Acta Math. Univ. Comenianae Vol. LXXX, 2 (2011), pp. 171–184 171

UNSTEADY FLOW OF A CONDUCTING DUSTY FLUID BETWEEN TWO CIRCULAR CYLINDERS

G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Abstract. The present analysis deals with the study of laminar flow of a conducting dusty fluid with uniform distribution of dust particles between two circular cylinders. Initially the fluid and dust particles are at rest. The flow is due to the influence of time dependent pressure gradient and the differential rotations of the circular cylinders. The exact solutions for both fluid and dust velocities are obtained using Variable Separable method. Further the skin friction at the boundaries is calculated. Finally the changes in the velocity profiles with R are shown graphically.

1. Introduction

The influence of dust particles on viscous flows has great importance in petroleum industry and in the purification of crude oil. Other important applications of dust particles in a boundary layer include soil erosion by natural winds and dust entrainment in a cloud during nuclear explosion. Also such flows occur in a wide range of areas of technical importance like fluidization, flow in rocket tubes, combustion, paint spraying and more recently blood flows in capillaries.

P. G. Saffman [14] formulated the equations for dusty fluid flow and studied the laminar flow of a dusty gas. Michael and Miller [13] investigated the motion of dusty gas with uniform distribution of the dust particles occupied in a cylinder and between two rotating cylinders. Samba Siva Rao [15] obtained unsteady flow of a dusty viscous liquid through circular cylinder. E. Amos [1] studied magnetic effect on pulsatile flow in a constricted axis-symmetric tube. A. J. Chamkha [5] obtained unsteady hydromagnetic flow and heat transfer from a non-isothermal stretching sheet immersed in a porous medium. Datta and Dalal [6] obtained solutions for pulsatile flow and heat transfer of a dusty fluid through an infinitely long annular pipe. Liu [12] studied flow induced by an oscillating infinite flat plate in a dusty gas. Indrasena [10] made the solution of steady rotating hydrodynamicflows. Girishwar Nath [9] studied the dusty viscous Fluid Flow between Rotating Coaxial Cylinders.

Received January 30, 2010; revised January 15, 2011. 2010 Mathematics Subject Classification. Primary 76T10, 76T15.

Key words and phrases. Circular cylinder; laminar flow; conducting dusty fluid; velocity of dust phase and fluid phase; skin friction; periodic motion; impulsive motion; transition motion; motion for a finite time.

172 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Yang Lei and Bakhtier Farouk [17] investigated three-dimensional mixed convection flows in a horizontal annulus with a heated rotating inner circular cylinder. Colette Calmelet-Eluhu and Philip Crooke [4] tudied unsteady conducting dusty gas flow through a circular pipe in the presence of an applied and induced magnetic field. The authors Bagewadi and Gireesha [2], [3] studied two-dimensional dusty fluid flow in Frenet frame field system and recently the authors [7], [8] obtained solutions for the flow of unsteady dusty fluid under varying time dependent pressure gradients through different regions like parallel plates, rectangular channel and open rectangular channel.

The present investigation deals with the study of unsteady flow of a conducting dusty fluid between two circular cylinders. Here the flow is due to the influence of time dependent pressure gradient and differential rotations of the cylinders. The fluid and dust particles are assumed to be at rest initially. The analytical expressions are obtained for velocities of fluid and dust particles. Further the skin friction at the boundaries is calculated and graphical representation of the velocity profiles versus R is given.

2. Equations of Motion

The equations of motion of conducting unsteady viscous incompressible fluid with uniform distribution of dust particles are given by [14]: For fluid phase

∇ · −→u = 0 (Continuity)

(2.1)

∂−→u ∂t + (−→u · ∇)−→u = −ρ^{−1}∇p + ν∇^2−→u + kN ρ (−→v − −→u ) + 1 ρ ( −→ J × −→ B ) (2.2)

(Linear Momentum)

For dust phase

∇ · −→v = 0 (Continuity)

(2.3)

∂−→v ∂t + (−→v · ∇)−→v = k m (−→u − −→v )

(2.4)

(Linear Momentum)

We have following nomenclature: −→u – velocity of the fluid phase, −→v – velocity of dust phase, ρ – density of the gas, p – pressure of the fluid, N – number density of dust particles, ν – kinematic viscosity, k = 6πaμ – Stoke’s resistance (drag coefficient), a – spherical radius of dust particle, m – mass of the dust particle, μ – the coefficient of viscosity of fluid particles, t – time and −→ J and −→ B given by Maxwell’s equations and Ohm’s law, namely, ∇ × −→ H = 4π −→ J , ∇ × −→ B = 0, ∇ × −→ E = 0, −→ J = σ[ −→ E + −→u × −→ B ] (2.5)

Here −→ H – magnetic field, −→ J – current density, −→ B – magnetic flux, −→ E – electric field and σ – the electrical conductivity of the fluid.

UNSTEADY FLOW FLUID BETWEEN TWO CIRCULAR CYLINDERS 173

It is assumed that the effect of induced magnetic fields produced by the motion of the electrically conducting gas is negligible and no external electric field is applied. With those assumptions the magnetic field −→ J × −→ B of the body force in (2.2) reduces simply to −σB^2_0 −→u , where B_0 is the intensity of the imposed transverse magnetic field.

3. Formulation of the Problem

Consider a flow of viscous incompressible, conducting dusty fluid between two circular cylinders. The inner cylinder is of unit radius and outer cylinder is of radius b. The flow is due to the influence of time dependent pressure gradient and differential rotations of the cylinders. It is assumed that the inner and outer cylinders rotate with the different angular velocities. Both the fluid and the dust particle clouds are supposed to be static at the beginning. The dust particles are assumed to be spherical in shape and uniform in size. The number density of the dust particles is taken as a constant throughout the flow. As Figure 1 shows, the axis of the channel is along z-axis and the velocity components of both fluid and dust particles are respectively given by: u_r = 0; u_θ = 0; u_z = u_z(r, t); v_r = 0; v_θ = 0; v_z = v_z (r, t) } (3.1)

where (u_r, u_θ, u_z) and (v_r , v_θ, v_z ) are velocity components of fluid and dust particles, respectively.

Figure 1. Schematic diagram of the flow.

By virtue of equation (3.1) the intrinsic decomposition of equations (2.1) to (2.4) in cylindrical polar coordinates give the following forms: − 1 ρ ∂p ∂r = 0,

(3.2)

∂u_z ∂t = − 1 ρ ∂p ∂z + ν [ ∂^2u_z ∂r^2 + 1 r ∂u_z ∂r ] + kN ρ (v_z − u_z) − σB^2_0 ρ u_z,

(3.3)

∂v_z ∂t = k m (u_z − v_z),

(3.4)

174 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Let us introduce the following non-dimensional quantities: R = r a , z̄ = z a , p̄ = pa^2 ρν^2

, T = tν a^2

, u = u_za ν , v = v_za ν , β = l γ = Nka^2 ρν , l = Nm ρ , γ = νm ka^2 . (3.5)

Transform the equations (3.2)–(3.4) to the non-dimensional forms as − ν^2 a^3 ∂p ∂R = 0,

(3.6) ∂u ∂T = − ∂p ∂z̄ + [ ∂^2u ∂R^2 + 1 R ∂u ∂R ] + β(v − u) − M^2u,

(3.7) γ ∂v ∂T = (u − v),

(3.8)

where M = B_0a √ (σ/μ) = Hartmann number.

Since we have assumed that the time dependent pressure gradient is impressed on the system for t > 0, so we can write − 1 ρ ∂p ∂z = c + d e^{i αt},

where c, d and α are reals.

Eliminating v from (3.7) and (3.8) and then substituting the expression for pressure gradient, one can get γ ∂^2u ∂T^2

+ (l + 1 + M^2γ) ∂u ∂T − γ ∂ ∂T [ ∂^2u ∂R^2 + 1 R ∂u ∂R ]

=c + d e^{i αt} + [ ∂^2u ∂R^2 + 1 R ∂u ∂R ] − M^2u.

(3.9)

4. Solution Part

Let the solution of the equation (3.9) be written in the form [16], [11] u = U(R) + V (R, T ),

(4.1) where U is the steady part and V is the unsteady part of the fluid velocity Separating the steady part from the unsteady part of the equation (3.9),we get ∂^2U ∂R^2 + 1 R ∂U ∂R − M^2U = −c,

(4.2)

γ ∂^2V ∂T^2

+ (l + 1 + M^2γ) ∂V ∂T − γ ∂ ∂T [ ∂^2V ∂R^2 + 1 R ∂V ∂R ]

= d e^{i αt} + [ ∂^2V ∂R^2 + 1 R ∂V ∂R ] − M^2V.

(4.3)

UNSTEADY FLOW FLUID BETWEEN TWO CIRCULAR CYLINDERS 175

Case 1. Periodic Motion.

Consider the boundary conditions

u = u_1 sin(αT ), at R = 1, u = u_2 sin(αT ), at R = b,

where u_1 and u_2 are uniform angular velocities.

Since u = U(R) + V (R, T ), one can see that the boundary conditions become as follows:

U = 0 and V = u_1 sin(αt) at R = 1, U = 0 and V = u_2 sin(αt) at R = b.

(4.4)

Now, by solving equation (4.2) using the boundary conditions (4.4), one can get U = c M^2 ( T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ) , (4.5)

where J_0 and K_0 are Bessel’s functions of the first and the second kind, respectively, of order zero.

Assume the solution of the equation (4.3) is in the form

V = g(R) e^{i αt},

(4.6)

where g(R) is an unknown function to be determined.

Using equation (4.6) in (4.3), one can obtain

∂^2g ∂R^2 + 1 R ∂g ∂R − λ^2_1g = −λ_2,

(4.7)

where λ_1 =^{(M 2 −γα2)+iα(1+l)}

(1+iαγ) and λ2 = d (1+iαγ) .

Using the boundary conditions (4.4) one can obtain the solution of (4.7)

g(R) = λ_2 λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ sin(αT )

e^{i αt} [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] , (4.8)

Using this in (4.6), we get V = λ_2 e^{i αt}

λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ sin(αT ) [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] . (4.9)

176 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Now, using equations (4.9) and (4.5) in (4.1), we obtain the fluid velocity u in the form u = c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

+ λ_2 e^{i αt}

λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ sin(αT ) [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] ,

(4.10)

Also, the dust phase velocity is obtained from equation (3.8) as

v =A e^{− 1γ T} + c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

+ λ_2 e^{i αt} λ^2_1(1 + i αγ) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ 1 1 + α^2γ^2

[sin αT − αγ cos αT ] [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] ,

(4.11)

where A = αγ 1 + α^2γ^2 [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ]

− c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

− λ_2(1 − i αγ) λ^2_1(1 + α^2γ^2) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ] .

Figure 2. Variation of fluid and dust velocities with R for Case 1.

UNSTEADY FLOW FLUID BETWEEN TWO CIRCULAR CYLINDERS 177

Figure 3. Variation of fluid and dust velocities with R for Case 1.

Shearing Stress (Skin Friction).

The Shear stress at the boundaries R = 1 and R = b, respectively, is given by

D_1 = μc M [ T_1J^′_0(M) + T_2K^′_0(M) T_0 ] + μλ_2 e^{i αt} λ_1 [ Q_1J^′_0(λ_1) + Q_3K^′_0(λ_1) Q_0 ]

+ μλ_1 sin(αT ) [ Q_2J^′_0(λ_1) + Q_4K^′_0(λ_1) Q_0 ]

D_b = μc M [ T_1J^′_0(Mb) + T_2K^′_0(Mb) T_0 ] + μλ_2 e^{i αt} λ_1 [ Q_1J^′_0(λ_1b) + Q_3K^′_0(λ_1b) Q_0 ]

+ μλ_1 sin(αT ) [ Q_2J^′_0(λ_1b) + Q_4K^′_0(λ_1b) Q_0 ]

Case 2. Impulsive Motion.

In impulsive motion, we consider the boundary conditions u = u_1δ(T ), at R = 1, u = u_2δ(T ), at R = b,

where δ(T ) is the Dirac delta function.

Using these boundary conditions, one can see that the solution for velocities of fluid and dust phases is obtained as u = c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

+ λ_2 e^{i αt}

λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ δ(T ) [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] , (4.12)

178 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Figure 4. Variation of fluid and dust velocities with R for Case 2.

Figure 5. Variation of fluid and dust velocities with R for Case 2. and v = c M^2 [ T_1J_0(MR) + T_2K_0(MR)

T_0 − 1 ]

+ λ_2 e^{i αt} (1 + iαγ)λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ e^{−1γ T} γ [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] + A_1 e^{− 1γ T} ,

(4.13)

where A_1 = − 1 γ [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ]

− λ_2 λ^2_1(1 + iαγ) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

− c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ] . Shearing Stress (Skin Friction).

UNSTEADY FLOW FLUID BETWEEN TWO CIRCULAR CYLINDERS 179

The Shear stress, i.e. the skin friction at R = 1 and R = b, respectively, is given by D_1 = μc M [ T_1J^′_0(M) + T_2K^′_0(M)

T_0 ] + μλ_2 e^{i αt}

λ_1 [ Q_1J^′_0(λ_1) + Q_3K^′_0(λ_1) Q_0 ]

+ μδ(T )λ_1 [ Q_2J^′_0(λ_1) + Q_4K^′_0(λ_1)

Q_0 ] ,

D_b = μc M [ T_1J^′_0(Mb) + T_2K^′_0(Mb)

T_0 ] + μλ_2μ λ_1 [ Q_1J^′_0(λ_1b) + Q_3K^′_0(λ_1b) Q_0 ]

+ μδ(T )λ_1 [ Q_2J^′_0(λ_1b) + Q_4K^′_0(λ_1b)

Q_0 ] .

Case 3. Transition Motion.

For transition motion, we consider the boundary conditions u = u_1H(T ) e^{αT} , at R = 1, u = u_2H(T ) e^{αT} , at R = b, where H(T ) is the Heaviside’s unit step function.

Using these boundary conditions, the solution for velocities of fluid and dust phases can be written as u = c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

+ λ_2 e^{i αt}

λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ H(T ) e^{αT} [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] (4.14)

and v = A_2 e^{− 1γ T} + c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

+ λ_2 e^{i αt} λ^2_1(1 + iαγ) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ e^{−1γ T} [ e^{( 1γ +α)T} −1 ] (1 + αγ)

H(T ) [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] ,

(4.15)

where A_2 = − λ_2 λ^2_1(1 + iαγ) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

− c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ] . Shearing Stress (Skin Friction).

180 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Figure 6. Variation of fluid and dust velocities with R for Case 3.

Figure 7. Variation of fluid and dust velocities with R for Case 3.

The skin friction at R = 1 and R = b, respectively, is given by

D_1 = μc M [ T_1J^′_0(M) + T_2K^′_0(M) T_0 ] + μλ_2 e^{i αt} λ_1 [ Q_1J^′_0(λ_1) + Q_3K^′_0(λ_1) Q_0 ]

+ μλ_1H(T )e^{αT} [ Q_2J^′_0(λ_1) + Q_4K^′_0(λ_1) Q_0 ] ,

D_b = μc M [ T_1J^′_0(Mb) + T_2K^′_0(Mb) T_0 ] + μλ_2 e^{i αt} λ_1 [ Q_1J^′_0(λ_1b) + Q_3K^′_0(λ_1b) Q_0 ]

+ μλ_1H(T )e^{αT} [ Q_2J^′_0(λ_1b) + Q_4K^′_0(λ_1b) Q_0 ] .

UNSTEADY FLOW FLUID BETWEEN TWO CIRCULAR CYLINDERS 181

Case 4. Motion for a Finite Time.

For this case, we consider the boundary conditions u = u_1[H(T ) − H(T − t)], at R = 1, u = u_2[H(T ) − H(T − t)], at R = b, where H(T ) is the Heaviside step function.

Using these boundary conditions, we found the solution for velocities of fluid and dust phases as follows: u = c M^2 [ T_1J_0(MR) + T_2K_0(MR)

T_0 − 1 ]

+ λ_2 e^{i αt}

λ^2_1 [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ [H(T ) − H(T − t)] [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] (4.16)

and v = A_3 e^{− 1γ T} + c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ]

+ λ_2 e^{i αt} λ^2_1(1 + iαγ) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

+ e^{−1γ T} [e^{( 1γ +α)T} −1] (1 + αγ)

[H(T ) − H(T − t)] [ Q_2J_0(λ_1R) + Q_4K_0(λ_1R) Q_0 ] ,

(4.17)

where A_3 = − λ_2 λ^2_1(1 + iαγ) [ Q_1J_0(λ_1R) + Q_3K_0(λ_1R) Q_0 − 1 ]

− c M^2 [ T_1J_0(MR) + T_2K_0(MR) T_0 − 1 ] .

Figure 8. Variation of fluid and dust velocities with R for Case 4.

182 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

Figure 9. Variation of fluid and dust velocities with R for Case 4.

Shearing Stress (Skin Friction).

The Shear stress, i.e. the skin friction at the boundaries R = 1 and R = b, respectively, is given by

D_1 = μc M [ T_1J^′_0(M) + T_2K^′_0(M) T_0 ] + μλ_2 e^{i αt} λ_1 [ Q_1J^′_0(λ_1) + Q_3K^′_0(λ_1) Q_0 ]

+ μλ_1[H(T ) − H(T − t)] [ Q_2J^′_0(λ_1) + Q_4K^′_0(λ_1) Q_0 ] ,

D_b = μc M [ T_1J^′_0(Mb) + T_2K^′_0(Mb) T_0 ] + μλ_2 e^{i αt} λ_1 [ Q_1J^′_0(λ_1b) + Q_3K^′_0(λ_1b) Q_0 ]

+ μλ_1[H(T ) − H(T − t)] [ Q_2J^′_0(λ_1b) + Q_4K^′_0(λ_1b) Q_0 ] , where

T_0 = J_0(M)K_0(Mb) − J_0(Mb)K_0(M), T_1 = K_0(Mb) − K_0(M), T_2 = J_0(M) − J_0(Mb), Q_0 = J_0(λ_1)K_0(λ_1b) − J_0(λ_1b)K_0(λ_1), Q_1 = K_0(λ_1b) − K_0(λ_1), Q_2 = u_1K_0(λ_1b) − u_2K_0(λ_1), Q_3 = J_0(λ_1) − J_0(λ_1b), Q_4 = u_2J_0(λ_1) − u_1J_0(λ_1b).

5. Conclusion

In the present paper, we have studied the laminar flow of a conducting dusty fluid between two circular cylinders. The four different cases based on the time dependent pressure gradient are discussed. Variable separable and Eigen expansion methods are employed to solve the governing equations. The graphs for velocity profiles are shown as in Figures from 2 to 9 for different values of parameters like Hartmann number (M) and Time (T ) showing that they are parabolic in nature. From Figures 2, 4, 6 and 8 one can observed the appreciable effect of Hartmann

UNSTEADY FLOW FLUID BETWEEN TWO CIRCULAR CYLINDERS 183

number on the flow of both fluid and dust phases, i.e. the magnetic field has retarding influence. Also, it is evident from the Figures 3, 5, 7 and 9 that as time increases the velocities of both phases decrease, which is desirable in physical situations. Further, we can see that if γ → 0, i.e. if the dust is very fine, then the velocities of both fluid and dust particles will be the same.

Acknowledgment. The authors are thankful to learned referee for his valuable suggestions and comments which helped us improve the paper.

References

1. Amos E., Magnetic effect on pulsatile flow in a constricted axis-symmetric tube, Indian Journal Pure Appl. Math., 34(9) (2003), 1315–1326.

2. Bagewadi C. S. and Gireesha B. J., A study of two dimensional steady dusty fluid flow under varying temperature, Int. Journal of Appl. Mech. and Eng., 94 (2004), 647–653.

3. , A study of two dimensional steady dusty fluid flow under varying pressure gradient, Tensor, N. S., 64 (2003), 232–240.

4. Calmelet-Eluhu C. and Crooke Ph., Unsteady conducting dusty gas flow through a circular pipe in the presence of an applied and induced magnetic field, Mathematical and Computer Modelling, 17 (1993), 55–64.

5. Chamkha A. J., Unsteady hydromagnetic flow and heat transfer from a non-isothermal stretching sheet immersed in a porous medium, Int. Comm. Heat Mass Transfer,25(6) (1998), 899–906.

6. Datta N. and Dalal D. C., Pulsatile flow and heat transfer of a dusty fluid through an infinite long annular pipe, Int., J. Multiphase Flow, 21(3) (1995), 515–528.

7. Gireesha B. J., Bagewadi C. S. and Prasannakumara B. C., Pulsatile Flow of an Unsteady Dusty Fluid Through Rectangular Channel, Comm. Non. Sci. and Num. Sim., 14 (2009), 2103–2110.

8. , Study of unsteady dusty fluid Flow through rectangular channel in Frenet Frame Field system, Int. J. Pure and App. Math., 34(4) (2007), 525–535.

9. Girishwar N., Dusty viscous Fluid Flow between Rotating Coaxial Cylinders, Proc. Nat.

Acad. Sci., 40(A) (1970), 257–263.

10. Indrasena, Steady rotating hydrodynamic-flows, Tensor, N. S., 32 (1978), 350–354. 11. King A. C., Billingham J. and Otto S. R., Differential Equations, Cambridge University Press, New York, 2003.

12. Liu J. T. C., Flow induced by an oscillating infinite flat plate in a dusty gas, Phys. Fluids, 9 (1966), 1716–1720.

13. Michael D. H. andMiller D.A., Plane parallel flow of a dusty gas, Mathematika, 13 (1966), 97–109.

14. Saffman P. G., On the stability of laminar flow of a dusty gas, Journal of Fluid Mechanics, 13 (1962), 120–128.

15. Samba P., Siva Rao, Unsteady flow of a dusty viscous liquid through circular cylinder, Def.

Sci. J., 19 (1969), 135–138.

16. Tyn Myint-U, Partial Differential Equations of Mathematical Physics, American Elsevier Publishing Company, New York, 1965.

17. Yang Lei and Bakhtier F., Three-dimensional mixed convection flows in a horizontal annulus with a heated rotating inner circular cylinder, Int. Journal of Heat and Mass Transfer, 35 (1992), 1947–1956.

184 G. K. RAMESH, MAHESHA, B. J. GIREESHA and C. S. BAGEWADI

G. K. Ramesh, Department of Mathematics, Kuvempu University, Shankaraghatta-577 451, Shimoga, Karnataka, INDIA, e-mail: gkrmaths@gmail.com

Mahesha, Department of Mathematics, Kuvempu University, Shankaraghatta-577 451, Shimoga, Karnataka, INDIA, e-mail: maheshubdt@gmail.com

B. J. Gireesha, Department of Mathematics, Kuvempu University, Shankaraghatta-577 451, Shimoga, Karnataka, INDIA, e-mail: bjgireesu@rediffmail.com

C. S. Bagewadi, Department of Mathematics, Kuvempu University, Shankaraghatta-577 451, Shimoga, Karnataka, INDIA, e-mail: prof bagewadi@yahoo.co.in