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ARTICLE INFO                                       ABSTRACT 
 
 
 

This paper presents numerical investigations on forced convection in  mini-channels with realistic 
cross-sectional shapes. The numerical study is based on Finite Difference solution of the 
governing equations, incorporating  actual irregular cross-sectional profile of fabricated channel 
in the flow domain, using image processing. Numerical studies have been performed using  
ANSYS Fluent 13.0 to obtain the temperature distributions and calculate heat  transfer parameters 
in water flow through mini-channel. The Nusselt number  values were compared and contrasted 
with apparent regular geometry as well as  the actual irregular geometry. The findings suggest 
that some of the  observed deviations in the performance of small channels, compared to  
theoretical results, are possibly due to the assumption of regular domain  shapes while performing 
theoretical analysis. 
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INTRODUCTION 
 

Investigations on the flow and heat transfer behaviour of mini 
channels, both experimental and theoretical, have been 
compiled in many publications. While performing theoretical 
analysis, or using theoretical results  to  make  comparisons  
with  experimental results, often it is assumed that the 
channels possess regular geometrical shapes, with perfectly 
defined surfaces. In reality, the actual cross-sectional 
geometries produced by the fabrication techniques could be 
much different from these assumed perfect geometries, so that 
the assumption does not predict the performance correctly in 
an analysis. Single-phase convective heat transfer in a 
compact heat sink of hydraulic diameter 300 µm and depth 
800 µm with relative  roughness in  the  range  4–6%  was  
investigated experimentally, by Shen et al. (2006). The 
friction factors and the local and average Nusselt number 
values were deviated significantly from theoretical predictions, 
depending on the surface roughness and the cross-sectional 
aspect ratio. Experimental  investigation  by Jiang  et al.  
(1997) on  the laminar flow of liquid in silicon micro channels 
with different cross-sections has shown that, for non-circular 
ducts, the values of Cf  & Re are smaller than predicted 
values. Wu and Cheng (2003) performed experimental studies 
on laminar heat transfer and pressure drop in water flowing 
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through trapezoidal silicon  micro-channels and  reported 
that the values of Nusselt number and the apparent coefficient 
of friction depended greatly on different geometric 
parameters. The effect of the channel wall roughness on 
adiabatic flow in circular micro-channels has been studied by 
Celata et al. (2006). An increase in the friction factor was 
observed for the smallest diameter of 126 µm studied, with 
respect to classical results. It was concluded that this increase 
was caused by the actual deformation of the channel 
circularity, rather than the increased friction at the 
roughened wall. 
 
Silva et al.  (2008)  investigated  the  influence  of  surface 
phenomena on micro scale flows using Micro Particle Image  
Velocimetry (MPIV). Investigations on a  micro- channel of 
hydraulic diameter 637 µm with rough walls having relative 
roughness 1.6% and a very irregular cross- sectional   shape   
showed   that   the   Poiseuille   numbers differed by 11% with 
respect to that in a channel with smooth walls. This 
emphasized the need to account for wall roughness in the 
analysis of flow in channels of small dimensions. An 
approximate model has been developed by Bahrami  et al.  
(2007) to investigate the pressure drop in smooth mini 
channels and micro channels of arbitrary cross-sections, with 
incompressible, laminar and fully developed flow. The results 
were found to be functions of only the geometrical parameters 
of cross-section. Based on reported work in the literature, 
Suresh et al. (2003) have pointed out that in micro channels; 
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the flow behaviour is strongly affected by the hydraulic  
diameter  and  aspect ratio of the channel. It was summarized 
that, research on single-phase flow in micro channels has to 
be focused on three aspects: (i) effect of channel dimension 
and geometry (ii) critical Reynolds number and (iii) 
correlations in terms of fluid properties and micro-channel 
geometry. Due to the surface irregularities, fluid flow and heat 
transfer parameters such as  the  friction factor and Nusselt 
number can be expected to deviate from values predicted by 
conventional correlations considering regular cross-sections. 
Judy et al. (2005) pointed out surface irregularities affect the 
cross-sectional shape, and the flow area, thus affecting both 
the frictional and inertial effects. Etching process and the 
micro machining process produce surface with irregularities 
which alter the apparent cross sectional geometry of channels, 
the effects of which are predominant in small dimension 
channels. The flow and heat transfer parameters in this can be 
expected to deviate from values predicted by conventional 
correlations since the surface irregularities affect the 
geometrical parameters such as perimeter and flow area, cross 
sectional shape, the surface roughness.  
 
Hakamada et al. (2008) was fabricated micro-channel with a 
three dimensional configuration by spacer method, in which 
spiral aluminium was compacted with copper powder at 
300MPa and sintered at 1173K. After sintering aluminium 
wire was removed by alkali leaching. They proposed that the 
spacer method is an effective fabricating method for three 
dimensional configuration micro channels, compared to 
conventional methods. Pan et al. (2009) proposed a  novel 
multi cutter milling process for multiple parallel micro 
channels. This method could be used for cost effective 
commercial applications and mass production of micro 
channel arrays. Experimental investigations under different 
machining conditions have been conducted for the feasibility 
of the new fabrication method.  Binoy and Sobhan (2012) 
investigate a two-dimensional, fully developed, convective 
heat transfer in compact passages, incorporating the effects of 
the surface irregularities by finite-difference method. The 
results are validated experimentally using Michelson 
interferometry. 
 

 
 

Fig. 1. Fabricated micro channels by Multi Cutter Milling 
Process (Pan et al., 2009) 

 

MATERIALS AND METHODS 
 

The configuration of the rectangular mini- channels fabricated 
on an aluminium substrate is shown schematically in Fig. 2. 

In this arrangement, the channels have a uniform cross-
section of width W, height H, and a length L. In the 
computation domain, it is assumed that the substrate dissipates 
heat uniformly into the fluid. Water is used as the cooling 
fluid, which flows at a constant rate through the channels. 
Schematic of the typical cross- section of the mini-channel, 
used as water as the cooling fluid, which flows at a constant 
rate through the channels. Schematic of the typical cross-
section of the mini-channel, used as the computational domain 
is shown in Fig. 3, along with the non-dimensional governing 
equations and boundary conditions.  
 

 
Fig. 2. Physical model of a mini-channel arrangement (Binoy 

Baby and Sobhan, 2014) 
 
Corresponding to the fabricated channels used in the present 
work, the bottom and side walls are aluminium as the 
channels are fabricated on an aluminium block, and have 
irregular surface profiles. The channel is fabricated using the 
micro-machining process. The actual surface profiles for the 
aluminium walls, obtained  using  microscopy  and  boundary  
tracing technique, has been incorporated in the analysis.  
 

 
Fig. 3. Domain of Computational Analysis, with non- dimensional 
governing equations and boundary conditions (Binoy Baby and 

Sobhan, 2014) 
 

The general assumptions based on which the mathematical 
model is formulated are the following: 
 
Velocity is considered to be zero at all boundaries except at 
channel inlet and outlet. 
 
1.    There are no radiation effects. 
2.    The flow is unidirectional. 
3.    Buoyancy effect is neglected. 

4266                                                 Anooplal et al., Analysis of flow through rectangular mini channel with surface irregularities 



4.    Cavitation effects are ignored. 
5.    The flow is incompressible 
6.    Steady state analysis. 

 
The  buoyancy  effect  is  neglected  as  
heat  transfer characteristics  are being invest
majority  of   the   length  of   the mini-chan
developed condition. Temperature field is d
Fluid used for the analysis is wate
incompressible. Following are the governing
 
(i)   The momentum equation 
 

 
 
(ii)The energy equation: 
 

 
 
The no-slip boundary condition is used at
of the substrate. The boundary conditions 
analysis include the symmetric boundar
temperature, uniform constant heat flux
boundary. The analysis is divided into two p
deals with the construction of a regular 
channel and its analysis. Second phase a rea
section) mini channel is constructed an
analysis a real mini channel is to be obtai
coordinates of points is to be taken from a m
help of MATLAB. The photograph is show
steps used to obtain the coordinates of th
follows (i) Read the image (ii) Noise rem
thresholding (iii) conversion to bina
Determination of coordinates of a pixel 
Trace the boundary from the specified p
image and plot the boundary. The boun
shown in the Fig. 5. 
 

 

Fig. 4. Micrograph of the cross-section of
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Fig. 5. Surface profile o

RESULTS AND DISCUSSION
 
The first step in the analysis
through a  regular  mini  chan
drawn in ANSYS 13 workbenc
called as fluid domain becaus
fluid flow actually taking plac
called as solid domain because 
for our consideration. Constru
with  similar geometries of 
always a considerable differen
rectangular channels that can c
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Fig. 6. Geometry of real mini 
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Boundary Conditions 
 
Following  are  the  boundary  conditions  defined  for  the 
simulation: 
 
Inlet temperature         = 28.8 ℃ 
Mass flow rate at inlet = 0.00027638 kg/s 
Inlet pressure                = 1 atm. 
Wall                             = No slip wall 
Fluid                             = Incompressible fluid (water) 

 
When a  real fluid flow past a  solid body or a  solid wall,   
the   fluid   particle adhere to the boundary and condition of 
no slip occurs. This means that the velocity of fluid close to 
the boundary will be same as that of the boundary. The 
following results are obtained from the analysis  after  
completing  the analysis in the FLUENT. These results are 
obtained with the help of CFD-POST. The results for each 
phase of analysis are shown below 
 
Rectangular Mini Channel 
 
The rectangular section with dimensions L=100mm,   1.09   x   
0.644mm   was   analysed   and   the following results were 
obtained. The Fig. 7 shows the velocity profile of the flow.  
 

 
 

Fig. 6. Geometry of real mini channel drawn in Workbench 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is observed that the velocity is maximum at the inside and 
minimum at the layer near the  channel  surface.  It  is  due  
to  the  friction  formed between  the  wall  and  the  fluid  
layer.  The  maximum velocity observed is  0.741m/s for  a  
mass  flow rate  of 0.00027638 kg/s. There is no variation 
in velocity along the length in the channel. Fig.8. shows the 
distribution of temperature of liquid alone at the outlet. It can 
be seen that minimum temperature at the centre and maximum 
temperature near the surface. The Fig. 9. shows the variation 
of Nusselt number along the length, in the fully developed 
region the Nusselt number was found to be 3.58. This value is 
in par with the theoretical Nusselt number value for 
rectangular section. 
 

 
 

Fig. 8. Temperature distribution of liquid alone at the outlet 
 

Real (irregular cross-section) Mini channel 
 
The rectangular section with dimensions L=100mm,  irregular  
was  analysed  and  the  following results  were  obtained. 
The Fig.  10.  shows  the  velocity profile of the flow. It is 
observed that the velocity is maximum at the inside and 
minimum at the layer near the channel surface. It is due to 
the friction formed between the wall and the fluid layer. The 
maximum velocity observed is 0.725m/s for a mass flow rate 
of 0.00027638 kg/s. Velocity is same along the length. 

Table 1. Details of mini channel analysed 

 
 
 

Regular mini 
channel 

Geometric dimensions L=100mm, 1.09x0.644mm 

Flow rate 0.00027638 kg/s 

Inlet Fluid Temperature 301.8 K 

Thermo Physical Property Aluminium 

Thermal Conductivity Aluminium=237W/mK, 
Water=0.628 W/m-K 

Density Water=995 kg/m3 

 
 

Irregular      mini 
channel 

Geometric dimensions L=100mm, irregular 

Flow rate 0.00027638 kg/s 

Inlet Fluid Temperature 301.8 K 

Thermo Physical Property Aluminium 

Thermal Conductivity Aluminium=237 W/m K, Water=0.628 W/m-K 

Density Water=995 kg/m3 
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Fig. 9. Variation of Nusselt number along the length of the channel 

 

  
 

                           Fig. 10. Variation of velocity at the inlet                            Fig. 11. Temperature distribution of liquid alone at the outlet 
 

 
Fig. 12. Variation of Nusselt number along the length of the channel 
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Temperature distribution of  liquid  alone  at  the outlet is 
shown in Fig.11, the cold water carries away heat from the 
surface of the channel. The temperature is maximum near the  
surface and  minimum centre of the flow. The  Fig.  12.  
shows  the  variation  of  Nusselt number along the length, in 
the fully developed region the Nusselt number was found to 
be 3.47. This value is deviated from the  theoretical Nusselt 
number value for rectangular section. 
 
Validation of the results obtained 
 
For   validating   the   results   obtained Nusselt number values 
are compared with the theoretical value of Nusselt number. It 
was found that the Nusselt number of real cross-section 
(irregular geometry) is deviated from the theoretical value. 
This deviation of Nusselt number is due to the change in 
geometry of the real (irregular) cross- section channel. 
 
Conclusion 
 
A numerical model has been utilized to analyse fully 
developed laminar flow in mini channel incorporating the 
actual cross-sectional geometry with the surface irregularities 
in the boundaries. Boundary profile captured using 
MATLAB. Flow and heat transfer characteristics of irregular-
cross-section channels are compared with those with smooth 
regular cross-section geometry, and the deviations are studied. 
The Nusselt number for the channel with irregular cross 
section is observed to be 3.1% lesser than those for channels 
with regular smooth surface geometry and 3.9% lesser than 
the theoretical value. The computational results for a    
channel with surface irregularities  have  been  benchmarked  
with  theoretical result. The  investigation  suggests  that  
accurate prediction of flow and heat transfer characteristics of 
channels of small cross-section requires consideration of 
surface irregularities in defining the domain of analysis while 
performing numerical computations with a view to compare 
with theoretical results. Comparisons of experimental results 
with theoretical or computational results based on an 
assumption of regular surface geometries would often be 
mistaken as actual deviations, which could be wrongly 
interpreted as due to fundamental differences in the  flow 
behaviour in  small-cross-section channels. 
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