
 

 

  
Abstract—The hydrodynamic and thermal behaviors of fluid 

flow in wavy microchannel are investigated numerically. Effects of 

Reynolds number on the hydrodynamics and thermal behaviors are 

investigated. Three cases of Reynolds number (580, 1244, and 1910) 

are adopted in this study. It is found that the separation zone begin 

appears when Reynolds number is greater than 1910 at the end-

section of the wave. Also it is found that dimensionless maximum 

velocity at the mid-section of the wave decreases and becomes as a 

turbulent behavior as Reynolds numbers increases. The maximum 

temperature at the center line at the mid-section of the wave increases 

as Reynolds number increases until it reaches the turbulent behavior 

when Reynolds number is equal or greater than 1244, while this 

behavior will be achieved at very high velocities at the end section of 

the wave.  
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I. INTRODUCTION 

UE to fast increase in power density and reduction of 

electronic packages, traditional cooling techniques using 

fans or metal fins may be unpractical or unable to meet the 

quick increasing cooling demands of emerging electronic 

devices. The thermal issue is now a critical neck for further 

improvement of advanced electronic devices. If no work is 

taken to improve more effective and innovative cooling 

technique, reduced in mean-time-to-failure and performance 

retraction will culminated. One favorable solution to the 

problem is direct liquid cooling merging microchannels [1]–

[7]. Pertinent studies involve single- phase cooling and two-

phase cooling. While another has a potentially higher heat 

removal capacity, it includes complex issues such as 

condensation, saturation temperature, critical heat flux, 

nucleation site etc. For average heat fluxes, single-phase 

cooling suggests an alternative that is simpler to accomplish 

and is thus preferable [4]. Regarding to single-phase cooling, 

due to the reduced feature size of microchannels and the 

increased effect of surface tension, high flow rates will cause a 

sever increase in pressure loss and hence pumping power. 

Recently, fully developed laminar flow and heat transfer in 

periodic serpentine channels with various cross-section shapes 

is investigated numerically [8]-[12]. It is found that Dean 

Vortices and more complex vertical flow patterns emanate 
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when the coolant of liquid is flowing through the bends. The 

heat transfer performance was greatly improved through 

straight channels with the same cross section; at the same time 

the pressure drop gruel is much smaller than the heat transfer 

enhancement. Laminar force convection in wavy plate fin 

channels under periodically developed air flow condition is 

investigated numerically [13], [14]. Their two-dimensional 

simulation proved that the flow was characterized by lateral 

swirl or fluid recirculation in the tub regions of the wavy 

channel; the three-dimensional simulation detected symmetric 

Dean vortex pairs in the cross sections of the sinusoidal 

channels. There are many several interests in research interest 

of micro-devices over the last years [15]-[20]. All these 

researches were in conventionally straight microchannels. 

In the present work thermal and hydrodynamic behaviors of 

fluid flow in wavy microchannel are investigated numerically. 

Effect of different cases of Reynolds number is investigated in 

this study. The thermal and hydrodynamics behaviors are 

investigated under these cases. The numerical procedure 

developed in this work is based on the control volume 

approach proposed by Patankar [21].  

II. MATERIAL AND METHODS 

In microchannel environment, shown in Fig. 1, the 

thermally laminar flow is governed by the continuity, 

momentum and energy equations for unsteady, incompressible 

and Newtonian flow. Regarding above assumptions, the 

governing equations are written as: 
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The strain rate tensor components can be described as: 
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Fig. 1 Configuration of wavy microchannel 

 

The molecular Prandtl number Pr and the specific heat 

capacity at constant pressure are defined according to the fluid 

considered. The numerical procedure developed in the present 

work is based on the control volume approach proposed by 

[21]. In such approach, a general differential equation for the 

dependent variables (u, v, T) is written for unsteady, 

Newtonian, two-dimensional and incompressible flow as:           
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The quantities ϕΓ  and ϕS  are specific to a particular 

meaning ofϕ .Using the control volume arrangement proposed 

by [21], the above general differential equation can be written 

in terms of the total fluxes over the control volume faces and 

the resulting equation is integrated over each control volume. 

In similar manner, the continuity equation is integrated over 

the control volume.  

In our algorithm, one can assume that the velocity field 

reaches its final value in two stages; that means 
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where by, *
u  is an imperfect velocity field based on a guessed 

pressure field, and cu  is the corresponding velocity 

correction. Firstly, the 'starred' velocity will result from the 

solution of the momentum equations. The second stage is the 

solution of Poisson equation for the pressure 
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where cp  will be called the pressure correction and t∆ is the 

chosen time step. Once this equation is solved, one gets the 

appropriate pressure correction, and consequently, the velocity 

correction is obtained according to: 
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The fractional step non-iterative method described above 

ensures the proper velocity-pressure coupling for 

incompressible flow field. It should be pointed out that the 

above numerical method has been developed and successfully 

applied for simulating a variety of engineering applications 

[22]-[25]. In order to accurately calculate the surface force 

that included in the momentum equations a simple linear 

interpolation is used firstly to calculate any property of the 

interface from the known internal grid point’s values.    

According to Fig. 2, the Poisson equation for pressure is 

approximated at point p as: 
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where Sp is the source term described in (8).  
 

 

Fig. 2 Calculation of the interphase boundary values 

III. RESULTS AND DISCUSSION 

Numerical simulation of fluid behavior in wavy 

microchannel used in microelectronic devices is investigated 

in this study. Axial velocity distribution and the velocity 

vector plot for case I, case II, and case III are shown in Figs. 3 

and 4. Fig. 3 shows that the centerline velocity increases as the 

Reynolds number increases for the same wave ratio. The 

increase is due to the satisfying of the continuity equation; 

especially at the midsection of the wave. Fig. 4 indicates the 

same behavior for the axial velocity distribution in form of 

vector plots. Fig. 5 shows the dimensionless velocity profiles 

at the mid-section of the wave for the different cases 

considered. It is clear that the dimensionless maximum 

velocity at the center line at the mid-section of the wave 

(throttling-section) increasing with decreasing Reynolds 

number at the inlet. This is due to as increasing Reynolds 

number at the inlet, the velocity at the center line will increase 

greatly due throttling and the flow behavior will approach the 

turbulent behavior and it becomes as a vertical straight line 

with decreasing in the boundary layer in order to satisfy the 

continuity equation, while this is not correct at the end-section 

of the wave because there is no throttling and the turbulent 

behavior may occurs at very high velocities as shown in Fig. 

6. The existence of flow separation at the end-section of the 

wave for the different cases considered is shown in Fig. 7. It is 

clear that the flow separation may occur at high velocities (Re 

> 1910).  
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Figs. 8 and 9 show the temperature profiles at the mid and 

end sections of the wave for the different cases considered. It 

is obvious from these figures that the turbulent behavior will 

be achieved at the mid-section at Re > 1244, also, the thermal 

boundary layer decreases as the inlet velocity increases as 

shown in Fig. 8. While the thermal turbulent behavior at the 

end-section of the wave will be achieved at very high 

velocities (Re >1900) as shown in Fig. 9. 

 

 

(a) 

 

 

(b) 

 

 

(c) 

Fig. 3 Axial velocity distribution for (a) case I, (b) case II, and (c) 

case III 

 

 

(a) 

 

(b) 

Fig. 4 Velocity vector plot for (a) case I and (b) case III 

 

 

Fig. 5 Velocity profiles at the mid-section of the wave for the 

different cases considered 

 

 

Fig. 6 Velocity profiles at the end-section of the wave for the 

different cases considered 

 

 

Fig. 7 The existence of flow separation at the end-section of the wave 

for the different cases considered 
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Fig. 8 Temperature profiles at the mid-section of the wave for the 

different cases considered 

 

 

Fig. 9 Temperature profiles at the end-section of the wave for the 

different cases considered 

IV. CONCLUSION 

Numerical simulation of fluid behavior in wavy 

microchannel used in microelectronic devices is investigated 

in this study. Effects of Reynolds number on the velocity and 

thermal behaviors are investigated. Three cases of Reynolds 

number (580, 1244, and 1910) are adopted in this study.  

It is found that the separation zone begin appears when 

Reynolds number is greater than 1910 at the end-section of the 

wave. Also it is found that there is a contradiction in the 

dimensionless maximum velocity at the mid and the end 

section of the wave with increasing Reynolds number. The 

maximum temperature at the center line of the microchannel at 

the mid-section increases as Reynolds number increases until 

it reaches the flat behavior (turbulent behavior) when 

Reynolds number is equal or greater than 1244.  
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