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Abstract  

The analytical study of viscous, incompressible, conducting fluid flow in multiple regions past and through an impermeable 

cylinder embedded in a sparsely packed porous medium in presence of transverse magnetic field is presented. Modified 

Brinkman equation and Stokes equation are used as governing equations. Here we have computed Tangential velocity 

component, Normal velocity component, streamlines and drag coefficient. The effect of dimensionless parameters on the fluid 

flow have been analyzed and presented graphically. 

 

Key words: Modified Brinkman equation, Porous Parameter, Hartmann Number, Modified Bessel’s equations, Magnetic 

permeability, Drag coefficient 

 

INTRODUCTION                 

 
Fluid flow through or around permeable media is a fundamental phenomenon in numerous engineering and scientific 

applications, including geothermal energy systems, bioremediation processes, construction engineering, and many 

more. In particular, the roles of energy conversion and conservation have intensified the use of porous materials in 

advanced technologies such as fuel cells, thermal insulation systems, and electrochemical batteries. 

 

One of the most critical branches of fluid mechanics in this context is magnetohydrodynamics (MHD), which studies 

the behaviour of electrically conducting fluids under the influence of magnetic fields. While the impact of MHD is 

minimal in terrestrial environments such as oceans or the atmosphere due to water's weak conductivity, its influence 

become profound in astrophysical and industrial contexts. Notable applications include solar wind modelling, dynamo 

theory, magnetic drug targeting, and magnetic resonance imaging (MRI) technology. 

 

In industrial applications, MHD effects are often harnessed to control fluid flow around solid structures, particularly in 

the design of magnetically driven pumps, MHD generators, polymer processing, petroleum extraction, and heat 

exchanger technology. Among classical problems, Hartmann flow representing the flow of a conducting fluid between 

two parallel plates under a transverse magnetic field is of foundational significance and widely used as a benchmark for 

MHD studies. 

 

In this study, we consider the steady, incompressible, viscous, and electrically conducting flow of fluid over a rigid 

cylinder of unit radius, which is enclosed first by a fluid region and then by a surrounding permeable medium, all 

embedded within an unbounded fluid domain. The system is subjected to a uniform transverse magnetic field, 

perpendicular to the direction of flow. The magnetic Reynolds number is assumed to be small, which justifies neglecting 

the induced magnetic field in comparison to the applied magnetic field an assumption commonly valid for most 

industrial fluids with low conductivity. 
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An exact analytical solution is derived using similarity transformation techniques. The governing flow equations are 

solved individually in the fluid and porous regions using Stokes and Brinkman models, respectively. The boundary 

conditions include: 

 

 No-penetration (impenetrability) at the rigid cylinder surface, 

 Continuity of velocity and stress at the interface between fluid and porous regions, 

 Asymptotic matching to a uniform free-stream velocity as r→∞. 

 

This investigation contributes to the understanding of how porosity and magnetic field strength affect flow structure 

and resistance, which has practical implications in designing and optimizing fluid systems influenced by both magnetic 

and porous effects. 

                                               
Physical Configuration 

 

MATHEMATICAL MODELING 

 

We consider the steady, two-dimensional, incompressible, viscous, and electrically conducting fluid flow past a fixed 

rigid cylinder of radius r=1, surrounded successively by a clear fluid region extending up to radius r=2, and a porous 

cylindrical shell extending further up to radius r=3. The entire domain is assumed to be immersed in an infinitely 

extended fluid region (r<∞), and the flow is subjected to a uniform transverse magnetic field perpendicular to the 

direction of flow. 

 

In many industrial and engineering applications, the working fluids typically possess low electrical conductivity and 

small magnetic Reynolds numbers. Hence, the induced magnetic field is negligible in comparison to the externally 

applied magnetic field. Based on this assumption, the magnetohydrodynamic (MHD) approximation simplifies, and 

only the applied magnetic field is considered in the analysis. 

 

The flow is also assumed to be axisymmetric, resulting in a simplification of the governing equations. The fluid motion 

occurs in three concentric regions: 

 Region R1: Clear fluid region (1<r<2) 

 Region R2: Porous medium (2<r<3) 

 Region R3: Outer clear fluid region (3<r<∞) 

Continuity equation                     𝛻 ⋅ 𝑞1⃗⃗  ⃗ = 0                                                    (1) 

Modified Stokes equation   𝛻𝑝1 = 𝜇𝛻
2𝑞1⃗⃗  ⃗ + 𝜇ℎ

2𝜎𝑒(𝑞1⃗⃗  ⃗ × 𝐻⃗⃗ ) × 𝐻⃗⃗ ,          (2) 

In porous region (region R2) the flow is characterized by the equations which are: 

Continuity equation                  𝛻 ⋅ 𝑞2⃗⃗⃗⃗ = 0 ,                                                    (3) 

Modified Brinkman equation   

                  𝛻𝑝2 = 𝜇̅  𝛻2𝑞2⃗⃗⃗⃗ −
𝜇

𝐾
𝑞2⃗⃗⃗⃗ + 𝜇ℎ

2  𝜎𝑒(𝑞2⃗⃗⃗⃗ × 𝐻⃗⃗ )  × 𝐻⃗⃗ ,                      (4)                                                                             

Also, the flow in clear fluid section (region R3) is represented by the equations                  

                                                  𝛻 ⋅ 𝑞3⃗⃗⃗⃗ = 0,                                                     (5) 

                   𝑝3 = 𝜇𝛻
2𝑞3⃗⃗⃗⃗ + 𝜇ℎ

2𝜎𝑒(𝑞3⃗⃗⃗⃗ × 𝐻⃗⃗ ) × 𝐻⃗⃗ ,                                       (6) 

            In addition, the hypothesis made here is, 𝜇 = 𝜇. 
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We considered the cylindrical polar co-ordinates (𝑟, 𝜃, 𝜙) with the origin as a center of the cylinder. All quantities are 

independent of 𝜙 since the flow is axially symmetric.  

We introduce the following non-dimensional parameters: 

  𝑟∗ =
𝑟

𝑎
,  𝑞1

∗⃗⃗  ⃗  =
𝑞1⃗⃗ ⃗⃗  

𝑢∞
,   𝑞2

∗⃗⃗⃗⃗  =
𝑞2⃗⃗ ⃗⃗  

𝑢∞
,  𝑞3

∗⃗⃗⃗⃗  =
𝑞3⃗⃗ ⃗⃗  

𝑢∞
, 𝑝1
∗ =

𝑎1𝑝1

𝜇𝑢∞
,   

𝑝2
∗ =

𝑎1𝑝2

𝜇𝑢∞
,  𝑝3

∗ =
𝑎1𝑝3

𝜇𝑢∞
, 𝐻∗⃗⃗ ⃗⃗  =

𝐻⃗⃗ 

𝐻0
                                                                                         (7) 

 

In the view of equation of continuity, one can define a stream function 𝜓𝑗(𝑟, 𝜃) (where 𝑗 = 1, 2, 3 for fluid, permeable 

and fluid regions respectively) such that  

                                          𝑢𝑗 =
1

𝑟

𝜕𝜓𝑗

𝜕𝜃
;   𝑣𝑗 = −

𝜕𝜓𝑗

𝜕𝑟
,                                    (8)                

Removing the pressure term from the equations (2), (4) and (6) by cross multiplication method, an equation for 𝜓𝑗 

which is linear partial differential equation of 4th order can be obtained in the form 

                           𝐸4𝜓𝑗 − 𝑄𝑗
2𝐸2𝜓𝑗 = 0,                                                  (9)                        

where 𝑄𝑗
2 = {

𝑚2 ,     𝑗 = 1

𝑠2  ,     𝑗 = 2

𝑚2 ,    𝑗 = 3

    for fluid, permeable and fluid sections respectively.
 

The impenetrability conditions at the surface of the rigid cylinder is:  

                                 𝑢3(1, 𝜃) = 0,     0 ≤ 𝜃 ≤ 2𝜋,                                   (10) 

                                 𝑣3(1, 𝜃) = 0,     0 ≤ 𝜃 ≤ 2𝜋.                                   (11)  

Matching interface conditions at the boundary of region R1 and region R2, 

                             𝑢2(3, 𝜃) = 𝑢1(3, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                              (12) 

                             𝑣2(3, 𝜃) = 𝑣1(3, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                              (13)                

                             𝜏𝑟𝜃(2)(3, 𝜃) = 𝜏𝑟𝜃(1)(3, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                 (14) 

                             𝜏𝑟𝑟(2)(3, 𝜃) = 𝜏𝑟𝑟(1)(3, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                (15) 

Also, at the boundary of region R2 and region R3, 

                            𝑢3(2, 𝜃) = 𝑢2(2, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                               (16) 

                            𝑣3(2, 𝜃) = 𝑣2(2, 𝜃), 0 ≤ 𝜃 ≤ 2𝜋,                                (17) 

                          𝜏𝑟𝜃(3)(2, 𝜃) = 𝜏𝑟𝜃(2)(2, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                    (18) 

                         𝜏𝑟𝑟(3)(2, 𝜃) = 𝜏𝑟𝑟(2)(2, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                     (19) 

Where 

  𝜏𝑟𝜃(1) =
1

𝑟

𝜕𝑢1

𝜕𝜃
+
𝜕𝑣1

𝜕𝑟
−
𝑣1

𝑟
,   is the tangential stress component                (20)          

   𝜏𝑟𝑟(1) = −𝑝1 + 2
𝜕𝑢1

𝜕𝑟
   is the normal stress component                           (21) 

Further, 𝜏𝑟𝜃(2), 𝜏𝑟𝑟(2) in region R2 and 𝜏𝑟𝜃(3), 𝜏𝑟𝑟(3) in region R3 are also defined likewise as equation (20) and equation 

(21). 

Since 𝜇 = 𝜇, we have       

                                 𝑝2(3, 𝜃) = 𝑝1(3, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋,                           (22)                

                                 𝑝3(2, 𝜃) = 𝑝2(2, 𝜃),  0 ≤ 𝜃 ≤ 2𝜋.                           (23) 

Further, the stream function for constant flow away from the boundary is: 

                   𝜓1(𝑟, 𝜃) = (𝑟 −
1

𝑟
) 𝑠𝑖𝑛 𝜃 ,     3 ≤ 𝑟 < ∞.                             (24)                                

From the equations (1) and (2), velocity components in region R1: 

                𝑢1~𝑐𝑜𝑠𝜃,   𝑣1~ − 𝑠𝑖𝑛𝜃 as 𝑟 → ∞.                                          (25)                 

Therefore, the equation (2) becomes, 

                    𝜓1(𝑟, 𝜃)~𝑟 𝑠𝑖𝑛 𝜃,  as 𝑟 → ∞.                                               (26) 

 

SYSTEM OF SOLUTION 

 

An equation (4) suggests the similarity solution to the equation (9) as: 

                                  𝜓𝑗(𝑟, 𝜃) = 𝑓𝑗(𝑟) 𝑠𝑖𝑛𝜃,                                                (27) 

where 𝑗 = 1, 2, 3 for fluid, permeable and fluid regions.                           

 

Solving equation (9) using equation (27), we obtain ordinary differential equation of 4th order as, 

𝑓𝑗
𝑖𝑣 +

2

𝑟
𝑓𝑗
‴ −

3

𝑟2
𝑓𝑗
″ +

3

𝑟3
𝑓𝑗
′ −

3

𝑟4
𝑓𝑖 − 𝐽𝑗

2 (𝑓𝑗
″ +

1

𝑟
𝑓𝑗
′ −

1

𝑟2
𝑓𝑗) = 0,       (28) 
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where 𝑄𝑗
2 = {

𝑚2 ,   𝑗 = 1

𝑠2  ,   𝑗 = 2

𝑚2    𝑗 = 3

    for fluid, permeable and fluid regions respectively. 

 

The corresponding no-slip and interface boundary conditions in terms of  𝑓𝑗(𝑟), from the equations (12) to (21) are 

given as in the equations  

No-slip condition at the surface of the rigid sphere is expressed by: 

                                                      𝑓3(1) = 0,                                                  (29) 

                                                     𝑓3
′(1) = 0,                                                  (30)  

and at the interface of region R1 and region R2, the boundary conditions are, 

                                                   𝑓2(3) = 𝑓1(3),                                              (31) 

                                                  𝑓2
′(3) = 𝑓1

′(3),                                             (32) 

                                                  𝑓2
″(3) = 𝑓1

″(3),                                           (33) 

                                     𝑓2
′′′(3) − 𝜎2𝑓2

′(3) = 𝑓1
′′′(3).                                 (34) 

also at the interface of region R2 and region R3, , 

                                                  𝑓3(2) = 𝑓2(2),                                              (35) 

                                                𝑓3
′(2) = 𝑓2

′(2),                                              (36) 

                                                𝑓3
″(2) = 𝑓2

″(2),                                              (37) 

                                     𝑓2
′′′(2) − 𝜎2𝑓2

′(2) = 𝑓3
′′′(2).                                 (38)  

The uniform speed far from the boundary, the equation (26) becomes 

                                  𝑓1(𝑟)~𝑟  as   𝑟 → ∞.                                                    (39) 
 

Take the substitution, 𝑝𝑗(𝑟) = 𝑓𝑗
″(𝑟) +

1

𝑟
𝑓𝑗
′(𝑟) −

1

𝑟2
𝑓𝑗(𝑟)                                 (40) 

to reduce ordinary differential equation of 4th order into 2nd order. Here suffix  𝑗  takes the values from 1 to 3 which 

represents the solution respectively in fluid, permeable and fluid regions.                                                                                   
Using the equation (40) in the equation (28), we get 

                         𝑝𝑗
″(𝑟) +

1

𝑟
𝑝𝑗
′(𝑟) − [𝐽𝑗

2 +
1

𝑟2
] 𝑝𝑗(𝑟) = 0                            (41) 

where  𝑄𝑗
2 = {

𝑚2 ,   𝑗 = 1

𝑠2  ,   𝑗 = 2

𝑚2,    𝑗 = 3
                                         

 

Equation (41) represents modified Bessel’s differential equation of order one, whose general solution is given by: 
                           𝑝𝑗(𝑟) = 𝐶𝑗𝐾(𝑄𝑗𝑟) + 𝐷𝑗𝐼(𝑄𝑗𝑟)                                          (42) 

where 𝐶𝑗 and 𝐷𝑗  are arbitrary constants. From the equations (40) and (42), we get 

             𝑓𝑗
″(𝑟) +

1

𝑟
𝑓𝑗
′(𝑟) −

1

𝑟2
𝑓𝑗(𝑟) = 𝐶𝑗𝐾(𝑄𝑗𝑟) + 𝐷𝑗𝐼(𝑄𝑗𝑟)                (43) 

which is ordinary differential equation of 2nd order involving the variable coefficients which can be solved by variation 

of parameters method and gained the general solution as 

                   𝑓𝑗(𝑟) = 𝐴𝑗𝑟 +
𝐵𝑗

𝑟
+ 𝐶𝑗𝐾(𝑄𝑗𝑟) + 𝐷𝑗𝐼(𝑄𝑗𝑟)                            (44) 

 

Therefore, the solutions of equation (44) for fluid, porous and fluid region respectively are given by, 

            𝑓1(𝑟) = 𝐴1𝑟 +
𝐵1

𝑟
+ 𝐶1𝐾(𝑚𝑟) + 𝐷1𝐼(𝑚𝑟), 3 ≤ 𝑟 < ∞           (45)        

         𝑓2(𝑟) = 𝐴2𝑟 +
𝐵2

𝑟
+ 𝐶2𝐾(𝑠𝑟) + 𝐷2𝐼(𝑠𝑟), 2 ≤ 𝑟 < 3,                (46) 

        𝑓3(𝑟) = 𝐴3𝑟 +
𝐵3

𝑟
+ 𝐶3𝐾(𝑚𝑟) + 𝐷3𝐼(𝑚𝑟), 1 ≤ 𝑟 < 2                (47) 

 

As  𝑟 → ∞, 𝐼(𝑀𝑟) → ∞  in region R1. Hence 𝐷1 = 0 and further from the equation (39) we get 𝐴1 = 1, Therefore Eq. 

(45) reduces to: 

                       𝑓1(𝑟) = 𝑟 +
𝐵1

𝑟
+ 𝐶1𝐾(𝑚𝑟), 3 ≤ 𝑟 < ∞,                           (48) 

Thus, the stream function in fluid, permeable and fluid regions are given by, 

                     

𝜓1(𝑟, 𝜃) = (𝑟 +
𝐵1

𝑟
+ 𝐶1𝐾(𝑚𝑟)) 𝑠𝑖𝑛 𝜃,                               (49)                                            
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          𝜓2(𝑟, 𝜃) = (𝐴2𝑟 +
𝐵2

𝑟
+ 𝐶2𝐾(𝑠𝑟) + 𝐷2𝐼(𝑠𝑟)) 𝑠𝑖𝑛 𝜃 ,               (50)                  

      𝜓3(𝑟, 𝜃) = (𝐴3𝑟 +
𝐵3

𝑟
+ 𝐶3𝐾(𝑚𝑟) + 𝐷3𝐼(𝑚𝑟)) 𝑠𝑖𝑛 𝜃 ,                (51) 

where 𝐵1, 𝐶1, 𝐴2, 𝐵2, 𝐶2, 𝐷2, 𝐴3, 𝐵3, 𝐶3 and 𝐷3 are the arbitrary constants which are found with the help of boundary 

conditions mentioned from the equations (29) to (38). 

The shearing stress at some point on the surface of the cylinder is given by
 

               𝜏𝑟𝜃 = 𝜇̄ (𝑟
𝜕

𝜕𝑟
(
𝑣

𝑟
) +

1

𝑟

𝜕𝑢

𝜕𝜃
)                                (52) 

On non–dimensionalising, equation (52) reduces to 

       
𝜏𝑟𝜃
𝜇̄𝑈∞
𝑎

= −(
1

𝑟

𝜕𝑢

𝜕𝜃
+ 𝑟

𝜕

𝜕𝑟
(
𝑣

𝑟
))                                 (53) 

𝜏𝑟𝜃𝑖 = −
𝜇̄𝑈∞

𝑐
(3

𝐵1

𝑟3
−
1

𝑟
+ 𝐶1 (−

𝐾1
′(𝑚𝑟)𝑚

𝑟
+ 𝐾1

′′(𝑚𝑟)𝑚2)) 𝑠𝑖𝑛 𝜃                        (54)        

    𝜏𝑟𝜃2 = −
𝜇̄𝑈∞

𝑐

(

 

4𝐵2

𝑟3
4 − 2𝐴2 + 𝐶2 [𝑠

2 (𝐼1
′′(𝑠𝑟) −

𝐾1
′(𝑆𝑟)𝑆

𝑟
)] +

𝐷2 [(𝑠
2𝐼1
′′(𝑠𝑟) −

𝐾1
′(𝑆𝑟)𝑆

𝑟
)]

)

 𝑠𝑖𝑛 𝜃.
              (55)  

    𝜏𝑟𝜃3 = −
𝜇̄𝑈∞

𝑐

(

 

4𝐵3

𝑟3
4 − 2𝐴3 + 𝐶3 [𝑚

2 (𝐼1
′′(𝑚𝑟) −

𝐾1
′(𝑚𝑟)𝑚

𝑟
)] +

𝐷2 [(𝑚
2𝐼1
′′(𝑚𝑟) −

𝐾1
′(𝑚𝑟)𝑚

𝑟
)]

)

 𝑠𝑖𝑛 𝜃.
         (56) 

The equations (54)-(56) represent shearing stress equation for fluid, porous and fluid region respectively.

  

SOLVE FOR THE DRAG FORCE 

 

The drag force Ft for an impermeable cylinder of radius ‘a’ embedded in a porous medium can be calculated by 

integrating the stresses over the impermeable cylinder as 

                               𝐹𝑡 = ∫ ∫ {(𝜏𝑟𝜃)𝑟=𝑎}
𝜋

0

2𝜋

0
𝑅2 𝑠𝑖𝑛 𝜃 𝑑𝜑𝑑𝜃                                                                      

(57) 

Substituting equation (54) -( 56) in equation (57), we get: 

       𝐹𝑡1 = 4𝜋𝜇̄𝑈∞𝑎𝐺1
     

𝐹𝑡2 = −4𝜋𝜇̄𝑈∞𝑎𝐺2
  

𝐹𝑡3 = −4𝜋𝜇̄𝑈∞𝑎𝐺3
                        

 (58)

                                                 Further, the drag coefficient is given by: 

              𝐶𝐷 =
𝐹𝑡𝑖

−
1

2
𝜌𝑈∞

2 𝑎2𝜋
                                                                 (59) 

Substituting equation (58) in equation (59), we get: 

             Drag co-efficient in fluid region 

                                          𝐶𝐷1 =
16𝐺1

𝑅𝑒
                                                                             (60)       

             Drag co-efficient in porous region                                                                             

                                        𝐶𝐷2 =
16

𝑅𝑒
𝐺2                                                                              (61)  

             Drag co-efficient in fluid region                                                                             

                                        𝐶𝐷2 =
16

𝑅𝑒
𝐺3                                                                              (62) 

   where  


 aU
Re


2

 is Reynolds number.                                                           

    𝐺1 = −
𝜇̄𝑈∞

𝑐
(3

𝐵1

𝑟3
−
1

𝑟
+ 𝐶1 (−

𝐾1
′(𝑚𝑟)𝑚

𝑟
+ 𝐾1

′′(𝑚𝑟)𝑚2))                                       (63)  

    𝐺2 = −
𝜇̄𝑈∞

𝑐

(

 

4𝐵2

𝑟3
4 − 2𝐴2 + 𝐶2 [𝑠

2 (𝐼1
′′(𝑠𝑟) −

𝐾1
′(𝑆𝑟)𝑆

𝑟
)] +

𝐷2 [(𝑠
2𝐼1
′′(𝑠𝑟) −

𝐾1
′(𝑆𝑟)𝑆

𝑟
)]

)

 

                            (64) 

https://pspac.info/index.php/dlbh/article/view/462


 

年 2026 體積 54 問題 3  
276 DOI: 10.46121/pspc.54.3.20 

 

    𝐺3 = −
𝜇̄𝑈∞

𝑐

(

 

4𝐵3

𝑟3
4 − 2𝐴3 + 𝐶3 [𝑚

2 (𝐼1
′′(𝑚𝑟) −

𝐾1
′(𝑚𝑟)𝑚

𝑟
)] +

𝐷2 [(𝑚
2𝐼1
′′(𝑚𝑟) −

𝐾1
′(𝑚𝑟)𝑚

𝑟
)]

)

                         (65)
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                             (i)                                                                      (ii) 

 

 
(iii)                                                                     (iv) 

Figure.1 Streamlines for fixed  𝜎 = 5 and varying  𝑚 

(i) 𝑚 = 0.001                (ii) 𝑚 = 6              (iii) 𝑚 = 10                   (iv) 𝑚 = 20. 

 

 

  

 
                                 (i)                                                                               (ii)       
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                        (iii)                                                                               (iv) 

Figure. 2 Streamlines for fixed  𝑚 = 0.01 and varying values of  𝜎 

(i) 𝜎 = 5                 (ii) 𝜎 = 5.5                     (iii) 𝜎 = 6                     (iv) 𝜎 = 6.4   

 

   
Figure. 3 Variation of tangential velocity for different values of  𝒎  and  𝝈 
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Figure. 4 Variation of normal velocity for different values of  𝒎  and  𝝈 

 

       

https://pspac.info/index.php/dlbh/article/view/462


 

年 2026 體積 54 問題 3  
280 DOI: 10.46121/pspc.54.3.20 

 

 
Figure.5: Drag co-efficient for fixed Hartmann number 𝒎 and different values of porous  parameter   . 

 
Figure.6: Drag co-efficient for fixed porous parameter   and different values of Hartmann number 𝒎 
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RESULTS AND DISCUSSIONS 

 

This section presents a comprehensive analysis of the flow behavior, streamline patterns, velocity components, and drag 

coefficient for an incompressible, viscous, and electrically conducting fluid flowing around a rigid cylinder, influenced 

by an external magnetic field and a surrounding porous medium. The modified Stokes and Brinkman equations are 

employed to model the flow in the clear and porous regions, respectively. The exact solutions are obtained using 

similarity transformations and expressed in terms of modified Bessel functions. The influence of key non-dimensional 

parameters such as the Hartmann number ‘m’ and the porosity parameter σ is analyzed. 

 

Streamline Performance under Magnetic and Porosity Effects 

The effect of magnetic field strength and porous permeability on the fluid flow is studied through streamline plots. 

When the porosity parameter is increased to σ=5 and the magnetic field is negligible (m=0.001), the resistance offered 

by the porous medium significantly reduces fluid penetration, resulting in weaker streamline intensity in the porous 

region (Figure 1(i)). With increasing magnetic field, fluid re-entry into the porous region is enhanced, and streamlines 

once again begin to encircle the solid cylinder (Figures 1(ii)–(iv)). 

 

Conversely, for fixed low magnetic field m=0.01, increasing the porosity parameter from σ=5 to σ=6.4 reduces the 

permeability of the porous region. As a result, fluid penetration decreases and flow recirculation or circulatory motion 

becomes prominent within the porous region, as shown in Figures 2(i)–(iv). 

 

Tangential and Normal Velocity Distribution 

Tangential velocity profiles are examined along the line θ=π/2 across the three regions: clear fluid (inner and outer) and 

porous medium. For fixed σ =4, increasing the magnetic field suppresses velocity in the porous region due to the Lorentz 

force, while velocity recovers in the outer clear fluid region. The velocity profile assumes a parabolic shape, with the 

maximum occurring in the mid-porous region and minima at the solid core (no-slip condition) and fluid–porous interface 

(matching condition), as shown in Figure 3(i). 

 

For a fixed magnetic field m=5, increasing σ leads to reduced velocity due to diminished permeability. This confirms 

that the porosity parameter plays a significant role in moderating the velocity field (Figure 3(ii)). 

 

Normal velocity variations are analyzed along θ=π/4 for both increasing Hartmann number and porous parameter. With 

higher magnetic fields, the normal velocity decreases within the porous zone, slightly increases near the interface due 

to continuity constraints, and again decreases in the outer region. A similar pattern is observed for increasing σ, where 

the fluid’s ability to penetrate and circulate within the porous region is reduced (Figures 4(i) and 4(ii)). 

 

Drag Coefficient for Fixed Hartmann Number 𝒎 and Different Values of Porous Parameter σ,  and vice versa 

The figure 5 illustrates the variation of the drag coefficient 𝐶𝐷with Reynolds number 𝑅𝑒 for a fixed Hartmann number 

𝑚 and different values of the porous parameter σ. 

 

It is observed that the drag coefficient decreases monotonically with increasing Reynolds number for all values of the 

porous parameter σ. At low Reynolds numbers, viscous effects dominate the flow, resulting in higher drag coefficients. 

As the Reynolds number increases, inertial effects become more significant, leading to a reduction in drag. 

 

The influence of the porous parameter σ is also clear from the figure 5. For a fixed Reynolds number, the drag coefficient 

decreases as the porous parameter increases. The curve corresponding to the smallest porous parameter exhibits the 

highest drag coefficient, whereas the curve corresponding to the largest porous parameter gives the lowest drag 

coefficient. 

 

Physically, a larger porous parameter corresponds to higher permeability resistance within the porous layer. The porous 

medium absorbs a greater portion of the fluid momentum and suppresses fluid motion near the cylinder surface. 

Consequently, the velocity gradients and wall shear stresses are reduced, leading to a lower drag force acting on the 

cylinder. 

 

Furthermore, the separation between the curves is more pronounced at lower Reynolds numbers and gradually 

diminishes at higher Reynolds numbers. This indicates that the influence of the porous parameter is strongest in the 

creeping-flow regime and becomes less significant as inertial effects dominate the flow field. 
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Therefore, the results demonstrate that increasing the porous parameter effectively reduces the drag coefficient of the 

cylinder, while increasing the Reynolds number further enhances this drag-reduction effect. 

 

For a fixed magnetic field strength (𝑚), increasing the porous parameter (σ) reduces the drag experienced by the 

impermeable cylinder embedded in the porous medium. This demonstrates the effectiveness of the porous layer in 

controlling and reducing hydrodynamic drag. 

 

Conversely, the drag coefficient (𝐶𝐷) decreases with increasing Hartmann number (𝑚) for a fixed porosity parameter 

(σ). This reduction indicates lower fluid drag in the porous region due to the enhanced magnetic damping effect, as 

shown in Figure 6. 

 

Main Observations 

 𝐶𝐷decreases with increasing Reynolds number 𝑅𝑒.  

 For fixed Hartmann number 𝑚, 𝐶𝐷decreases as a porous parameter  increases.  

 Maximum drag occurs for the smallest value of σ.  

 Minimum drag occurs for the largest value of σ.  

 The effect of σ is more significant at low Reynolds numbers.  

 At high Reynolds numbers, all curves tend to approach nearly constant values.  
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