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Abstract:  This study was conducted to investigate unsteady natural convection flow of heat generating fluid in a porous 
vertical channel with velocity slip and temperature jump in the presence of thermal radiation. The governing 
equations of fluid flow and heat transfer were separated into steady and periodic parts. Exact solutions were 
obtained for velocity, temperature, skin friction and rate of heat transfer. The effects of radiation and other 
fluid parameters involved in the fluid flow were highlighted and discussed. 
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Introduction 
The study of unsteady natural convective flow of viscous 
incompressible fluid in a channel has gained considerable 
attention of researchers in the last few decades.  The 
interest of the study stems from the applications in 
designing cooling of electrical and electronic component, 
automatic control system. The theoretical and practical 
significance of designing of cooling system were discussed 
by Wang (1988). In view of this, Jha and Ajibade (2012) 
studied the effects of viscous dissipation on natural 
convection flow between vertical parallel plates with time-
periodic boundary conditions. The authors pointed out that 
positive value of viscous dissipation parameter suppressed 
the Strouhal number number. Also, Jha and Ajibade 
(2009) considered free convective flow of heat 
generating/absorbing fluid between vertical porous plates 
with periodic heat input. The authors reported that 
introduction of suction/injection suppressed influence of 
heat sink.  All the investigations were conducted to 
improve the cooling of system designs. 
 
In all the above mentioned studies, the effects of velocity 
slip and temperature jump were neglected. However, with 
influx of micro devices in the last few decades for 
household and industrial usages, exclusion of velocity slip 
and temperature jump in the studies may not be efficient 
and effective remove heat generated withinmicro-flow 
devices (Adesanya, 2015). The most efficient way of high 
heat flux removal from small area ismicro channels were 
investigated by Hung and Ru (2006) and Dharaiya and 
Kandlikar (2012). The micro channels are referred to as 
micro-flow devices such as turbines, pumps, heat pipes 
and mixers. The devices are very important in cooling of 
electrical andelectronic components design, chemical 
analysis, biotechnology, medical diagnosis and surgery. 
(Vafai and Zhu, 1999; Vafai and Khaled, 2005) 
 
The flow regimes in micro-devices can be classified using 
Knudsen number.Knudsen number is a measure of the 
validity of the continuum model. The Navier-Stokes 
equations assumed that the continuum flow with the no-
slip conditions at . The continuum valid for the 
slip boundary conditions at . The regimes 
of flow within  is called slip flow regime. 
The higher values of Knudsen number, the Navier-Stokes 
assumption is not valid (Dehghan and Basirat, 2014). The 
study of fluid flow in micro-devices is regarded as a 
continuum flow in a channel. Modeling of flow and heat 

transfer in the micro-devices includes velocity slip and 
temperature jump was investigated by Tunc and 
Bayazitoglu (2002). Adesanya (2015) studied free 
convection flow of heat generating fluid through a porous 
vertical channel with velocity slip and temperature jump 
and pointed out that an increase in slip parameter increased 
the flow velocity and decreased the shear stress at the 
suction wall. 
 
In all the above aforementioned studies, the effects of 
radiative heat transfer on the temperature field were 
neglected. However, Viskana (2014) reported that the 
radiative heat transfer on the porous channel of small 
thickness can be treated as an effective diffusion process. 
Mahmoundi (2011) reported that ignoring the effects of 
thermal radiation on the porous wall channel lead to 
substantial error in the prediction of micro-flow devices. 
Therefore, it is necessary to consider the effects of thermal 
radiation in micro devices. The present study deals with 
the effects of thermal radiation on convection flow of heat 
generating fluid in a porous channel with velocity slip and 
temperature jump. The diffusion of radiation heat transfer 
was used and considered the Roseland approximation 
efficient of optically thickness. 
 
Mathematical formulation 
Unsteady laminar free convective flow of viscous 
incompressible heat generating fluid in a porous vertical 
channel with velocity slip and temperature in the presence 
of thermal radiation is considered. The micro- channel 
walls aretaken vertically and parallel to x-axis at . 
It is assumed that on wall the fluid is injected into 

the channel with constant velocity  and sucked off at 

the wall  at the same constant velocity. It is also 
assumed that gas molecules are interacting with surface of 
the walls through force of attraction. Consequently, the 
molecules of gas are absorbed on the surface and reflected 
after some time lag. The time lag held to macroscopic 
velocity slip and temperature jump. The flow is induced by 
periodic heating at both walls. The equations governing 
the fluid flow and heat transfer are as follows; 
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For rarefied flow with velocity slip and temperature jump, 
the relevant boundary conditions are; 

,  

 at , 

 ………… (3) 

,  at  

………… (4) 

Where: is the time, is the velocity, is constant 

horizontal velocity, is the kinematic viscosity,  is the 

acceleration due to gravity, is the volumetric expansion,

is the fluid temperature, , and are referenced 

fluid temperature respectively, is the thermal 

conductivity, is the fluid density, is the specific heat 

at constant pressure, is the heat generation when 

and the heat absorption when , is the 

radiative heat flux,	�	is the tangent momentum 
accommodation, �is the molecular mean free path, � is the 
specific heat ratio and �� is thermal accommodation 
coefficient 
 
Using Rosseland approximation, the radiative heat flux 
(Brewster, 1992) can be modeled as;  

 ………… (5) 

Where: is the Stefan-Boltzmann constant, is the 
mean absorption coefficient. If the temperature differences 

within the flow are sufficiently small such that  may 
be expressed as a linear function of the temperature, the 

Taylor series  for about , after neglecting higher 

order terms, is given as; 

 ………… (6) 
 
Using equations (6) and (5) in equation (2), equation (2) 
becomes; 

 … (7) 

 
Introducing the following perturbation techniques;  

  …… (8) 

 
With the following dimensionless parameters; 

, , , ,  

, ,  …… 

(9) 
 
Using the perturbation techniques (8) and (9) in equations 
(1) and (7) with boundary conditions (3) and (4), the 

following steady and periodic equations are obtained for 
velocity and temperature; 

 ………… (10) 

  ………… (11) 

   ………… (12) 

 ………… (13) 

  …… (14) 

   ………… (15) 

 
Equations (13) and (14) are genersalised forms of 
equations (10) and (11) respectively. Therefore, whenever

, equations (10) and (11) are obtained from 
equation (13) and (14) respectively. Hence, the solution of 

the equations (13) and (14) when  are sufficient 
to described the periodic fluid flow behavior. 
 
Method of solution is presented in this section. The exact 
solutions are obtained by using conditions (15) with 
equations (13) and (14) as follows; 

 ………… (16) 

 ………… (17) 

 
The rate of heat transfer (Nusselt number) is given by;  

 ………… (18) 

 ………… (19 

 
Results and Discussion 
A series of computations were carried out for the effects of 
variation of the following parameters; Knudsen number

, Navier slip parameter , heat 

generation/absorption  parameter , Grashof number

,radiation parameter , suction/injection 

parameter , Strouhal number  and  Prandtl 

number . 
The following default values of the parameters;

, , , ,

, ,  and were used  
for  the analysis of the  fluid flow and heat transfer in the 
distribution profiles. All graphs and tables used the default 
values expect otherwise stated. 
 
Fig. 1 presents the variation of Knudsen parameter with 
the temperature profiles. It can be seen that an increase in 
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the Knudsen parameter decreases the temperature profiles. 
It is due to fact that the molecular distance of the fluid 
increases hence the heat flux decreases within the micro-
channel. Fig. 2 depicts the different values of suction 
parameter  with temperature profiles. It is 

observed that the increasing in the suction parameter about 
enhancement in the temperature distribution profiles.  Fig. 
3 shows the influence of variation of injection parameter 

on the temperature profiles.  It can be seen that the 

temperature profile decreases with increasing in the value 
of injection parameter. Fig. 4 represents the variation of 
strouhal number with temperature profile. It is observed 
that the fluid temperature is decreasing with increasing

. It is because the frequency of heating is increasing; 

thereby reduce the intensity of heat on the channel walls. 
Fig. 5 shows the variation of radiation parameter on the 
temperature profiles. It is observed that increasing 
radiation parameter thereby decreases the fluid 
temperature. Fig. 6 and 7 depict the effects of heat 
generation and absorption parameters on the temperature 
profiles. It can be seen that fluid temperature decreasing 
with heat generation/absorption parameter. This is due fact 
that temperature gradient are higher near the walls of the 
channel.  
 

 
Fig. 1: Temperature profiles for diferent values of  
 
 

 
Fig. 2: Temperature profiles for diferent values of  
 
 

 
Fig. 3:  Temperature profiles for diferent values of  
 

 
Fig .4: Temperature profiles for diferent values of  
 
 

 
Fig. 5: Temperature profiles for diferent values of  
 
 

 
Fig. 6: Temperature profiles for diferent values of  
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Fig. 7: Temperature profiles for diferent values of 

 
 
 

 
Fig . 8: Temperature profiles for diferent values of 

 
 
Fig. 8 illustrates the variation of Navier slip on the velocity 
profiles. It can be seen that increases in the Navier slip 
enhance the flow at the wall of the channel. As a result, the 
molecules of gas interact with the suction wall. Fig. 9 and 
10 present the influence of suction/injection parameter on 
the velocity profiles. It is observed that an increase in 
suction/injection enhances the velocity of the fluid motion 
throughout the channel.  Fig. 11 shows the different values 
of Strouhal number with velocity profiles. It is observed 
that an in increase Strouhal number cause a reduction in 
the velocity profiles. Fig. 12 represents the variation of 
radiation on the velocity profiles. It can be seen that the 
velocity profiles increases as the radiation parameter 
increases. This is because the intensity of heat produced 
through thermal radiation increases, by brake the bond 
holding the component of the fluid particles. 
 

 
Fig. 9:  Velocity profiles for diferent values of  
 
 

 
Fig. 10: Velocity profiles for diferent values of                                                         
 

 
Fig. 11:  Velocity profiles for diferent values of  
 

 
Fig. 12: Velocity profiles for diferent    values of                                                         
 

 
Fig. 13:  Nusselt profiles for diferent values of   
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Fig. 14: Nusselt profiles for diferent    values of                                                              

 
Fig. 15: Skin friction profiles for  different values of  

 
 
Fig. 13 depicts the effects of Knudsen number on the rate 
of heat transfer at the walls with suction/injection. It is 
observed that an in increase Knudsen decreases the rate of 
heat transfer at the walls. Fig. 14 shows increasing 
radiation parameter causes a reduction on the Nusselt 
number profiles. Fig. 15 depicts the influence of Navier 
slip on the skin friction profiles. It can be seen that 
increasing Navier slip parameter weakens the skin friction 
profiles. 
 
Conclusion 
The effects of Knudsen number, radiation, Navier slip, 
suction/injection  and heat generation/absorption 
parameters were investigated. The exact solutions for  
temperature, velocity, Nusselt number and skin friction 
were obtained. It was observed that Knudsen number, 
Strouhal number, radiation , injection and heat 
generation/absorption parameters decreased the fluid 
temperature while the temperature of the fluid increased 
with increases in suction parameter. The  velocity profiles 
increased with an increases in any of  radiation, Navier slip 
and suction/injection parameter wheareas Strouhal number 

decreased the velocity profiles. Nusselt number decreased 
with increasing in the value of radiation parameter or 
Knudsen number and skin friction decreased  with an 
increase in Navier slip parameter. 
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