dust significantly reduces
the fluid velocity and enhances heat and mass transfer rates depending on the particle loading.

Keywords: Couette flow, Fine dust particles, Two-phase flow, Heat and mass transfer,
Perturbation technique, Prandtl number, Schmidt number, Dust—fluid interaction.

Introduction

The problem of three dimensional fluid flows between porous plates has been of great
interest due to its importance in geophysics, metallurgy, aerodynamics and extrusion of plastic
sheets and other engineering processes such as petroleum engineering, chemical engineering,
composite or ceramic engineering and heat exchangers.

Gersten and Gross (1974) studied the effect of sinusoidal transverse suction velocity
distribution on the flow and heat transfer over a plane wall. This suction velocity distribution
leads to a cross flow and hence to a three-dimensional flow over the surface. Singh et al (1978)
analyzed theoretically of fluid flow along a porous plate placed normal to the flow, where the
system is exposed to a crosswise sinusoidal velocity profile. This forcing gives rise to a three-
dimensional nature in the flow field. For the asymptotic limit case, the wall shear stress in the
direction of primary flow is calculated for numerous standards of the buoyancy parameter G.

The effect of mixed convection and mass transfer of the three dimensional oscillatory
flow of a viscous incompressible fluid past an infinite vertical porous plate in the presence of
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transverse sinusoidal suction velocity oscillating with time and constant free stream velocity
was studied by Ahmed and Liu (2010).

A study on the effect of periodic suction velocity and viscous dissipative heat on three
dimensional flow of an incompressible viscous fluid through an infinite vertical porous plate

when the free stream velocity oscillates in time about a non-zero constant mean was carried
out by Sahin Ahmed (2010).

Bhupendra Kumar Sharma, Tara Chand and Chaudhary (2011) analyzed the mixed

convection three dimensional steady laminar flow of a viscous incompressible fluid past an
infinite vertical plate. Guria and Jana (2006) analyzed the three dimensional fluctuating
Couette flows through the porous plates with heat transfer considering unsteady Couette flow
of a viscous incompressible fluid between two horizontal porous flat plates. The stationary
plate was subjected to a periodic suction and plate in uniform motion was subjected to uniform
injection.
Dolat Khan et al. (2024) analyzed the two-step MHD fluctuating flow of Brinkman-type dusty
fluid between parallel non-conducting plates, taking into account the effects of heat and mass
transfer. Employing the Poincaré—Lighthill perturbation method, they studied the effects of
parameters such as the Grashof number, magnetic field, and dust concentration on the fluid
velocity.

Aziz Ullah Awan et al. (2025) studied the momentum, heat transfer, and entropy generation in
an MHD Maxwell nanofluid with conducting dust particles along a sloping surface. By
employing similarity transformations and the shooting method, they examined mixed
convection, magnetic field, and dusty-fluid interaction effects on velocity, temperature, and
Bejan number with increased entropy production due to the elastic nature of the fluid.

In this work, the absence of concentration in Gayathri ef a/ (2018) motivated us to take
up the present work wherein we study, heat and mass transfer over a porous medium in the
presence of concentration. In order to examine the accuracy of our result, the effect of various
parameters on velocity, temperature and concentration are calculated and plotted.

Flow Description and Governing Equations

Consider the Couette flow of a viscous incompressible dusty fluid between two infinite parallel
flat porous plates. The coordinate system is introduced with its origin on the lower stationary
plate lying horizontally on the xy — plane and the upper plate is placed at a distance d which
is subjected to a uniform motion U. The y — axis is taken perpendicular to the plates. The lower
and the upper plates are assumed to be at constant temperatures T,, and T; respectively, with
T:>T,. The upper plates is subjected to a constant suction V, and the lower to a transverse
exponential injection velocity distribution of the formv = 1 + ee®*.

Received: August 05 2025 1310



International Journal of Applied Mathematics

Volume 38 No. 3s, 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

Fig 1. Schematic Diagram of the flow configuration

The basic equations that govern the steady three dimensional flow of viscous fluid are given

as:
For Fluid phase

V-Gg=0 (D

pl@, V)] = ~V'p" +uvq” +kN(Gy - 4) 0
pc,(G* - VIT= KV'T + k,N(T; — T*) 3)

(q* - V*)c = D,,V%c 4)

For particle phase

V' -gp=0 (%)
mN (G - V)5 = kN (7" - & ©)
ppCop(dp - V)T = hyN(T* = Ty) (7
With the corresponding boundary conditions

u=0; v=v,(1+e€e*); w=0;, T=T, C=C,

u, =0; v, =vy(1+e€e); w,=0;T, =T, aty =0

u=uy v=vy w=0T=T; =00

U, = Uy, Vp =Vo, Wp=0;T,=T; aty=1 (8)

By introducing the following dimensionless parameters,

(x*vy*z*) =d(x,y,2); p* = povép; (W' v, w*) =vy(u,v,w)

(i W) = otk v W) =0 =5 20,

Here, p is the non-dimensional pressure,

p is the density of the fluid,
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N is the number density of the dust particle,

k is the stokes drag constant,

m is the mass of the dust particle, respectively.
The boundary conditions for the problem are

Hence the non-dimensional equations are

For Fluid phase
V-Gg=0

> - 1 > > -
(@-V)§ =—Yp+-V%4 +L(3,-4)
(G-V)6 = ——v29 +6(6, —0)

G-VN¢ = S—CR—EVZdJ

For Particle phase
V-g,=0

(G- V)dp = 7 (d — )
(G, - V)8, = 628(6 — 6,)
Boundary Conditions are

u=0;, v=1+e€e% w=0;, 6=0; =0

u, = 0; vp=1+eeaz; w,=0; 6,=0
u=1; v=1; =0, 6=1; =1
up=1; vp=1;wp=0; 6p=1 aty=1

Writing the equations (9) - (15) in component form, we get

For Fluid phase
el Blhic
TR
P
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v%+w%=$2% 2 21
For Particle phase

2429 (22)
(vp % + wy %) = %(u — up) (23)
(w0 52+ wy 32) = 2 (v —vy) (24)
(v 52+ wyp 52) = 2 (w = wp) (25)
(v 52+ w, 52) = 625(6 — 6,) (26)

3. Solution of the problem

In order to solve the differential equation (17) - (28), we assume the solution in the following
form

u(y;Z,t) =uo(Y)+€u1(yxz;t)+52u2(y:Z;t)+"'
v(y,z,t) =v,(y) + ev,(y,z,t) + €2v,(y,z, t) + -

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

u,(y,2,t) = up, (¥) + €up (v, 2, 1) + €2up(y, 2, 1) + -

v,(0,2,t) =v, (y) +ev, (v,zt) + ezvpz(y, zZ,t) + -

wy (1,2, 1) = wy, (¥) + ew,, (¥, 2, ) + €2wy, (v, 2,8) + -

p(r,2,t) =po(¥) + ep1 (¥, 2, 1) + €?p, (¥, 2, ) + @27)

when € = 0, the problem reduces to

6170 _ _
" 0,5 =1 09)
9%u ou f f
?20 - Rea—y0 —~Reug(y) = =~ Re up,(¥) (29)
aP
6_;20:>p0:k:1 (30)
9% _ prre2% _ prRe 560 (y) =—PrReé 6 @31
dy? oy ol Po
0o _ 1 3%¢o
E " ScRe ay? (32)
v
6;0 = O, UPO =1 (33)
Jdu 1
= =1 [0 () — up, ()] (34)
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T = 5 2B86(y) — 546y, (39)

Hence the solution is given by

wo = wp, =0 (36)
ug(y) = Az + Ae™ + Age™2Y (37)
= Aget + Ay + A, 2 il
Up, = Ae€ ™ T4z + 4 (myT+1) 5 (myt+1) (38)
Oy (1) = A, + Ae™ + A" (39)
0y, = Aroe % + A; + AgB,,€™Y + AgB g™ (40)
Po(y) = Ay + Aye*FeY 1)

When € # 0, substituting (27) in equations (9) —(15), comparing the coefficients of € and
neglecting the higher order terms, we get the following equations

‘Z—? 5 =0 @)
e 55 ™
A =
=l t 5+ 06, - 6) (46)
TN “
2 @
21t vy, 220 = 2w — up,) (49)
=1 - vp) (50)
T =2 (wy — wp,) (51)
0 + v, 220 = 288(0 — 0p,) (52)

To solve the equations (42) to (52) we assume the following complex form

fi(y,z) = e - f11(¥) (53)
an = (_ i)a’:’j% (54)
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1

w11 = (— ;)6;_;1 (55)

where f; (, z) = {uy; v1; Wi; Up1; Vp1; Wpa; 015 0,5 ¢} and

fu1(y) = {u11; V115 W115 Up11; Vp11 Wpi1s 0115 Op 5 ¢’11}
Corresponding boundary conditions are
u1 =0; v =1 w3 =0; 611, =0; ¢11 =0

up11 = 0; vP11 = 1; WP11 = O; 91’11 =0 aty =0

u11=0; 1711:0; W11=0; 91120; ¢11 =0

up11 = 0; vp11 = 0; W1711 = O; 92’11

using the boundary conditions equations (56) and also using equations (53), (54) and (55)
following set of solutions are obtained

P11 = A11eiay + A123_iay (57)

1711 —_ A13e 5Y + A14e 6Y + A158m7y + B31€iay (58)
v =A <—1 ) sY + A mey + A .
e™ e e T
P11 13 5 L1 14 16

+A e™Y + B

iay
31 (irarn) © (59)

15 (tm,+1)
7
ull == A17em5y + A186m6y + A196m7y + 356e(m1+m5)y + Bs7e(m1+m6)y

4+BsgeMitmr)y 4 B e(Matms)y L B o(Mmatme)y 4 B o(mztmy)y
3 3 1 1
+B6ze(la+m1)y + 3638(1a+m2)y + B64e(m1_;)y + B65€(m2_;)y' (60)

Y
Up1y = Azoe 7 + Ay7Bg1€™Y + A1gBgre™? + A1gBgze™”Y + Bg,e(Mi+ms)y

+3853(m1+m6)y + 386e(m1+m7)y + Bg7e(m2+m5)y + nge(m2+m6)y

1
+nge(m2+m7)y + Bgoe(i(x+m1)y +Bgle(i(x+m2)y +Bgze(m1_?)y

+Bg3e(m2_%)y + Bg4e(m5_%)y + B95e(m6_%)y + B%e(m’_%)y

2 ig
+Bg7e Ty + Bgse( T)y (61)

Oy = Aye™Y + Ayye™Y 4 Ayze™0YB o eMstma)y 4 B oo o(Matme)y 4 B oo (matmy)y
-I— Bl34e(m3+ld)y + Bl3se(m4+m5)y + Bl36e(m4+m6)y + Bl37e(m4+m7)y

1 1 .
+ Bigge Mt + B139€_(/16B+?)y + 31406((m3_?)y + B1416((m4_?)3’
+ By,,e((Ms=28B)y 4 31436(("‘6_)‘55)3’

+Bya,e(m=15B)y 4 B o(ia=25R)y (62)
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6,,, = As1B146€™Y + AyyB147€™Y + Ay3e™0Y By yg + Apze1OPY

P11
4By9eMstms)y 4 B . eMatMme)y 4 B . o(Mstm7)y L B . e(Matia)y

4+ByeMatms)y L B o o(Matme)y 4 B o(Matmr)y 4 B . o(matia)y
+3157e_(wﬁ+%)y + Blsge((mg_%)y + Blsge((m‘*"%)y + By goe(ms=2B)y
+B,g,e(Me=28B)Y 4 B o((m7=28R)y 4 B o(a=28B)y 63)
H1(y) = Ayce™1Y + A, e™2Y + B g e(MstSCRAY 4 B o(metScRe)y
+3184e(m7+5c Re)y 4 Blsseia+5c Re)y (64)
_ (6T)
dw = 3y o
Skin Friction

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

d d d
we(),, =) () roe
dy y=0 dy y=0 dy y=0

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

d d d
welg) =) () roe
dy y=1 dy y=1 dy y=1

Nusselt number

The rate of heat transfer is

_ <6T>
qw = dy

The non dimensional form of Nusselt number at y = 0 is

dae do, de,
Vi =—(2) () (B o
dy y=0 dy y=0 dy y=0

y=0

The non dimensional form of Nusselt number at y = 1 is

de do, de,
Vi =—(2) () (B o
dy y=0 dy y=0 dy y=0

Sherwood number

The rate mass transfer is
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_ (66)
qC - ay

The non dimensional form of Sherwood number at y = 0 is

y=0

) +0(€?)

y=0
The non dimensional form of Sherwood number at y = 1 is
d d d
Shy = — (—¢) = - (ﬂ> +€ (ﬂ) +0(€?)
dy/,_o dy /o dy /7,
Results and Discussion

The velocity, temperature and concentration profiles are plotted numerically. The effect of
various pertinent parameters on the profiles is discussed through these plots. Further, skin
friction, Nusselt number and Sherwood number are also analyzed for various dimensionless
parameters.
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Fig 2. Main flow velocity as a function of relaxation time parameter (1)

We know that relaxation time measures the speed with which the dust particle blends with the
fluid. We can see from this Fig 2. that the relaxation time parameter is having an enhancing
effect on the magnitude of the main flow velocity of fluid. In this graph Prandtl number is fixed
as 0.71.
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Fig 3. Main flow velocity as a function of Reynolds number (Re)

Reynolds number which measures the impact of inertial force to viscous force is shown in this
figure. It is evident from the above Fig. 3 that as Reynolds number increases the main flow
velocity decreases. This can be considered as an important impact of the presence of the dust
particles and the viscosity. Both the presence of the dust particles and the viscous force are
found to retard the flow velocity.
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Fig. 4 Main flow velocity for various f
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The behavior of the fluid as a function of the mass concentration f of the dust particles is
shown through Fig. 4. It is observed that, When the mass concentration parameter is increasing
the fluid velocity of the dust particles slows down.
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Fig. 5 Main flow velocity of dust particle phase for various Re

In Fig. 5 the influence of the Reynolds number on the main flow velocity of the dust particles
is seen. It is found that, though the velocity of the dust particles is found to be decreasing due
to increase in the Reynolds number it is not very significant.
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Fig. 6 Main flow velocity of dust particle phase for various t

Fig. 6 discusses the main flow velocity of dust particles for various 1. From Fig 6 we can
conclude that, the parameter t emphasizes the quickness with which dust particles blend with
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the main flow. In this figure we can observe that the velocities of the dust particles are not
modified greatly with the increase in the relaxation time parameter t.
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Fig 7 Temperature profile for various Pr (fluid Phase)

The temperature profile for various Prandtl number is shown through Fig. 7. From Fig. 7, we
can conclude that, with the increase in Pr, the temperature profilr for the fluid phase increases.
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Fig. 8 Temperature profile for various Pr (Particle Phase)

Fig 8 presents the temperature profile for various Pr. It is observed that, with the enhancement
of Pr in particle phase, the temperature profile increases but not much variation is seen.
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Fig. 9 Temperature profile for various A (Fluid phase)
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Fig. 10 Temperature profile for various A (Particle phase)

The temperature profile for various A for both fluid and particle phase are shown through Figs.
9 and 10. This can be readily understood from these figures that, temperature profile enhances
with the enhancement of A.
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Fig. 11 Temperature profile for various 3 (Fluid Phase)
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Fig. 12 Temperature profile for various 3 (Particle Phase)

The effect of temperature on fluid and particle phase for various 3 is depicted in Fig. 11 and
Fig. 12. It can be seen from these figures that, the temperature field increases with the raise of

B.
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Fig. 13 Temperature profile for various 6(Fluid Phase)
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Fig. 14 Temperature profile for various d(Particle Phase)
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The effect of & on temperature filed for both fluid and particle phase are shown through Figs.
13 and 14. The temperature increases significantly with the increase in 9.
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Fig. 15 Concentration profile for various Sc

The effect of Schmidt number on concentration field is observed in Fig. 15. An increase in 9,
decreases the concentration profile.
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Fig. 16 Concentration profile for various Re

The impact of Reynolds number on Concentration filed is shown through Fig. 16. We can
conclude that, with the increase in Re, the concentration filed decreases.
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Fig. 17 Skin friction for various taty =0

The impact of skin friction on t is depicted in Fig. 17. It can be shown from the figure that,

skin friction at y = 0 increases with the increase in t
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Fig. 18 Skin friction for various taty = 1
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Fig. 19 Skin friction for various Re aty =1

The effect of skin friction for various T and Re is shown through Fig. 18 and 19. As expected,

skin friction at the upper plate decreases with the enhancement of t and Re.
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Fig. 20 Nusselt number for various Re aty =0
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Fig. 21 Nusselt number for various aty =1

Fig. 20 and 21 presents the impact of Nusselt number for various Reynolds number at lower
and upper plates. This is readily understood from figures that, Nusselt number enhances with
the enhancement of Re at the lower plate, depreciates with the enhancement of Re at the upper
plate.
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Fig. 22 Sherwood number for various Sc aty = 0
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Fig. 23 Sherwood number for various Sc aty = 1

Fig 22 and 23 represent the impact of Schmidt number on the mass transfer at boundaries . It
can be seen that, Sherwood number decreases with the increase in Sc at the lower plate,
increases with the rise of Re and Sc at the upper plate.
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Fig. 24 Sherwood number for various Re at y =0
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Fig. 25 Sherwood number for various Re aty = 1

Fig 24 and 25 represents the impact of Sherwood number on Re. It can be understood that,
Sherwood number decreases as Sc rises with the increase in Sc at the lower plate, increases
with the rise of Re and Sc at the upper plate.

Conclusion

The effect of dust particles on three dimensional Couette flow between two porous plates of a
viscous incompressible fluid is analyzed in this research paper. The lower plate is stationary
while the upper plate is undergoing uniform motion in its plane. These plates are, respectively
subjected to transverse exponential injection and its corresponding removal by constant
suction.

The key findings are

v The main flow velocity enhances with the increase in relaxation time parameter,
decreases with the enhancement of Reynolds number, mass concentration parameter.

v The main flow velocity of dust particles decreases with the increase in Reynolds
number, increases with the rise of Prandtl number.

v The temperature profile enhances with the raise of A, § and & for both fluid and particle
phase.

v The concentration field decreases with the increase in 6 and Re.

v The skin friction increases at the lower plate, decreases at the upper plate with the
increase in t and Re.

v Nusselt number enhances with the enhancement of Re at the lower plate, depreciates
with the enhancement of Re at the upper plate.

v Sherwood number decreases with the increase in Sc at the lower plate, increases with
the rise of Re and Sc at the upper plate.
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Bisg eMHmOLY By, ommT) | B o omdtion B o o 1AL B0 om3-10y
Bi41 €™M0+ By, M4 Byys eM6AP4 By ML B 45 gliehPO)]

Bi66= -[Biaot Bisot Bisi+ Biszt+ Bisst+ Bisat Bisst Biset Bis7+ Bisst Bisot
Bisot+ Bisi+ Bis2t+ Biss]

Bi67= -[B1ao €™M+ Bys5g MM+ B5) MMt By eIt B 55 MM
Bisy oMM B g oMHmNL B o oMt iny B g, e- @104 B s om3-104
Biso e™10+ Bygg M)t Bygy eMHB)4 Bg, oM H94 B gy lioHho)]

m9_.m8

Bieg=e™"-€

mlO_emS

Biso=e

Bi70= Bies- Bies

Bi71= B147- Bi4s

Bi72= Bi4s- Bi4s

Bi173= Biee- Bie4

B174= Bia7€™- Bace™

B175= Biase™ - Bisce™

Bi76= e

Bi177= Bi67- Bis4Bi4se™

Bi17s= Bi16s(B172 B176- B175)- B16o(B171 B176- B174)

B179= B170(B172 B176- B175)- B16o(B173 B176- B177)

Biso= Bi6s(B173 B176- B177)- B170(B171 B176- B174)

Bis1= Biss(B172 B177- B173 B175)- B169(B171 B177- B173 B174)+ B170(B171 B175-
Bi72 Bi7g)

A= Bi79/ Bi7s

Az3= Biso/ Bi7s
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Az4= Bisi1/ Birs

A21= Biesa-Ax-Ans

Bis:=A2 Sc? Re? A13/(ms+Sc Re)*-Sc Re (ms+Sc Re)+a?

Bis3=A2 Sc? Re? A14/(ms+Sc Re)?-Sc Re (me+Sc Re)+o?

Biss=A2 Sc® Re? A1s/(m7+Sc Re)*>-Sc Re (m7+Sc Re)+a?

Biss=A» Sc? Re? Bsi/(ia+Sc Re)?-Sc Re (io+Sc Re)+a?
Biss=-[Bis21 Bisst+ Bigat+ Biss]

Bis7=[B52e™ S Re By gMO*SeRe 4 Bo) omTHSeRe | B ginSe Re)
Ar5=(Bisse™?-Big7)/(e™?-em 1)

A26:(B187'B1866m1 1)/(em12_eml 1)
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