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Abstract 
Forced convective heat transfer in parallel microchannels with asymmetric and symmetric wall thermal conditions 

under hydrodynamically and thermally fully developed flow is investigated using control volume technique for 

steady, two dimensional flow. Incompressible Navier-Stokes and energy equations are solved applying velocity slip 

and temperature jump boundary conditions on the walls. Simulations are validated comparing with the experimental 

results available in the literature. Simulations are performed for different temperature difference between the walls 

and the gas as well as the inlet velocity and ambient pressure conditions. Either the wall heating or wall cooling 

cases are examined taking Nitrogen gas as the working fluid. The influences of Knudsen number, Reynolds number 

and temperature difference on Nusselt number are observed. It is shown here that for asymmetric wall thermal 

condition for temperature dependent thermal conductivity the Nusselt number is lower for higher temperature 

difference where as for symmetric wall thermal condition Nusselt number is higher for higher temperature 

difference. 
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1. Introduction 
Manufacturing processes of extremely small devices have been developed in recent years. The development of 

microfabrication enabled the usage of devices having dimensions of microns such as micro heat sink, micro heat 

exchanger, sensors, actuators, gears, valves etc. Micro-electromechanical systems (MEMS) refer to devices that have 

a characteristic length of less than 1 mm but more than 1 m , that combine electrical and mechanical components 

and that are fabricated using integrated circuit batch processing technologies [1]. The rapid advancements of MEMS 

(Micro-electromechanical systems) have created the requirements for the dissipation of heat generated by the above 

devices in an efficient way. Surface effects dominate in small devices. The surface-to-volume ratio for a machine 

with a characteristic length of 1m is 1
1m

, while that for a MEMS device having a size of 1μm is 
6 110 m

. The 

millionfold increase in surface area relative to the mass of the minute device substantially affects the transport of 

mass, momentum, and energy through the surface [1]. Microchannels have these features of smaller volume and 

mass with high surface area to volume ratio, and can be used for the removal of maximum heat from small areas. 

Due to their inherent advantages, microchannel heat sinks have found applications in automotive heat exchangers, 

cooling of high power electronic devices, aerospace industry, etc. Fundamental understanding of fluid flow and heat 

transfer in microchannels is essential in designing of microfluidic devices. 

Microscale fluid flow and heat transfer differs from that of the macroscale. At macroscale the classical 

conservation equations are applied with the usual noslip for the velocity boundary condition and no-temperature 

jump for the thermal boundary condition. These two boundary conditions are valid only if the fluid flow adjacent to 

surface is in thermodynamic equilibrium. At microscale the fluid particle on the surface no longer reaches the 

velocity or temperature of the surface and the velocity slip and temperature jump must be applied to the surface. The 

velocity slip and temperature jump are the consequence of rarefaction. The Knudsen number is the measure of 

degree of rarefaction which is the ratio of mean free path to the characteristic length of the problem.   is the mean 

free path corresponding to the distance travelled by the molecules between collisions and is defined by 
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In parallel plate channel, hydraulic diameter is treated as characteristic length and is defined by 2hD H  

where H is the height of the channel. The appropriate flow and heat transfer models depend on the range of the 

Knudsen number, defined by Kn / H . A classification of different flow regimes is given by Schaaf and 

Chamber [2]. For Kn < 0.001, the fluid can be considered as continuum and the fluid is in local thermodynamic 

equilibrium. Thus, the Navier-Stokes equations with no-slip and no-temperature jump boundary condition describe 

the flow behaviors. For the Knudsen number in the range between 0.001 and 0.1, the rarefaction effects become 

important. This range is referred to as the slip flow regime, where the continuum hypothesis is still valid, but the 

local thermodynamic equilibrium of the flow near the surface is not maintained. In this range, the Navier-Stokes 

https://creativecommons.org/licenses/by/4.0/


Academic Journal of Applied Mathematical Sciences 

 

23 

equations remain applicable, provided a velocity slip and a temperature jump are taken into account at the surface. 

For the Knudsen number in the range 0.1< Kn <10, the flow is referred to as the transitional regime where the 

continuum approach of the Navier–Stokes equations is no longer valid. However, the intermolecular collisions are 

not yet negligible and should be taken into account. Finally, the range Kn > 10 represents the free molecular regime 

where the intermolecular collisions among the molecules are negligible. 

 

 
 

Tuckerman and Pease [3] first introduced the concept of using microchannels as high performance heat sink in 

1981. They fabricated microchannel heat sink in silicon wafer and used water as coolant under laminar flow 

conditions. They showed that the heat sink dissipated 
2790 /W cm  with the maximum temperature difference 

between the substrate and the coolant as 71 C .  

Peiyi and Little [4] conducted experiments to measure the flow friction and heat transfer characteristics of 

gaseous flow in microchannels and found that the convective heat transfer characteristics departed from the typical 

experimental results for conventional sized channels. They reported that the flow transition from laminar to turbulent 

occurs at relatively low Reynolds number resulted in improved heat transfer. Peng and Peterson [5] conducted 

experimental investigation in microchannels of varying sizes. Their experiments showed a decrease of Nusselt 

number in the laminar flow regime but increase of Nusselt number in the turbulent flow regime with the increasing 

Reynolds number. They also showed that a small inlet temperature and a large velocity result in higher heat transfer 

coefficients.  

Peng, et al. [6] performed experiments on rectangular microchannels of different dimensions and found the 

Nusselt number to lie below the predicted values of Dittus-Boelter equation. Nicolas, et al. [7] investigated constant 

wall temperature convective heat transfer of gaseous flow in two-dimensional micro and nano-channels. They 

concluded that convective transfer in low speed flows in the slip flow regime can be captured by slip-corrected 

continuum flows that neglect viscous dissipation, expansion cooling and thermal creep. Wu and Cheng [8] 

performed experimental investigation on laminar convective heat transfer and pressure drop in trapezoidal silicon 

microchannels. They found that the Nusselt number and friction constant increase with the increase of surface 

roughness and this increase is more pronounced at larger Reynolds numbers. 

Owhaib and Palm [9] conducted experimental investigation of heat through microchannels with circular 

geometry having inner diameter of 1.7, 1.2 and 0.8 mm. The results were compared to microscale and macroscale 

correlations from the literature. The comparison shows that the classical correlations were in good agreement with 

the experimental data but none of the microscale correlations were in agreement with the experimentally obtained 

data. 

Chien-Hsin [10] studied forced convection flow in a microchannel with constant wall temperature including 

viscous dissipation. The result reveals that the fully developed Nusselt number is found to decrease with increasing 

parameter  . When the viscous dissipation effect is accounted for, the local Nusselt number exhibits a jump at 

certain axial position and then reaches its final value. Furthermore, including viscous dissipation produces a 

noticeable increase in the fully developed Nusselt number. 

In light of the above discussion it makes sense that the heat transfer in microchannels has been studied by a 

number of investigators, and has been compared and contrasted with the behavior at conventional (i.e., larger-sized) 

length scales. However, there have been wide discrepancies among different sets of published results. Some authors 

reported higher heat transfer whereas the others reported lower heat transfer through microchannels compared to the 
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conventional channels. In order to design and fabricate micro-devices properly, insight characteristics of fluid flow 

and heat transfer in microchannels must be understood. So it is obvious that more investigations are required which 

is the driving force to conduct the present investigation. 

The objective of the present study is to investigate the heat transfer characteristics in parallel plate channels 

under velocity slip or temperature jump or both boundary conditions. Either the wall heating or wall cooling cases 

are examined on symmetric or asymmetric wall thermal conditions. The influences of Reynolds and Knudsen 

numbers on Nusselt numbers are investigated. The free stream temperature and the temperature of the walls are set 

to constant. The temperature difference between the wall and the fluid plays an important role on heat transfer and 

consequently the effect of temperature difference on velocity slip, temperature jump and Nusselt number are 

investigated.  

 

2. Model Development  
2.1. Problem description 

Nitrogen gas flow through a two dimensional channel of length L  with walls those are apart at a distance H  

are considered. The following Figure 1, shows the geometry and coordinate system of the channel. 

 
Figure-1. Schematic diagram of the channel 
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The flow domain is bounded by 0 x L  and 
2 2

H H
y    where L is sufficiently large for the flow to be 

fully developed for both hydrodynamically and thermally. Constant wall temperature for both wall heating and wall 

cooling are considered. Usual continuum approach is coupled with the two microscale phenomena; the velocity slip 

and the temperature jump boundary conditions. A series of simulations are performed imposing various sets of 

combinations of the above phenomena on the walls. Required Reynolds numbers, Knudsen numbers and Nusselt 

numbers are obtained by changing the inlet velocity, wall temperature and pressure. 

Nusselt number is defined as  
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where k  is the fluid thermal conductivity and is a function of temperature. 

Reynolds number is defined as   
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Where mu  is the mean velocity at the location of interest of the channel. Mean velocity is calculated by the 

following expression as it is defined in Patric and William [11]. 
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and Bulk temperature is defined by  
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where A is the cross sectional area of the channel and u is the streamwise velocity component.      
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2.2. Governing Equations 
Nitrogen gas flow and heat transfer between 2D parallel plate channel is assumed to be steady and laminar. The 

Three basic laws of conservation of mass, momentum and energy are solved for incompressible flow of Newtonian 

fluid. The governing equations can be expressed in Cartesian coordinates as: 

 

The continuity equation: 
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The Navier-Stokes equations: 
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The energy equation:   
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2.3. Boundary Conditions 
The slip velocity condition was proposed by Maxwell [12] and the temperature jump boundary condition by 

Smoluchowski [13]. To impose the velocity slip and temperature jump boundary conditions on the walls, UDF 

routine (User defined functions) are developed and associated with the Fluent solver. The proposed velocity slip 

boundary conditions are expressed as  
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And the temperature jump boundary conditions are expressed as  
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where 
pc

Pr
k


  is the Prandtl number. 

The tangential-momentum-accommodation coefficient m =1 and the thermal-accommodation coefficient 

T =1 describe the gas-wall interactions.  

It is stated earlier that the constant wall temperature boundary conditions are implied on the walls. Simulations 

are performed either in wall heating (hot wall) or in wall cooling (cold wall) conditions. To impose constant wall 

temperature boundary condition, two cases are considered separately:  

Case 1: Investigations are operated on asymmetric wall thermal conditions where viscous dissipation is not 

considered. The inlet and the outlet boundaries are velocity inlet and the pressure outlet respectively. The uniform 

inlet temperature inT  at x = 0 and the lower wall constant temperature 
lwT  at / 2y H  are kept equal inT =

lwT , 

which is lower than the upper wall temperature uwT  at / 2y H  and the difference between the upper and lower 

wall temperature varies from 100
°
K to 600

°
K.  

Case 2: Simulations are performed under symmetric wall thermal conditions incorporating viscous dissipation. 

The inlet and the outlet boundaries are velocity inlet and the pressure outlet respectively. The constant temperature 

of both the lower and the upper walls are the same uwT = lwT  and is higher than the uniform inlet temperature inT  at 

x = 0 and the difference between inT  and 
uwT  or 

lwT  varies from 20
°
K to 500

°
K. To find the effect of temperature 
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difference on Nusselt numbers, the temperature differences are changed as needed for different simulations, keeping 

all the flow conditions the same.  

 

2.4. Numerical Method 

2.4.1. Discretization 
In the present study, the governing equations are discretized using a control volume based technique. The 

governing equations are first integrated about each control volume to ensure that the conservation equations are 

automatically satisfied within each control volume. The net flux through the control volume boundary is the sum of 

integrals over the control volume faces. Discretization of the governing equation for transport of a scalar quantity 

 can be written in integral form for an arbitrary control volume V according to Ansys Inc [14] as: 

 

                                               (8) 

 

Where, A  is the area surface vector,   is the diffusion coefficient for   and S  is the source of   per unit 

volume. Eq. (8) is applied to each control volume of cell in the computational domain. Discretization of Eq. (8) on a 

given cell yields  
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Where, facesN  is the number of faces enclosing a cell, f  is the value of   convected through face f  and 

.f fV A  is the mass flux through face f. 

The discretized scalar transport eq. (9) contains the unknown scalar variable   at the cell center as well as the 

unknown values in surrounding neighbor cells. This equation will, in general, be non-linear with respect to these 

variables. A linearized form of Eq. (9) can be written as  

 

P P nb nb

nb

a a b    

 

Here the subscript nb refers to the neighboring cells of P. The coefficients Pa and nba  are the linearized 

coefficients of P and nb  and will be different for every cell in the domain at every iteration.          

By default, all variable values are calculated and stored at the cell centers. However the face values 
f  are 

required for the convection terms in Eq. (9) and must be interpolated from the cell center values. A second order 

upwind scheme is used to predict the value of   at the faces. 

 

2.4.2. Pressure Velocity Coupling 
Density is constant for incompressible flow and hence not linked to the pressure. In this case coupling between 

pressure and velocity introduces a constraint in the solution of the flow field. The associated problems are resolved 

by adopting an iterative solution strategy SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm.  

To initiate the SIMPLE calculation process a pressure field 
*p  is guessed. Discretized x-momentum and y-

momentum equations are solved using the guessed pressure field to yield velocity components 
*u  and 

*v . Now the 

correction p  is defined as the difference between correct pressure field p and the guessed pressure field
*p , so that  

 
*p p p   

 

Similarly we define velocity corrections u′ and v′ to relate the guessed velocities u* and v* to the correct 

velocities u and v respectively so that: 

 
*u u u   
*v v v   

 

Substitution of the correct pressure field p into the momentum equations yields the correct velocity field (u, v). 

Discretized x-momentum and y-momentum equations link the correct velocity fields with the correct pressure field. 
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The computations are considered to be converged when the residues for continuity, momentum and energy are less 

than
610

. 

 

2.5. Grid dependency Test 
To evaluate the grid size effect, grid dependency tests are carried out. Keeping all the conditions unchanged, 

average Nusselt number for three different sizes of grid 31×1201, 41×1501 and 51×1801 at fixed Knudsen number 

0.05 and Reynolds number 1.0 are investigated for an incompressible flow applying velocity slip and temperature 

jump boundary conditions and the results are listed in Table 1. The table shows that the relative difference of average 

Nusselt number for grid sizes 31×1201 and 41×1501 is 0.33% and for grid sizes 41×1501 and 51×1801 is 0.13% 

respectively. In both the cases the relative difference of Nusselt number is small and negligible. For convenience, we 

used grid size 41×1501. 

 
Table-1. Grid dependence test of the average velocity under three sizes of grids 

Grid size Average velocity 

31×1201 3.60845 

41×1501 3.62042 

51×1801 3.62513 

2.6. Validation 
The result of the present study is compared and validated with the results published in the literature. Fig. 2 

shows the comparison of the distribution of Nusselt numbers from the analytical results by Orhan and Mete [15], and 

from the present study with the same conditions. The Prandtl number and the Brinkman number were fixed to 0.7 

and 0.01 respectively. The square symbols represent the analytical results and the solid line represents the results 

from present work and the agreement is satisfactory.  

 
Figure-2. Comparison of Nusselt number distribution for different Knudsen numbers (Pr = 0.7, Br = 0.01) 

 
 

2.7. Results and Discussion 
In this study, we investigated the effect of temperature difference as well as Reynolds and Knudsen numbers on 

Nusselt numbers. The difference between the free stream temperature and the wall temperature is termed as 

temperature difference (Td). In our simulation the maximum Mach number is 0.037 and the    maximum density 

variations in the inlet and the outlet positions are 9.17%.  So the flow can be safely considered as incompressible 

flow. Mainly two types of thermal conditions namely, asymmetric and symmetric wall conditions are used on the 

walls.  

Case 1: In case of asymmetric wall thermal condition, the free stream temperature and the bottom wall 

temperature are kept equal to 200
°
K and the temperature difference between the top and bottom walls vary from 

100
°
K to 600

°
K. Fluid properties are considered constant except thermal conductivity which is a function of 

temperature and the viscous dissipation is not included here. Under the conditions of Case 1, the results obtained 

through our investigations are      discussed and displayed by Figure 3 and Figure 4.     

Figure 3 shows the Nusselt numbers distribution for different temperature differences between the wall and the 

fluid as stated in Case 1 where the Reynolds number and Knudsen numbers are kept fixed at 1.0 and 0.025 

respectively. In this case fluid bulk temperature is lower than the top wall temperature. Since thermal conductivity 

increases with the increase of wall temperature, as a result the Nusselt numbers are lower for higher temperature 

difference. From the figure we see that as the temperature difference increases, the Nusselt number decreases. It is 
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obvious from the Figure 2 and Figure 3 that the Nusselt number decreases for the increase of both Knudsen number 

and temperature difference.  

The simultaneous effect of Reynolds number, Knudsen number and temperature difference on Nusselt numbers 

are expressed through the Figure 4. The free stream temperature and the bottom wall temperature are kept at 200
°
K 

and the temperature difference between the top and bottom walls vary from 100
°
K to 600

°
K. Reynolds numbers and 

Knudsen numbers vary from 1.0 to 4.0 and 0.002 to 0.07 respectively. It is evident from the figure that for lower 

Knudsen number, the effect of Reynolds number on Nusselt number is negligible but for comparatively higher 

Knudsen number the Nusselt number increases with the increase of Reynolds number. 

 
Figure-3. Nusselt number distribution for fixed Knudsen number 

 
 

The figure shows the lowest Nusselt numbers distribution for the combined effect of Reynolds number 1.0 and 

temperature difference 600
°
K. Keeping Reynolds number fixed to 1.0, if temperature difference is decreased from 

600
°
K to 100

°
K, the Nusselt number takes higher values. 

 
Figure-4. Effect of Reynolds number and temperature difference on Nusselt number 

 
 

The highest Nusselt numbers distribution is displayed for the combined effect of Reynolds number 4.0 and 

temperature difference 100
°
K. Keeping temperature difference fixed to 100

°
K, if Reynolds number is decreased from 

4.0 to 1.0, the Nusselt number takes lower values. It is clear from the above discussion that Reynolds number and 

temperature difference have opposite effect on Nusselt numbers with the conditions stated in Case1. 

Case 2: The investigations are conducted with symmetric wall thermal condition incorporating viscous dissipation. 

Velocity slip, temperature jump or both the boundary conditions are imposed on the walls as required for our 

investigation. The temperature difference between the free stream temperature and the wall temperature varies from 
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20
°
K to 500

°
K. In case of temperature difference 20

°
K, the free stream temperature and wall temperature are kept at 

300
°
K and 320

°
K respectively where as in case of temperature difference 500

°
K, they are kept at 300

°
K and 800

°
K 

respectively. Fluid properties are considered as constant.  

 
Figure-5. The effect of temperature difference on velocity slip (Kn0 = 0.007 for Td = 20°K and Kn0 = 0.019 for Td = 500°K). 

 
 

Results obtained by using the thermal conditions described in Case 2 are furnished through Figures 5 - Figure 

12. 

To find the effect of temperature difference on velocity slip, only the velocity slip boundary condition is applied 

on the walls. The simulations are performed for two different temperature conditions namely temperature difference 

20
°
K and 500

°
K respectively keeping all other conditions the same and the results are displayed through Figure 5. 

The dash-dotted line and the solid line show the slip velocity distributions for temperature difference 20
°
K and 500

°
K 

respectively. It is evident from the figure that the velocity slip increases with the increase of temperature difference. 

The increase of velocity slip for higher temperature difference is rapid near the outlet position with compared to 

velocity slip of lower temperature difference. 

The effects of temperature difference on temperature jump are depicted by the Figure 6. To investigate the effect 

of temperature difference on temperature jump, only the temperature jump boundary condition is imposed on the 

walls. The temperature difference between the free stream temperature and the wall temperature varies from 20
°
K to 

500
°
K. The value of temperature jump is negative and varies to the downward direction. The figure shows that in 

case of temperature difference 500
°
K, the magnitude of temperature jump is very large with compare to the case of 

temperature difference 20
°
K. Also the decrease of temperature jump near the outlet position is rapid for the 

temperature difference 500
°
K.  

To investigate the effects of temperature difference on Nusselt numbers, both the velocity slip and temperature 

jump boundary conditions are imposed on the walls at wall temperature 800
°
K and 320

°
K resulted temperature 

difference between the walls and the free stream temperature by 500
°
K and 20

°
K respectively. The results are 

displayed through Figure 7. 

 
Figure-6. Comparison of the effect of temperature difference on temperature jump (Kn0 = 0.007 for Td = 20°K and Kn0 = 0.019 for Td = 500°K). 
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The solid line and the dash-dotted line show the Nusselt number distributions for temperature difference 20
°
K 

and 500
°
K and the corresponding outlet Knudsen numbers are 0.007 and 0.019 respectively. The figure shows that 

the higher the temperature differences between walls and the free stream temperature the higher the Nusselt 

numbers. In the present case viscous dissipation is considered which contributes to the increase of fluid bulk 

temperature. The system acts as wall cooling case and the temperature difference between the bulk fluid temperature 

and the wall temperature is the main driving mechanism of heat transfer. Consequently the Nusselt number increases 

with the increase of temperature difference.  

Nusselt numbers distributions for the boundary conditions; the velocity slip, temperature jump and combined 

boundary conditions of velocity slip and temperature jump are depicted in Figure 8. In this investigation the 

temperature difference between the walls and the free stream is 30
°
K. The solid line shows the Nusselt numbers 

distribution for both the velocity slip and temperature jump boundary conditions, the dashed line only for velocity 

slip and the dash-dotted line only for temperature jump boundary conditions. In all the three cases the Knudsen 

number increases along streamwise direction and the outlet Knudsen number reaches to 0.007. The figure shows that 

for the case of slip velocity boundary condition the Nusselt number increases along the downstream direction where 

as in the other two cases the Nusselt numbers decrease. There are small differences between Nusselt numbers for the 

case of temperature jump and the combined velocity slip and temperature jump boundary conditions. The Nusselt 

numbers for the case of temperature jump boundary conditions are the lowest. 

Hence we can conclude that the velocity slip and temperature jump has opposite effect on Nusselt number. 

Nusselt number increases by the effect of velocity slip but decreases by the effect of temperature jump. The effect of 

temperature jump boundary conditions dominates over the effect of velocity slip. 

 
Figure-7. Nusselt numbers distribution for different wall boundary conditions (Kn0 = 0.007 for Td = 20°K and Kn0 = 0.019 for Td = 500°K). 

 
 

Figure-8. Nusselt numbers distribution for different wall boundary conditions (Kn0 = 0.007). 

 
 

The effects of temperature difference on different boundary conditions are investigated and the results are 

depicted through Figure 9. The dash-dotted line shows the Nusselt numbers distribution for temperature difference 

500
°
K and the solid line shows the Nusselt numbers distribution for temperature difference 20

°
K. In all the three 

cases the maximum outlet Knudsen number varies up to 0.019 and the Nusselt number for temperature difference 

500
°
K is higher than that of temperature difference 20

°
K. The result shows that if only the velocity slip boundary 

condition is applied on the walls, the temperature difference has no significant effect on the Nusselt numbers and 

shows a negligible increment along the streamwise direction. 
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Figure-9. Effect of temperature difference on Nusselt numbers (Kn0 = 0.007 for Td = 20°K and Kn0 = 0.019 for Td = 500°K). 

 
 

On the other hand if only the temperature jump or both the velocity slip and temperature jump boundary 

conditions are applied on the walls, the temperature difference shows significant effect on Nusselt numbers.  
 

Figure-10. Nusselt numbers distribution with respect to Knudsen numbers for velocity slip boundary condition (Td = 500°K). 

 
 

For both the cases the Nusselt numbers decrease along the streamwise position. The Nusselt numbers in the 

former case is negligible with compared to the later cases.  

The Figs. 10 – 12 show the Nusselt numbers distribution against Knudsen numbers for the boundary conditions 

velocity slip, temperature jump and the combined velocity slip and temperature boundary conditions respectively for 

the temperature difference 500
°
K. 

 
Figure-11. Nusselt numbers distribution with respect to Knudsen numbers for temperature jump boundary condition (Td = 500°K). 

 
   

The Figure 10 shows that the Nusselt number increases from 17.53 at position L/6 to 17.78 at position 9L/10 for 

the corresponding increase of Knudsen number from 0.003 to 0.014 for the slip velocity boundary condition. 
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Figure-12. Nusselt numbers distribution with respect to Knudsen numbers for combined velocity slip and temperature jump boundary conditions 

(Td = 500°K). 

 
 

The Fig. 11 shows that the Nusselt number decreases from 16.72 at position L/6 to 14.83 at position 9L/10 for 

the corresponding increase of Knudsen number from 0.003 to 0.014 for the temperature jump boundary condition. 

The Fig. 12 shows that the Nusselt number decreases from 16.75 at position L/6 to 14.95 at position 9L/10 for 

the corresponding increase of Knudsen number from 0.003 to 0.014 for the velocity slip and temperature jump 

boundary conditions. 

 

3. Conclusions 
For asymmetric wall thermal condition when viscous heating is not considered, heat transfer is susceptible to 

both the Reynolds number and temperature difference. At constant temperature difference, Nusselt number is higher 

for higher Reynolds number. At fixed Reynolds number the Nusselt number is lower for higher temperature 

difference. 

For symmetric wall thermal condition temperature difference has significant effect on Nusselt number. The 

Nusselt number is higher for higher temperature difference than that of lower temperature difference for only 

temperature jump or both velocity slip and temperature jump boundary conditions to the downward direction. But 

for velocity slip boundary condition the temperature difference has small effect on Nusselt numbers. 

For velocity slip boundary condition, Nusselt number increases with the increase of Knudsen number where as 

for temperature jump boundary condition or both boundary conditions of velocity slip and temperature jump, the 

Nusselt number decreases with the increase of Knudsen numbers.   
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