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Abstract 

 

Numerical analysis is carried out for a natural convective flow over an 

impulsively started moving semi-infinite vertical cylinder with temperature 

oscillation in the presence of porous medium. The governing partial 

differential equations are solved numerically by an efficient, iterative, tri-

diagonal, semi-implicit finite-difference method. The effects of permeability 

parameter, the thermal Grashof number, the mass Grashof number, the Prandtl 

number, the Schmidt number, and the frequency parameter are investigated. 

The numerical results indicate that an increase in permeability parameter 

shows an increase in velocity and thermal boundary layer but a decrease in 

concentration boundary layer. As the frequency parameter increases, the 

velocity and temperature profiles decreases. The local as well as average skin-

friction, Nusselt number and Sherwood number are also shown graphically. As 

the permeability parameter increases, local Nusselt number and local 

Sherwood number increases.  
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INTRODUCTION 

It is the joint action of the buoyancy forces from thermal and mass diffusion that 

govern the transport processes in many engineering applications as in chemical 

engineering, metallurgy, geophysics, oceanography etc. Natural convection is 

involved in areas such as in the study of the structure of stars and planets, cooling of 

nuclear reactors etc. The phenomenon relating to temperature and heat transfer has to 

be studied in-depth because of its widespread occurrence in almost all branches of 

science and engineering. The application of boundary layer techniques to mass 

transfer has been of considerable assistance in developing the theory of separation 

processes and chemical kinetics. Some of the interesting problems that have been 

studied are mass transfer from droplets, free convection on electrolysis in non-

isothermal boundary layer. The study of transient convection is of great significance 

relating to various environmental and industrial situations like atmospheric flows, 

thermal regulation processes, air conditioning systems, security of energy systems, 

cooling of electronic devices etc. In general, flow through porous media encounters 

problems as in the cases of movement of oil and natural gas, underground water 

resources, paper industry and flow of blood etc.  

A comprehensive study of the natural convection phenomenon occurring inside a 

porous layer with both heat and mass transfer between two vertical walls maintained 

at different temperatures and different concentrations was given by Osvair and Adrian  

Bejan [1]. The authors used both numerical results and scale analysis to provide a 

balanced description of the phenomenon of natural convection in a porous layer with 

combined buoyancy effects. The numerical experiments were used to support the 

trends, validity domains and flow regimes predicted by theoretical order-of magnitude 

reasoning.  

An exact solution to the flow of a viscous incompressible fluid past an infinite vertical 

oscillating plate, in the presence of a foreign mass has been derived by the Laplace-

transform technique when the plate temperature is linearly varying as time was given 

by Soundalgekar et al [2]. Hossain et al [3] considered an unsteady free convection 

flow of a viscous incompressible and electrically conducting fluid along a vertical 

plate in the presence of a variable transverse magnetic field when the surface 

temperature of the plate oscillates with a small amplitude about the mean temperature 

which varies as a power n of the distance from the leading edge. Three distinct 

methods, namely, the perturbation method, the local non-similarity method and the 

implicit finite difference methods are employed in finding the solutions of the 

equations governing the unsteady hydromagnetic free convection flow for the heat 

transfer rate.  

An Analysis has been performed by Ganesan and Rani [4] to study the effects of 

variable surface temperatures for a transient natural convection flow over a vertical 

cylinder. The surface temperature of the cylinder is considered varying as a power 

function of distance from the leading edge and their effects on velocity and 

temperature profiles has been studied. Li et al [5] investigated the steady and unsteady 

free convections from a vertical flat plate with stream-wise surface temperature 
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oscillation. For small Grashof numbers, they computed an asymptotic formula for the 

average Nusselt number by using a perturbation method.  

An analysis has been performed by Chen [6] to study the momentum, heat and mass 

transfer characteristics of MHD natural convection flow over a permeable, inclined 

surface with variable wall temperature and concentration, taking into consideration 

the effects of ohmic heating and viscous dissipation. The viscous dissipation effect 

shows a considerable reduction in the heat transfer rate. In the presence of a magnetic 

field, the velocity is found to be decreased, associated with a reduction in the velocity 

gradient at the wall, and hence the local skin-friction coefficient decreases. 

The effect of the periodic oscillation of the surface temperature on the transient free 

convection from a vertical plate is investigated by Saeid [7]. It is found that increasing 

the amplitude and the frequency of the oscillating surface temperature will decrease 

the free convection heat transfer from the plate in respect of both air and water. The 

unsteady natural convective flow of an incompressible viscous fluid of arbitrary 

Prandtl number near an infinite vertical plate has been considered by Chandran et al 
[8]. It is found that the fluid temperature is greater in the case of isothermal plate than 

in the case of ramped temperature at the plate. The unsteady laminar boundary layer 

flow over a continuously stretching permeable surface is investigated by Ishak et al 
[9]. A new similarity solution has been devised, which transform the time-dependent 

governing equations to ordinary differential equations.  

The problem of steady state, laminar heat and mass transfer by non-Darcy free 

convection boundary-layer flow adjacent to an isothermal vertical cylinder embedded 

in a saturated porous medium in the presence of thermal radiation and chemical 

reaction effects with temperature-dependent viscosity was considered by Chamkha et 
al [10]. It is found that there are significant effects on the heat and mass transfer 

characteristics of the problem due to the variation of viscosity and radiation and 

chemical reaction effects. Deka and Paul [11] presented an analytical solution of 

unsteady natural convective flow past an infinite moving vertical cylinder with 

constant temperature. It is observed that the magnitude of temperature is maximum at 

the surface of the cylinder and decay to zero asymptotically.  

Numerical solutions of MHD effects on the free convective flow of an incompressible 

viscous fluid past a moving semi-infinite vertical cylinder with temperature oscillation 

is performed by Loganathan et al [12]. It is found that the increase in the magnetic 

field leads to the decrease in the velocity field and in the absence of the magnetic 

field, the velocity overshoots near the cylinder. The problem of double-diffusive 

MHD mixed convection flow adjacent to a vertical plate with prescribed surface 

temperature has been investigated  by Subhashini et al [13].  

 

The objective of the present paper is to study the heat and mass transfer effects on 

flow past a semi infinite moving vertical cylinder with temperature oscillation through 

a porous medium. 
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MATHEMATICAL ANALYSIS 

Consider the free convection flow of a viscous incompressible, laminar flow over an 

impulsively started moving semi infinite vertical cylinder of radius 0r . Initially both 

cylinder and the fluid are stationary at the same temperature T
  and at the same 

concentration level C
 . At a time 0t  , the cylinder starts moving in the vertical 

direction with uniform velocity 0u . The temperature and the concentration on the 

surface of the cylinder are raised to wT   and wC . The effect of viscous dissipation is 

assumed to be negligible in the energy equation due to slow motion of the cylinder. 

The axial and radial co-ordinates are taken to be x  and r , with x  -axis measured 

vertically upward along the axis of the cylinder and r  -axis measured normal to axis 

of cylinder. On making the Boussinesq’s approximation, the equations governing 

boundary layer flow of continuity, momentum, energy and concentration are as 

follows: 
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Equations (1) – (4) are reduced to the following non dimensional form: 
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RU RV
X R

 
 

 
 

1 1
                                                                              (8)

U U U UU V GrT GcC R U
t X R R R R 

     
      

     

 

1
                                                                                                            (9)

Pr

T T T TU V R
t X R R R R

     
    

     
 

1
                                                                                                        (10)

C C C CU V R
t X R ScR R R

     
    

     
 

The corresponding initial and boundary conditions in non-dimensional form are given 

by 
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Numerical Procedure 

The two dimensional unsteady, non-linear coupled partial differential equations  

(7) – (10) under the initial and boundary conditions (11) are solved using an implicit 

finite difference scheme of Crank-Nicolson type described by Ganesan and 

Loganathan [14].  

The region of integration is considered as a rectangle with sides  max 1.0X   and 

 max 15.0R   where maxR  corresponds to R  which lies very well outside the 

momentum, thermal and concentration boundary layers.  

After experimenting with few sets of mesh sizes, the mesh sizes have been fixed at the 

level 0.02,  0.2X R     with time step 0.01t  . In this case, spatial mesh sizes 

are reduced by 50% in one direction, and later in both directions, and results are 

compared. The equations at every internal nodal point for a particular i-level 

constitute a tridiagonal system. This system is solved by applying the Thomas 

algorithm as described in Carnahan et al [15]. Computations are carried out for all the 

time levels until the steady state is reached. The steady-state solution is assumed to 

have been reached when the absolute differences between the values of U, as well as 

temperature T and concentration C at two consecutive time steps, are less than 
510
 all 

grid points. It is observed that, when the mesh size is reduced by 50% in the R-

direction, the results differ in the fifth place after the decimal point while the mesh 

sizes are reduced by 50% in X-direction or in both directions the results are correct to 

five decimal places. Hence, the above mesh sizes have been considered as 

appropriate. 
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The scheme is unconditionally stable using the Von Neumann technique. The local 

truncation error is  2 2O t R X    and it tends to zero as ,  t R   and X  tend to 

zero. Hence the scheme is compatible. Stability and compatibility ensures the 

convergence of the finite difference scheme. 

 

RESULTS AND DISCUSSION 

The problem of free convective flows with heat and mass transfer of a impulsively 

started moving semi-infinite vertical cylinder is considered in the presence of porous 

medium and temperature oscillation .The effects of the flow parameters such as the 

permeability parameter λ, the Grashof number Gr, the mass Grashof number Gc, the 

Prandtl number Pr, the Schmidt number Sc, and the frequency parameter ω on the 

velocity, temperature, and concentration distributions of the flow field are studied 

analytically and presented with Pr 7.0  for water and Pr 0.7  for air. Also the 

effects on local skin friction, local Nusselt number, local Sherwood number, average 

skin friction, average Nusselt number and average Sherwood number are discussed. 

In order to ascertain the accuracy of the numerical results, the present study is 

compared with the previous study. The temperature profiles for 

1.0,  0.0,Gr Gc     Pr 0.7 are compared with the available solution of Chen 

and Yuh (1980) in Fig. 1. It is observed that the present result is in good agreement 

with the available result. 

 

Figure 1. Comparison of temperature profile. 

 

The transient velocity profiles for different values of Prandtl number Pr and 

permeability parameter λ, Schmidt number Sc and frequency parameter ωt are shown 

in Fig. 2. The transient velocity profiles presented are those at 1.0X  . It is observed 

that the velocity decreases with increasing values of Prandtl number. This is because 

the lower Prandtl number of air exhibits a greater velocity gradient. The time taken to 

reach the steady-state velocity increases as Pr increases. The velocity boundary layer 



Natural Convective Flow over moving Vertical Cylinder with Temperature … 845 

increases with an increase in permeability values. This is due to the Darcy's law which 

relates the flow rate and the fluid properties to the pressure gradient applied to the 

porous medium. Hence there is an increase in velocity boundary layer thickness. It is 

shown that velocity slowly increases with time, reaches a temporal maximum at time 

3.08t   and becomes steady after time 7.34t  . Schmidt number is used to 

characterize fluid flows in which there are simultaneous momentum and mass 

diffusion convection processes and it is defined as ratio of momentum diffusivity and 

mass diffusivity. It is observed that there is a decrease in the transient velocity profile 

for an increase in the Schmidt number. Time required in reaching the steady-state 

velocity increases as Sc increases. 

 

 

 

Figure 2. Transient velocity profile for different Sc and λ. 

 

The transient velocity profiles for different values of thermal Grashof number, mass 

Grashof number and frequency parameter ωt are shown in Fig. 3. Maximum velocity 

is observed near the upstream and then it started to decrease in the flow direction. 

When the thermal Grashof number or mass Grashof number increases, the buoyancy 

effect becomes more significant. It is noted that when Gr or Gc increases, there is 

rapid rise in the velocity near the surface of the vertical cylinder and then descends 

smoothly to the free stream velocity. Lower time level has been noted for different 

values of Gr or Gc. The time required to reach the steady-state velocity increases with 

the decrease in thermal Grashof number and mass Grashof number. It is noted that 

there is a decrease in the velocity profile for an increase in the values of frequency 

parameter ωt. 
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Figure 3. Transient velocity profile for different Gr, Gc and ωt. 

 

 

 

Figure 4. Transient temperature profile for different Sc and λ. 

 

The transient temperature profiles for different values of Prandtl number Pr and 

permeability parameter λ, Schmidt number Sc and frequency parameter ωt are shown 

in  Fig. 4. The effect of Prandtl number is very important in the temperature profiles. 

It is known that Prandtl number plays an important role in flow phenomena because it 

is a measure of the relative magnitude of viscous fluid boundary layer thickness to the 

thermal boundary layer thickness. It is observed that with the increasing values of Pr, 

the thermal boundary layer thickness decreases. There is a fall in temperature profile 

for an increase in Pr. This is due to the fact that fluids with lower Prandtl number give 

rise to less heat transfer. It is found that the thermal boundary layer is increased with 
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an increase in the permeability parameter λ. The permeability being the measure of 

the ability of a porous material allows the fluids to pass through it. Hence when there 

is an increase in this parameter there will be a free flow of fluid through the medium. 

Temporal maximum has been observed. It is noted that the temperature increases with 

time and then it reaches a temporal maximum at time 1.00t   and becomes steady 

after time 9.34t  . It is observed that when there is an increase in Schmidt number, 

there is also an increase in the temperature profile. 

 

 

Figure 5. Transient temperature profile for different Gr, Gc and ωt. 

 

The transient temperature profiles for different values of thermal Grashof number, 

mass Grashof number and frequency parameter ωt are shown in Fig. 5. It is observed 

that temperature profiles decreases for increasing value of Gr or Gc. Since, the 

modified Grashof number is used to characterize the fluid inertia effect, an increase in 

the inertia force parameter decreases the thermal boundary layer thickness. There is 

an increase in the temperature profile with respect to time reaching a temporal 

maximum around time 0.89,0.71t   and finally becomes steady after time 

8.65,7.91t   respectively (Pr = 0.7) for different Gr, Gc. Similarly a temporal 

maximum is observed at time 1.03t   and then it becomes steady after time 9.16t   

(Pr = 7.0). It is noted that there is a decrease in the temperature profile for an increase 

in the values of frequency parameter ωt.  

The transient concentration profiles for different values of Prandtl number Pr and 

permeability parameter λ, Schmidt number Sc and frequency parameter ωt are shown 

in Fig. 6. The concentration profile increases for higher values of Pr. This is because a 

higher Prandtl number fluid has a relatively low thermal conductivity, which reduces 

conduction. It is clear that the concentration boundary layer decreases with increasing 

values of Sc. This is due to the fact that a larger Schmidt number corresponds to a 

thinner concentration boundary layer relative to the momentum boundary layer. This 
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results in larger concentration gradient on the cylinder. The time taken to reach the 

steady-state concentration increases with the increase in Schmidt number. By 

increasing the permeability parameter λ it is found that there is a decrease in the 

concentration boundary layer. The time taken in reaching the steady-state is found to 

increase with the increase in the permeability values. There is an increase in the 

concentration profile reaching a temporal maximum around time 1.42t   and finally 

becomes steady after time 9.16t   (Pr = 7.0). Similarly a temporal maximum is 

observed at time 1.02t   and then it becomes steady after time 10.01t   (Pr = 0.7). 

 

 

Figure 6. Transient concentration profile for different Sc and λ. 

 

The transient concentration profiles for different values of thermal Grashof number, 

mass Grashof number and frequency parameter ωt are shown in Fig. 7. It is observed 

that concentration profiles decreases for increasing value of Gr or Gc. This trend is 

just opposite to the transient velocity profile, where there is an increase in velocity 

with an increase in Gr or Gc. It is observed that concentration increases with the 

increase in ωt and the time taken to reach the steady-state increases as ωt decreases. 

Temporal maximum has been noted. It is noted that concentration slowly increases 

with time then it reaches a temporal maximum around time 1.02t   and becomes 

steady after time 9.34t   with 2.0Gr Gc  . Similarly, the concentration reaches a 

temporal maximum at time 0.71t   and it is steady after 7.91t   with 4.0Gr Gc 

It is noted that there is a increase in the concentration profile for a increase in the 

values of frequency parameter ωt. 
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Figure 7. Transient concentration profile for different Gr, Gc and ωt. 

 

Knowing the numerical values of velocity, temperature and concentration, the local 

and average skin-friction, the rate of heat transfer and mass transfer can be calculated. 

The local as well as average skin-friction, Nusselt number and Sherwood number in 

terms of dimensionless quantities are given by  
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The derivatives involved in the equations are evaluated using five-point 

approximation formula and then the integrals are evaluated using Newton-Cotes 

formula. 

The local shear stress, the local heat transfer rate, and the local mass transfer rate are 

shown in Figs. 8–10 as functions of axial coordinate X for various values of 

permeability parameter, Prandtl number, and frequency parameter. The values of local 

skin-friction are plotted in Fig. 8. The wall shear stress is observed to increase with 

increasing value of X. Skin-friction increases as Pr increases since velocity gradient is 

more for fluids with smaller Pr (= 0.7 such as air) than for the fluids with larger Pr (= 

7.0 such as water). When the permeability parameter λ increases, the value of skin 

friction decreases. It is seen that there is a rise in the skin-friction due to the increase 

in the frequency parameter ωt.  
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Local Nusselt number for different values of Pr, λ and ωt is shown in Fig. 9. It 

increases as X increases. The local heat transfer is stronger on Pr since lower Pr gives 

thicker temperature profiles. Larger values of Nusselt number are observed for higher 

value of Pr. Also, it is observed that local Nusselt number increases by the decreasing 

value of frequency parameter ωt. When the permeability parameter λ increases, the 

value of Nusselt number also increases.  

The local Sherwood number is shown in Fig. 10, for various values of Pr, λ and ωt. 

The effect of Sc is greater on the local Sherwood number. It is observed from Fig. 6 

that there is a larger concentration gradient on the cylinder. The value of Sherwood 

number increases as the permeability λ increases. The local mass transfer rate 

increases with the decrease in Prandtl number and frequency parameter ωt. This is due 

to the fact the concentration increases with the increase in ωt.  

The average shear stress, the rate of heat transfer, and the rate of mass transfer are 

shown in Figs. 11–13 as functions of time for different permeability parameters, 

Prandtl numbers, Grashof numbers, Schmidt numbers and frequency parameter. From 

Fig. 11, it is observed that skin friction values increase with time and became steady 

after some lapse of time. Average values of skin friction get reduced with increasing 

values of λ throughout the transient period and also at steady-state level. The Average 

skin friction increases with increasing values of Pr. Moreover, initially, higher 

average Nusselt numbers and average Sherwood numbers are observed, and then they 

decrease with time.  

The behaviour of average Nusselt number is similar to those described for the local 

Nusselt number. Figure 12 show that there is no change in Nusselt number in the 

initial period with respect to Pr. This reveals that heat transfer is due to conduction. 

The average heat transfer rate is more affected by increasing values of Pr. For the 

increasing values of λ, and Gr or Gc, the average Nusselt number also increases. The 

average heat transfer rate decreases with increasing values of ωt. Average Sherwood 

number or average mass transfer rate is shown in Fig. 13. It is observed that the mass 

transfer rate gets increased with the increase in permeability parameter λ. It decreases 

for increasing values of Prandtl number Pr and frequency parameter ωt.  

 

Figure 8. Local skin-friction. 
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Figure 9. Local Nusselt number. 

 

 

Figure 10. Local Sherwood number. 

 

Figure 11. Average skin-friction. 
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Figure 12. Average Nusselt number. 

 

 

Figure 13. Average Sherwood number. 

 

CONCLUSIONS 

In this paper, the problem of natural convective flow over a moving semi-infinite 

vertical cylinder in the presence of porous medium along with temperature oscillation 

is considered. The dimensionless partial differential equations with the appropriate 

boundary conditions are solved numerically by an implicit finite difference method 

which is unconditionally stable and convergent. The effects of Prandtl number, 

Schmidt number, thermal Grashof number, mass Grashof number, permeability 

parameter and frequency parameter are shown graphically and their results are 

discussed. The conclusions of this study are as follows: 

1. When Pr increases, there is a fall in velocity and temperature profile but there 

is an increase in concentration profile.  

2. When λ increases, velocity and temperature profile increases but there is a 

decrease in concentration boundary layer.  
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3. When Sc increases, there is a fall in velocity and concentration profile but 

there is a increase in temperature profile. The time required in reaching the 

steady-state velocity and concentration increases with an increase in Schmidt 

number.  

4. When ωt increases, the velocity and temperature profile decreases whereas 

concentration profile increases.  

5. When Gr or Gc increases, there is rapid rise in the velocity profile and a fall in 

both temperature and concentration profiles.  

6. When the permeability parameter λ increases, local heat transfer rate and local 

mass transfer rate increases.  

7. When there is an increase in the frequency parameter, there is an increase in 

skin-friction and a fall in both local heat and mass rate rate.  

8. Larger values of skin-friction and Nusselt number are observed for higher 

value of Pr and there is a fall in local Sherwood number.  

9. Average values of skin friction get reduced with increasing values of λ.  

10. For the increasing values of λ, and Gr or Gc, the average Nusselt number also 

increases. The average heat transfer rate decreases with increasing values of 

ωt. 

11. It is observed that the mass transfer rate gets increased with the increase in 

permeability parameter λ. It decreases for increasing values of Prandtl number 

Pr and frequency parameter ωt. 
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LIST OF SYMBOLS 

Gr  thermal Grashof number 

g  acceleration due to gravity 

XNu  local Nusselt number 

Nu  average Nusselt number 
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XSh  local Sherwood number 

Sh  average Sherwood number 

Pr  Prandtl number 

R  dimensionless radial co-ordinate 

r  radial co-ordinate 

0r  radius of cylinder 

T  temperature 

t  time 

,  U V  dimensionless velocity components in ,  X R  directions respectively 

,  u v  velocity components in ,  x r  directions respectively 

X  dimensionless axial co-ordinate 

 

Greek symbols 

  thermal diffusivity 

  volumetric coefficient of thermal expansion 

  kinematic viscosity 

  density 

  dimensionless frequency of oscillation 

  frequency of oscillation 

X  local skin-friction 

  average skin-friction 

t  grid size in the time 

R  grid size in the radial direction 

X  grid size in the axial direction 
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