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Abstract   
 
In this study, forced convection flow and heat transfer characteristics in semi-circular cross-sectioned micro-channel 

were studied numerically. Water, ethylene glycol (EG) and engine oil were used as working fluid. The three-

dimensional numerical study was carried out under steady-state laminar flow. Flow was hydrodynamically and 

thermally developing (simultaneously developing flow) under uniform surface heat flux boundary condition on the 

bottom wall of micro-channel. Convective heat transfer coefficient and pressure drop were analyzed using different 

fluids (water, EG and engine oil). The average Nusselt number and average Darcy friction factor were determined 

using the numerical results. Also, the results were given with empirical correlations as: Nu = aRe
b
Pr

c
 and f = dRe

e
. 

The highest heat transfer rate and pressure drop are obtained for engine oil and water, respectively. 
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1. Introduction  

 

Micro and mini-channels applications plays very important roles for effective cooling in 

microelectronic devices, and also used for applications such as micro-biochips, micro-reactors, 

refrigeration systems and micro-fuel cells. Through these micro-fluidic systems, micro-channels 

have been identified to be one of the fundamental elements to transport fluid within a tiny area. 

Circular micro-channels are considerable for increasing the length of the path of the fluid flow, 

increment mixing efficiency, and improving heat transfer performance within a bounded and 

uniform space. It is clearly understood in the past numerical and experimental studies that the 

fluid flow characteristics in micro-channels usually different from the macro-channels. As an 

illustration, the friction factor of laminar flow in micro-channels was higher than macro-channels 

[1]. It is important that estimating and developing correlations for pressure drop and forced 

convective heat transfer in micro-channels under developing flow conditions. Semi-circular cross 

sectioned micro-channels heat transfer and fluid flow are more complicated than circular cross-

sectioned ones [2]. 

 

Several studies have been made for semi-circular cross-sectioned channels at macro level. An 

extensive review of forced convection flow in circular and non-circular duct cross-sections were 

presented by Shah and London [3], Kakaç et al. [2], and Kakaç and Liu [4]. An experimental 

investigation made by Berbish et al. for turbulent forced convection heat transfer and pressure 
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drop characteristics of air flow inside a horizontal semi-circular cross-sectioned macro-channel. 

The variations of surface and mean temperatures, local heat transfer coefficient, local Nusselt 

number, and local friction factor with the axial dimensionless distance throughout the duct were 

presented in this investigation. Empirical correlations were determined for the average Nusselt 

number and average Darcy friction factor as a function of the Reynolds number [5]. Manglik and 

Bergles [6] researched numerically constant property, laminar flow heat transfer in a semi-

circular tube with a uniform wall temperature. A numerical investigation for steady state 

turbulent flow in a smooth semi-circular cross-sectioned duct at macro level was carried out by 

Arslan [7]. In this study flow was hydrodynamically and thermally developing under uniform 

surface heat flux with uniform peripheral wall heat flux. Local heat transfer coefficient and local 

Darcy friction factor as a function of dimensionless position along the duct obtained with 

numerical solutions. Hakan and Öztop [8] carried out an analytical investigation of entropy 

generation for laminar flow along the semi-circular cross-sectioned ducts depending on the 

constant wall heat flux boundary conditions. The effects of cross-sectional area and the wall heat 

flux on entropy generation were investigated. Geyer et al. [9] numerically analyzed fully 

developed laminar flow and heat transfer in periodic semi-circular cross-sectioned trapezoidal 

channels. Semi-circular cross-sectioned periodic trapezoidal channel flow has higher rates of heat 

transfer with relatively small pressure loss compared to flow in straight pipe. 

 

At the micro level for laminar flow in semi-circular cross-sectioned channels, there has been less 

study than macro-level. Languri and Hooman [10] numerically analyzed a slip flow in a micro-

channel under forced convection. Velocity slip and temperature jump boundary conditions were 

applied at the uniformly heated walls. Hooman [11] developed a superposition approach to 

investigate forced convection for arbitrary cross-sections. The flow was assumed slip-flow 

regime. The numerical results for parallel plate, circular and rectangular cross-sections were 

obtained. 

 

Energy and momentum analysis in semi-circular cross-sectioned channels are very complicated. 

For designing of thermal equipment, fundamental knowledge on the flow and heat transfer of the 

laminar forced convection in semi-circular cross-sectioned channel is needed. On the other hand, 

semi-circular micro-channel geometry under laminar flow condition has not been sufficiently 

studied in detail.  

 

In this study, three-dimensional flow was examined for horizontal straight semi-circular cross-

sectioned micro-channel under hydrodynamically and thermally developing flow condition. The 

study was conducted in the laminar flow region. Water (Pr=5.83), ethylene glycol (Pr=151) and 

engine oil (Pr=6400) were used as the heat transfer medium. The continuity, momentum and 

energy equations for three-dimensional flow in the hydrodynamic and thermal entrance region of 

semi-circular cross-sectioned micro-channel were solved using finite volume based commercial 

software ANSYS Fluent 15.0. The changing of average Nusselt number and average Darcy 

friction factor with Reynolds number were analyzed. Applicable engineering correlations for 

average Nusselt number and average Darcy friction factor were also presented. It was obtained in 

the numerical study that; convection heat transfer in semi-circular cross-sectioned micro-channel 

for engine oil flow was greater than water and EG flow. On the other hand, the pressure drop of 

the micro-channel was highest in water flow.  
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2. Mathematical modeling and Computation Method  

 

The schematic diagram illustrating the cross-section and computational territory of the semi-

circular cross-sectioned micro-channel along with the coordinate system and dimensions of the 

flow geometry were given in Figure 1. Mathematical modeling was made for micro-channel to 

analyze the case. The three-dimensional Navier-Stokes and energy equations were used to 

identify the flow and heat transfer in the computational domain. The physical properties of fluids 

were taken for the bulk temperature in the micro-channel. 

 

The continuity, momentum and energy equations in cylindrical coordinate system are given 

below. 

 

Continuity equation:               
1 ( ) 1
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Radial momentum equation: 
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Angular momentum equation: 
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Energy equation: 
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The continuity, momentum and energy equations were solved using ANSYS Fluent 15.0. The 

fluid enters the duct with uniform velocity and temperature profile. At the inlet hydraulic 

diameter of the channel was used as convenient length scale. No slip boundary conditions were 
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used on the channel walls. A uniform heat flux q”=10 kW/m
2
 was applied on the bottom surface 

of the channel, while the rest of the micro-channel was thermally isolated from the surroundings. 

Also, each fluid enters the micro-channel at Ti=300 K and ANSYS Fluent 15.0 pressure outlet 

boundary condition was performed at the outlet of the channel.  

 

 
Figure 1. Schematic diagram of semi-circular cross-sectioned micro-channel with boundary condition 

 

Average Nusselt number, average Darcy friction factor and Reynolds number were determined 

by:  

Re hUD

v
     (6)                                          hhD
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      (7)                                             
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The hydraulic diameter, Dh, is chosen as the characteristic length and obtained from the Eq. (9) 

for the semi-circular cross-sectioned micro-channel [7]. Average heat transfer coefficient is also 

determined [12] from Eq. (10). 
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Additionally, all fluid properties in the micro-channel is taken at the bulk temperature of fluid Tb 

= (Tbi + Tbo)/2 [13].  

 

In this study, a general finite-volume based commercial CFD software ANSYS Fluent 15.0 was 

used to perform the numerical investigation. The code provides the mesh flexibility by structured 

and unstructured meshes. Computations were carried out under laminar flow conditions. The 

energy equation was solved for negligible radiation effects. The Navier-Stokes equations were 

solved numerically with transport equations for laminar flow. In this study, tetrahedron cells were 

 



 

H. KAYA et al./ ISITES2015 Valencia -Spain  1330 

 

 

generated with a fine mesh near the plate walls. In order to obtain fine mesh distribution 

boundary layer mesh was used adjacent the surfaces of the micro-channel. The non-uniform grid 

distribution was performed in the plane perpendicular to the main flow direction (Figure 2). 

Symmetry applied to the geometry to simplify the calculations. The number of grid points or 

control volumes close to the each wall was increased to augment the resolution and accuracy.  

 

  
Figure 2. Mesh distribution on y-z plane 

 

Each equation for continuity, momentum and energy has been iterated until the residual drops 

below 1·10
-6

 for achieving convergence of the solution. There is no converging solution problem 

for iterations of each working fluid.  
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Figure 3. Changing of average Nusselt number and average Darcy friction factor with mesh number for EG flow 

 

The mesh independence study was carried out by 

clarifying the grid size until the variation in both 

average Nusselt number and average Darcy 

friction factor were less than about 0.3% and 

1.2%, respectively. In order to satisfy certainty of 

results presented, a grid independence study was 

performed for EG flow in micro-channel using ten 

different grid sizes changing from 1.36·10
5
 to 

1.74·10
6
 for Re = 1000 to study the effects of grid 

size. It is recognized that further clarification of 

grids from 9.07·10
5
 to 1.74·10

6
 did not have 

remarkable effect on the results with regards to 

average Nusselt number and average Darcy 

friction factor as illustrated in Figure 3. The grid 

size of 9.07·10
5
 points was used for all of the 

calculations depending on this mesh independence 

process. The grid size was also used for Reynolds 

number from 100 to 1000. 
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3. Results and Discussion 

 

In this study, the convective heat transfer and fluid friction in an air-cooled semi-circular cross-

sectioned micro-channel under uniform bottom surface heat flux with isolated peripheral wall 

was numerically analyzed. The analysis was conducted under hydrodynamically and thermally 

developing laminar flow condition. The results were given with average Nusselt number and 

average Darcy friction factor. The average Nusselt numbers were calculated after the 

determination of temperature fields in each fluid. Additionally, the values were estimated for 

average Darcy friction factors after finding out of pressure drop in the channel.  

 

In order to test the numerical code, results for water flow in micro-channel were compared with 

the experimental results obtained from the literature [14]. It was seen in the Figure 4 that the 

current numerical study was harmonious with the experimental data. The maximum deviation 

between the numerical and experimental results was obtained almost ±4%. 

 

Re

0 200 400 600 800 1000 1200

Nu

1

2

3

4

5

6

current study

experimental results

 
Figure 4. Comparison between the numerical investigation and literature  

 

The numerical results under steady-state conditions were shown in Figure 5-10. This study was 

carried out in order to emphasize the effect of channel geometry and wall boundary conditions on 

thermal performance of semi-circular channel. The flow velocity and temperature distributions 

were presented as well. 

 

Velocity and temperature distribution of water flow at the outlet of the duct for different 

Reynolds number is shown in Figure 5 and 6, respectively. It was seen that the velocity and 

temperature values changed with changing Reynolds number. Maximum velocity was obtained at 

the center of the channel. At the same time, the temperature of the fluid decreases from bottom 

surface to top surface of the micro-channel. 
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Figure 7 and 8 show the velocity and temperature distributions at the outlet of the duct for 

different fluids at Re=1000, respectively. It is obtained in these figures that velocity and 

temperature profiles change with working fluid. 

 

       
(a)                                                     (b)                                                 (c) 

Figure 5. Velocity distributions at the outlet of the micro-channel for water flow; (a) Re=100, (b) Re=500, (c) 

Re=1000. 

 

       
(a)                                                        (b)                                              (c) 

Figure 6. Temperature distributions at the outlet of the micro-channel for water flow; (a) Re=100, (b) Re=500, (c) 

Re=1000. 

 

       
(a)                                                (b)                                                 (c) 

Figure 7. Velocity distributions at the outlet of the micro-channel for different fluids at Re=1000; (a) Water, (b) EG, 

(c) Engine Oil. 
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(a)                                                          (b)                                                        (c) 

Figure 8. Temperature distributions at the outlet of the micro-channel for different fluids at Re=1000; (a) Water, (b) 

EG, (c) Engine Oil. 

 

Figure 9 and 10 represent the numerical results for each working fluid flow in semi-circular 

cross-sectioned micro-channel. It is obtained in the figures that, average Nusselt number 

increases with increasing Reynolds number, while Darcy friction factor decreases as expected. 

The engine oil has the highest value of Nusselt number at the same boundary condition. It 

represents that, the convection heat transfer rate of engine oil is more effective than the other 

fluids. Also, the friction factor values for water greater than others. The reasons of this 

circumstance, greater viscosity and smaller Prandtl number for water than engine oil and ethylene 

glycol. Besides, it is seen form in Figure 10, EG and engine oil almost the same friction values at 

the same Reynolds numbers.  
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Figure 9. Variation of Nusselt number with Reynolds number for different working fluid 
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Figure 10. Variation of Darcy friction factor with Reynolds number for different working fluid 

 

The applicable correlations of Nusselt number and Darcy friction factor were obtained from 

numerical investigation of flow in a semi-circular cross-sectioned micro-channel of each working 

fluid. The empirical correlations for Nusselt number and the Darcy friction factor are given as: 

 
0.30 0.130.3836Re PrNu                                     (11)     

 
70.53

Re
f                             (12) 

 

 

4. Conclusions 

 

The numerical investigation was carried out of heat transfer and friction factor for 

hydrodynamically and thermally developing three-dimensional steady laminar flow in a semi-

circular cross-sectioned micro-channel. The analysis was made with different Reynolds number 

ranging from 10
2
 to 10

3
 of each working fluid. Numerical results for laminar case of each 

working fluid are compared with each other and the literature. Numerical computations results 

were given in terms of average Nusselt numbers and average Darcy friction factors. There was an 

increment of average Nusselt number with increasing Reynolds number. On the contrary, average 

Darcy friction factor decreases with increasing Reynolds number. Velocity and temperature 

distribution in micro-channel were also presented graphically for different Reynolds number and 

working fluid. According to numerical calculations of 3-D governing equations in the 

hydrodynamic and thermal entrance region of laminar flow, new engineering correlations were 

determined for the average Nusselt number and average Darcy friction factor. It was obtained in 

this study that, the friction and heat transfer coefficients depend on Reynolds number and 

working fluid for laminar fluid flow in semi-circular cross-sectioned micro-channel.  
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