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Abstract: In the present analysis of fluid flow, there are two cases. 

In first case, CFD Analysis of wavy microchannel heat sink with 

hemispherical obstructions is done in Ansys CFX package and 

the simulation results are obtained for pressure drop and heat 

transfer characteristics for single phase laminar flow. For this 

analysis the geometry of the channel has been made wavy edge 

with rectangular entry and exit. Then the obstructions with 

hemispherical shape have been put at the particular wavelength. 

Water is taken as coolant and cooper is used as a sink material. 

The main aim of changing the geometry of the straight channel 

to wavy channel with the inclusion of hemispherical obstructions 

is to increase the surface area and contact time of coolant with 

the heated surface to increase the temperature rise by decreasing 

thermal resistance. In the second case, comparison of simulation 

results of the first case with experimental results of rectangular 

microchannel obtained by Weilin Qu and Issam Mudawar. Both 

the micro-channels have a width of 0.23mm and height of 0.71 

mm. The aspect ratio (ɣ) and the length of both the channels is 

kept same as 0.32 and 44.7mm respectively. The diameter of 

hemispherical obstruction is taken as 0.22 mm. The analysis for 

both the micro-channels is done for five sets of Reynolds number 

which are 400, 600, 800, 1000 and 1200 respectively. The two 

values of heat flux used are 100W/   and 200W/   .After 

constructing the geometry in solid works and partially in the 

Design Modular, the simulation is done on ANSYS CFX.  

I. INTRODUCTION 

Micro-channel heat sink- 

Micro-channels have become very popular in applications 

where very high heat transfer rates are necessary. Its 

development trend as electronics equipment becomes more 

advanced and smaller in size with continuing innovations. It 

faces thermal engineering challenges from the high level of 

heat generation and the reduction of available surface area for 

heat removal. In the absence of sufficient heat removal, the 

working temperature of this component may exceed a desired 

temperature level which then increases the critical failure rate 

of equipment. Therefore, advanced electronic equipment with 

high heat generation requires an efficient and compact device 

to provide proper cooling operation. In order to meet the 

cooling requirement, needs to increase the product of heat 

transfer coefficient (h) and heat transfer surface area (A) for a 

device. Since heat transfer coefficient is related to the channel 

hydraulic diameter. The heat transfer surface area can be 

increased by incorporating micro channels on the device 

surface. One promising solution to the problem is liquid 

cooling incorporating on micro-channels. Micro-channel heat 

transfer has the potential of cooling high power density 

microchips. One can expect that as the size of the channel 

decrease, the value of convective heat transfer coefficient(h) 

becomes increasing in order to maintain a constant value of 

the Nusselt number (hDh/kf). These chips have machined 

micro-channels through which cooling fluid like water is 

circulated. The cooling liquid removes heat by single phase 

forced convection. Flow within the micro-channel is 

considered as fully developed laminar flow with constant heat 

flux. Therefore, heat sinks with larger extended surfaces, 

highly conductive materials and more coolant flow are key 

parameters to reduce the base temperature.  

Straight Microchannel 

In Today’s world the basic requirement in the field of heat 

transfer is compact heat exchanger, for cooling of electronic 

chips, micro level biological instruments etc. As we are 

having fixed surface area so, the solution is to vary the surface 

properties by having surface obstacles (delta-wings), surface 

indentation (dimples), surface channels (wavy, zigzag 

channel).                                        

The major advantages of straight channels includes, increased 

surface area for heat flow, better flow mixing at curved 

portion results in better distribution of heat, and effective 

cooling . In normal heat flow as in straight channel same 

molecule remains in contact with the surface throughout the 

flow causes poor heat transfer, but in wavy or zig-zag 

channel, due to the phenomenon known as boundary layer 

regeneration fluid particle from free layer gets chance to come 

in contact with the surface which enhances the heat transfer 

characteristics. But its disadvantage is that it causes pressure 



International Journal of Research and Scientific Innovation (IJRSI) | Volume III, Issue X, October 2016 | ISSN 2321–2705 

www.rsisinternational.org Page 20 
 

drop. But the value of effectiveness of channel is greater than 

one which shows that heat transfer enhancement is more as 

compared to pressure drop.   

Wavy Microchannel 

In Today’s world the basic requirement in the field of heat 

transfer is compact heat exchanger, for cooling of electronic 

chips, micro level biological instruments etc. As we are having 

fixed surface area so, the solution is to vary the surface 

properties by having surface obstacles (delta-wings), surface 

indentation (dimples), surface channels (wavy, zigzag 

channel). 

The  major  advantages  of  wavy channels  includes,  

increased  surface   area for heat flow, better  flow mixing at 

curved   portion  results  in better  distribution  of  heat, and  

effective cooling . In  normal  heat flow as in straight  channel 

same molecule  remains  in contact with the surface throughout   

the   flow   causes   poor heat   transfer,   but  in wavy   or   

wavy channel, due to the phenomenon  known  as boundary 

layer regeneration fluid  particle from free layer gets chance to 

come in contact  with  the surface   which  enhances the  heat 

transfer   characteristics. But its disadvantage is that it causes 

pressure drop. But the value of effectiveness of channel is 

greater than one which shows   that heat transfer enhancement 

is more as compared to pressure drop. 

 

NOMENCLATURE 

Ac      Cross-sectional area of channel (m
2
) 

Cp      Specific heat at constant pressure (J/kg-K) 

Dh      Hydraulic diameter of channel perimeter (m) 

H       Height of micro-channel heat sink (m) 

Hch     Height of micro-channel (m) 

Hw1      Substrate thickness on insulated side of microchannel     

           heat (m)                    

Hw2     Substrate thickness on heated side of microchannel heat  

           sink(m) 

K        Thermal conductivity (W/m-K) 

L         Length of microchannel heat sink (m) 

P         Pressure (Pa) 

q         Heat flux (W/m
2
) 

Re       Reynolds number based on channel hydraulic diameter 

Rth      Thermal resistance (m-K/W) 

T        Temperature (K) 

Tin       Fluid inlet temperature (K) 

Tbm      Fluid bulk temperature (K) 

W        Width of micro-channel heat sink unit cell (m) 

Wch      Width of micro-channel (m) 

Ww1, Ww2   Half-thickness of wall separating micro-channels  

            (m) 

ɣ           aspect ratio 

 

Greek symbols 

µ         dynamic viscosity (N-s/m
2
) 

           density (kg/m
3
) 

 

II. MATHEMATICAL FORMULATION 

In the present study the single phase model of computational 

fluid dynamics is used for the purpose of computing and 

solving the problem of particular category. This  single phase 

model will solve and calculate one transport equation for 

continuity and one for momentum for each phase, and  after 

this the energy equations are solved for studying  the fluid and 

thermal performance of the system. The simulation for this 

single phase model is done using ANSYS CFX. 

The equations used in this model include the equation of 

momentum, equation of continuity and energy equation 

(ANSYS CFX). The use of energy equation is done for 

finding out temperature distribution on the wall. The equation 

for conservation of mass, continuity equation, can be written 

as follows: 

Mass conservation equation 

The equation for conservation of mass, or continuity equation, 

can be written as follows: 

  

  
   (  ⃗)     

The equation written above is a general equation for 

conservation of mass. Here Sm  is the mass added from any 

user defined sources. 

Momentum conservation equation 

Momentum conservation in a reference frame which is non 

accelerating can be written as 

 

  
(  ⃗)    (  ⃗ ⃗)        ( ̿)      ⃗ 

Where, 

 p is the static pressure ,τ is the stress tensor  

 F and  g are the external forces on body and gravitational 

force on body. 

Energy equation- 

ANSYS CFX solves the energy equation in the following 

form: 

 

  
(  )    ( ⃗ (    ) )

   (       ∑    ⃗⃗⃗

 

     ̿̿ ̿̿ ̿  ⃗)     

Where, 

keff  is the effective conductivity (k+kt ), where kt is the 

turbulent thermal conductivity, defined on the basis of 

turbulence model being used, and J j is the diffusion flux of 

species J .  On the right-hand side of the equation the first 
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three terms represents energy transfer due to species diffusion, 

conduction, and viscous dissipation, respectively, Sh denotes 

the chemical reaction heat, and some other sources of heat. 

Standard relations and associated equations  

The bulk mean temperature, Tbm and the wall temperature, Twx 

with distance x from the micro-channel entrance can be 

obtained by doing the thermal energy balance around the 

micro-channel which is given by the following equations. 

 

Tbm = Tin +    
     

   
 

Where, 

Tbm  is the bulk mean temperature. 

Tin  is inlet temperature. 

q is the heat flux. 

Dh is hydraulic diameter of channel. 

m is mass flow rate across channel. 

 

The relation between the hydraulic diameter and Reynolds 

number in a channel is given by 

Re= vDh/   

Where, 

   is density 

v  is  average velocity. 

  is dynamic viscocity. 

Dh is hydraulic diameter of channel 

III. METHODOLOGY 

Straight rectangular micro-channel heat sink 

In this chapter a three dimensional CFD simulation is done for 

the heat transfer and pressure drop characteristics of 

rectangular micro-channel. Material used for heat sink 

construction is copper. The experimental set up shown in 

figure was developed by Mudawar and Qu (2002). 

 

Figure 4.1: Schematic diagrams of flow loop [1] 

Description of problem 

The experimental work done by Qu and Mudawar, (2001) on 

the test apparatus is modelled and simulated in this present 

study. Water is moving through a straight rectangular smaller 

scale channel implanted in a test module. 21 rectangular 

smaller scale openings were machined into micro- channel 

surface by an accuracy machining procedure. The 

miniaturized scale openings were equidistantly divided inside 

of the 1-cm heat sink width and had the cross-sectional 

measurements of 231 µ m wide and 712 µm profound. There 

are 21 parallel rectangular small scale directs in the module. 
Figure shows the flow loop that was constructed to supply 

deionized water to the heat sink at the desired pressure, 

temperature, and flow rate. The water was pumped from a 

liquid reservoir and circulated through the flow loop by a gear 

pump. Upon exiting the pump, a portion of the flow, 

controlled by a by-pass valve, entered the test loop containing 

the heat sink, while the remaining portion returned to the 

reservoir though a by-pass loop. The test loop water first 

passed through a heat exchanger where the water was cooled 

to the desired inlet temperature. The water then passed 

through a 15 lm filter to prevent any solid particles from 

blocking the heat sink micro-channels. After exiting the filter, 

the water was routed to one of two rotameters for volume flow 

rate measurement. The water then entered the micro-channel 

heat sink test module where the electric power supplied to the 

heat sink was removed by the water. Leaving the test module, 

the water returned to the reservoir where it mixed with the 

bypassed flow. 

Geometry of the rectangular microchannel heat sink 

In the present analysis, only one micro channel of the 

remaining 21 micro-channels is considered as a computational 

domain. Figure shows the micro-channel heat sink with single 

unit cell used for simulation. 

Table 4.1: Dimensions of the rectangular channel unit cell 

used for simulation 

Ww (µm) 
Wchannel(µ

m) 
Hw1 

(µm) 
Hch (µm) Hw2 (µm) 

L 
(mm) 

118 231 12700 713 5637 44.7 
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Figure 4.2: Schematic diagram of rectangular microchannel unit cell [1] 

Experimental Results 

Pressure drop for heat flux value=100W/                          

  

 

 

 

Pressure drop for heat flux value=200W/    

 

 

 

 

 

Temp rise for heat flux value=100W/            

 

 

 

 

 

Temp rise for heat flux=200 W/     

                          

 

 

 

 

CASE-1 

Simulation of Wavy edge type rectangular micro-channel heat 

sink with hemispherical obstructions by taking water as a 

coolant and cooper as a sink material 

In this chapter a three dimensional CFD simulation is done for 

the heat transfer and pressure drop characteristics of wavy 

edge rectangular micro-channel heat sink. Material used for 

heat sink construction is copper. 

Problem description- 

Water is moving through a wavy edge rectangular smaller 

scale channel heat sink assembly. In this analysis a design for 

wavy edge type of micro-channel heat sink is constructed. The 

dimensions of the micro-channel assembly are same as that of 

the rectangular micro-channels used in the experiments, the 

only difference being the length is made wavy along with 

hemispherical obstruction. 

              

 

Figure: Schematic diagram of wavy microchannel heat sink.  

Table: Dimensions of the wavy channel unit cell used for 

simulation 

Wwall 

(µm) 

W 

(µm) 

Hwall2 

(µm) 

H 

(µm) 

Hwall1 

(µm) 

L 

(mm) 

118 231 12700 713 5637 44.7 

In this analysis the only the length of the micro-channel heat 

sink is made wavy and the pressure drop and heat transfer 

characteristics are simulated. 

Wave equation used- In this analysis, for the construction of 

geometry a sine wave is used which has the following 

equation.  

      (     ) 

Here, A is wave amplitude and λ is the wavelength. 

Geometry construction- 

For the analysis of computational fluid dynamics problem, the 

geometry of the heat sink was constructed using solid works, 

and was imported to ANSYS workbench CFX for further 

meshing and CFD simulations. 

For creating geometry, first the heat sink was made in solid 

works as per the dimensions given in table. The wave 

dimensions were given according to the length of the channel 

which is 44.7 mm. A sinusoidal wave was assumed and 

constructed in the solid heat sink. The amplitude of the wave 

was taken as 0.15 mm while the wavelength was taken as 2 

mm, and at a particular wavelength a hemispherical 

obstruction is made on the wavy edge and repeated to get fully 

along the channel. However, fluid channel was created in the 

design modular of Ansys CFX and not in the solid work as it 

was easy to make in the design modular and also it is made of 

the same dimensions as of the wavy rectangular slot along the 

Reynolds number 
Experimental 

pressure drop (bar) 

400 0.10 

600 0.17 

800 0.23 

1000 0.32 

1200 0.41 

Reynolds number 
Experimental pressure 

drop(bar) 

400 0.08 

600 0.15 

800 0.21 

1000 0.30 

1200 0.40 

Reynolds number 
Experimental temp 

rise (°C) 

400 22 

600 16 

800 10 

1000 8 

1200 6 

Reynolds number 
Experimental temp 

rise (°C) 

400 44 

600 31 

800 22 

1000 18 

1200 15 
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length of heat sink with hemispherical depression for proper 

mating and was given the name of fluid part.  

 

Figure: Geometry of wavy micro-cannel heat sink used in simulation 

 

Figure: Detailed view of wavy micro-cannel heat sink with hemispherical 

obstructions 

Meshing- 

 

Figure: Meshing of geometry in ANSYS CFX  

Table: Mesh details- 

Physics preference CFD 

Solver preference CFX 

Smoothing Medium 

Transition Slow 

Transition ratio 0.77 

Minimum size 1.2e-5 

Maximum face size 1.21e-3 

Maximum size 2.42e-3 

Nodes 631403 

Elements 3125145 

Boundary conditions- 

1. No slip on the surface.                                                                             

2. Uniform inlet temperature and static pressure were 

given at the entry of the channel. 

3. Outlet of the channel is based on mass flow rate. 

4. A uniform heat flux of 100W/cm
2 

and 200 W/cm
2 

at 

the bottom wall of the heat sink for two separate 

cases was applied. 

Table: Zone specification  

Front wall of solid heat sink Wall 

Top wall of solid heat sink Wall 

Back wall of solid heat sink Wall 

Bottom wall of solid heat sink Heat flux 

Heat sink right wall Wall 

Heat sink left wall Wall 

Channel entry Static pressure 

Channel exit Mass flow rate 

Default Interface Wall 

 

Table: Solver settings 

Following are the solver settings which are to be used in 

simulation. 

Min.  Iterations 1 

Max. Iterations 250 

Residual type RMS 

Residual target 1E-4 

Time scale control Auto time scale 

IV. SIMULATION RESULTS 

In the following computational fluid dynamics analysis the 

results are plotted for temperature rise and heat transfer in 

wavy edge type rectangular microchannel for two different 

values of heat fluxes applied at the bottom of the heat sink for 

varying set of values of Reynolds number. The value of heat 

flux used in the analysis are 100W/   and 200W/   . Five 

values of Reynolds number are taken for the analysis which 

are 400, 600, 800, 1000 and 1200 respectively 
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Results for heat flux= 100W/   for different sets of Reynolds 

number  

 

Figure: Temperature contour of water along wavy channel at Re=400 

 

Figure: Pressure contour of water along wavy channel at Re=400 

Results for heat flux of 200 W/   and different sets of 

Reynolds number 

 

Figure: Temperature contour along wavy channel at Re=400 

 

Figure: Pressure contour along wavy channel at Re=400 

In the above figures, contours for temperature rise and 

pressure drop along the channel has been shown at Reynolds 

number 400 for bottom wall heat flux at 100 W/cm
2 

and 200 

W/cm
2 

respectively. Similarly all the contours for Reynolds 

number 600, 800, 1000 and 1200 at heat flux 100 W/cm
2
 and 

200 W/cm
2
 are obtained and put in the table in the form of 

numerical values. 

Table: Computational Temperature Rise 

for heat flux=100W/    

Reynolds number 
Computational 

temperature rise( C) 

400 27 

600 23 

800 21 

1000 19 

1200 18 

Table: Computational Temperature Rise 

for heat flux =200W/    

 

 

 

 

Table:Computational pressure drop 

for heat flux =100W/    

Reynolds number  Computational 

Pressure Drop(bar) 

 400 0.116 

600 0.183 

800 0.255 

1000 0.344 

1200 0.418 

 

Table: Computational pressure drop for heat flux =200W/    

Reynolds number Computational 

temperature rise (°C) 

400 55 

600 47 

800 43 

1000 40 

1200 38 
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CASE-1  

Comparison of simulation results of the Wavy microchannel 

with hemispherical obstructions with experimental results of 

rectangular microchannel obtained by Weilin Qu and Issam 

Mudawar 

Table: Temperature Rise for different Reynolds number for 

heat flux=100W/    

Reynolds number 

Experimental 

Temperature 

Rise( C) 

(rectangular) 

Computational 

Temperature 

Rise( C) 

(wavy) 

400 22 27 

600 16 23 

800 10 21 

1000 8 19 

1200 6 18 

Table: Temperature Rise for different Reynolds number for 

heat flux=200 W/    

Reynolds 

number 

Experimental 

Temperature 

Rise( C) 

(rectangular) 

Computational 

Temperature 

Rise( C) 

(wavy) 

400 44 55 

600 31 47 

800 22 43 

1000 18 41 

1200 15 38 

Table: Pressure Drop for different Reynolds number for heat 

flux=100 W/    

Reynolds Number 

Experimental 

Pressure 

Drop(bar) 

(rectangular) 

Computational 

Pressure 

Drop(bar) 

(wavy) 

400 0.10 0.116 

600 0.17 0.183 

800 0.23 0.255 

1000 0.32 0.344 

1200 0.41 0.418 

Table: Pressure Drop for different Reynolds number for heat 

flux=200 W/    
Reynolds Number  Experimental 

Pressure 

Drop(bar) 

(rectangular) 

Computational 

Pressure 

Drop(bar) 

(wavy) 

400 0.08 0.115 

600 0.15 0.181 

800 0.21 0.254 

1000 0.30 0.341 

1200 0.40 0.416 

GRAPH- 

 

 

Figure: Temperature rise vs Reynolds number (Heat flux=100 W/cm2) 

 

Figure: Temperature rise vs Reynolds number (Heat Flux=200 W/cm2) 

 

Figure: Pressure Drop vs Reynolds number (Heat Flux=100 W/cm2) 

Reynolds number 
Computational 

Pressure Drop(bar) 

400 0.115 

600 0.181 

800 0.254 

1000 0.341 

1200 0.416 
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Figure: Pressure Drop vs Reynolds number (Heat Flux=200 W/cm2) 

V. CONCLUSION 

Based on the numerical study on both straight and wavy edge 

type micro-channel with hemispherical obstructions the 

following conclusions can be made- 

 Water temperature rise is more at the outlet of wavy 

edge type of micro-channels with hemispherical 

obstructions in comparison to straight micro-

channels for same values of Reynolds number and 

heat flux. 

 From the above results both for straight rectangular 

micro-channel and wavy edge type micro-channel 

the thermal performance of wavy edge micro-

channel is found to be better in comparison to that of 

straight micro-channel of same hydraulic diameter.  

 With the inclusion of hemispherical obstructions in 

wavy channel, surface area as well as contact time of 

fluid with heated surface increases due to which 

thermal resistance decreases which ultimately 

increases the heat transfer as a result, we get the 

higher temperature rise of the fluid. 

 Pressure drop is found to be more in wavy edge 

micro-channels in comparison to that of straight 

micro-channels, however the loss in pressure is 

compensated by the better heat transfer 

characteristics of the wavy micro-channel. 

 Velocity of water decreases along the flow direction 

in wavy micro-channels due to loss in energy of fluid 

while travelling along wavy channel with 

hemispherical obstructions. 

 As the value of heat flux in wavy type of channel is 

increased from 100W/    to 200W/    there is an 

increase in the outlet temperature of water, however 

the pressure drop along the channel decreases. But 

the difference in pressure drop is very less. 
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