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This paper deals with fluid flow, heat transfer, and entropy generation in an in-
ternally ribbed micro-channel. Mass, momentum, and energy equations for con-
stant heat flux boundary condition are solved using the finite volume method. Av-
erage Nusselt number and Fanning friction factor are reported as a function of 
rib height at different Reynolds numbers. The effects of non-dimensional rib 
height, wall heat flux, and the Reynolds number on the entropy generation at-
tributed to friction, heat transfer, and total entropy generation are explored. The 
first law indicates that rib height has the great effect on the flow filed and heat 
transfer. The second law analysis reveals that for any values of Reynolds number 
and wall heat flux, as rib height grows, the frictional irreversibility increases 
while, there is a rib height which provides the minimum heat transfer irreversibil-
ity. It is found that the optimum rib height with the minimum total entropy gener-
ation rate depends on Reynolds number and wall heat flux. 
Key words: entropy generation, irreversibility, non-dimensional heat flux,  

micro-channel, Reynolds number, rib  

Introduction 

Micro-channel heat sinks are one of the essential parts of micro fluidic systems. In 
the recent years, fluid flow, heat transfer, and improving thermal performance of micro fluidic 
devices have become a crucial topic for researches. There are numerous studies on fluid flow 
and heat transfer in micro-channels as reviewed in [1-3]. Underlying understanding of the 
transport processes in micro-channel heat sinks has significant importance. Besides the inves-
tigations based on the basic conservation laws, the thermodynamics second-law analysis is a 
substantial point in optimum design of micro-channels. It is well known that, the lost avai-
lable work is directly proportional to the entropy generation in a thermal system (Gouy-Sto-
dola theorem). Hence, computation of the entropy generation related to the thermodynamic ir-
reversibility is an important factor to determine the optimum operating conditions of thermal 
systems. Bejan [4] presented the methodology of computing entropy generation due to heat 
and fluid flow in thermal systems. He discussed on principles of the entropy generation min-
imization [5]. In another work, Bejan [6] explained the different reasons of entropy generation 
in applied thermal engineering. Hooman [7] studied entropy generation due to forced convec-
tion in microelectromechanical systems in the slip-flow regime. Expressions were proposed 
–––––––––––––– 
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for the Bejan number and the entropy generation rate in terms of the Brinkman, Knudsen, and 
Prandtl numbers. Fully developed gaseous slip flow in trapezoidal silicon micro-channels was 
studied by Kuddusi [8]. The effects of rarefaction, aspect ratio, and viscous dissipation were 
explored. He stated that the dominant source of irreversibility in total irreversibility is a func-
tion of Brinkman number. Hung [9] focused on the viscous dissipation effect on entropy gen-
eration in fully developed forced convection of non-Newtonian fluid flow in circular micro-
channels. He pointed out that based on Brinkman number and power-law index the viscous 
dissipation may have significant effect on entropy generation in micro-channels. Singh et al. 
[10] investigated the entropy generation due to flow and heat transfer in nanofluids. They ana-
lysed the effect of tube diameter and particle volume fraction on the entropy generation, and 
concluded that there is an optimum diameter with minimum entropy generation. Tabrizi and 
Seyf [11] numerically investigated the effect of using Al2O3-water nanofluids with different 
volume fractions and particle diameters on generated entropy of a tangential micro-heat sink. 
They concluded that the generated total entropy decreases with increasing volume fraction 
and Reynolds number and decreasing particles size. Ibanez and Cuevasb [12] performed the 
entropy generation analysis of an MHD flow in a parallel plate micro-channel. Based on the 
second law of thermodynamics, they determined the optimum operating conditions for specif-
ic values of the geometrical and physical parameters of the system. Analytical solution of 
forced convection and entropy generation in a uniformly heated micro-channel heat sink was 
carried out by Abbassi [13]. The effects of important parameters such as channel aspect ratio, 
thermal conductivity ratio, and porosity, on thermal and total entropy generation were report-
ed. Yari [14] analytically studied the entropy generation for laminar flow in a micro-annulus. 
Various parameters such as Knudsen number, Brinkman number, annulus aspect ratio, and 
dimensionless temperature difference were taken into account. He showed that entropy gener-
ation lessens with increasing Knudsen number. Guo et al. [15-17] performed comprehensive 
studies on the entropy generation and thermodynamic performance of curved square micro-
channels for laminar flow regime. The aim of the present paper is to investigate the entropy 
generation due to laminar forced convection in a ribbed micro-channel. The influences of 
non-dimensional wall heat flux, Reynolds number, and rib height on the entropy generation 
are explored. Optimum operating conditions based on the second law of thermodynamics are 
determined in terms of non-dimensional parameters.  

Model description 

The physical configuration of micro-channel is shown in fig. 1. According to the fi-
gure, four internal longitudinal ribs are mounted on micro-channel walls. All walls of micro-

channel are subjected to external heat flux, q″. Because of 
symmetry, only a quarter of cross-section is simulated in this 
study as shown with dashed line in the figure. The width, H, 
and length, L, of the micro-channel are 200 µm and 120 mm, 
respectively. The thickness of rib and micro-channel walls de-
noted with, tr, and tw, are equal to 20 µm and 10 µm, respec-
tively. The rib height is varied suitably to investigate its effect 
on thermal performance of micro-channel. Water is selected as 
the working fluid. 

The Reynolds and Nusselt numbers, Fanning friction fac-
tor, non-dimensional wall heat flux, and dimensionless rib 
height for the current problem are defined: 

 
Figure 1. Geometry of  
micro-channel and ribs 
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where Vin and Tin are the inlet velocity and temperature. Calculation is carried out for 0 ≤ a* ≤ 
≤ 0.45, 0.1 ≤ q* ≤ 0.4, and 600 ≤ Re ≤ 1500. It should be noted that a* = 0, denotes no rib case 
or smooth micro-channel. 

Governing equations and boundary conditions 

In the present analysis, the following assumptions are made:  
– the working fluid is Newtonian, 
– the transport process considered as steady flow, 
– the fluid has constant properties and flow is laminar, 
– the Brinkman numbers calculated in this problem are less than unity, hence the viscous 

dissipation effect is neglected [18, 19], and 
– the effect of gravity is negligible in momentum equation for the fluid flow in micro-chan-

nels [20, 21].  
Using the following non-dimensional parameters: 
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The dimensionless continuity, Navier-Stokes and energy equations in the Cartesian 
co-ordinate system are: 
 * *V 0∇ =



 (6)  
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and energy equation in solid regions: 
 *2 * 0sT∇ =  (9) 

where the starred variables are dimensionless ones, P is the pressure, T – the temperature, and 
V


– the velocity vector, respectively.  
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The non-linear governing equations of the problem are subjected to following boun-
dary conditions. 

At the micro-channel inlet, uniform axial velocity, Vin, and temperature, Tin, are 
specified: 
 * * * *0,  1,  0x y zV V V T= = = =  (10) 

At the outlet, the pressure outlet boundary condition is employed. At micro-channel 
walls, constant heat flux is specified: 

 * * *nq T= −∇   (11)  

where n  is the unit vector normal to microchannel walls. 
At solid and fluid interface, no slip boundary condition is set for velocity compo-

nents, whereas, temperature between solid and liquid is coupled to allow for conjugate heat 
transfer. The normal velocity component at the symmetry plane is zero. Moreover, there is no 
diffusion flux across the symmetry plane, therefore the normal gradients of all flow variables 
is zero.  

After solving the governing equations, the volumetric entropy generation due to the 
heat transfer irreversibility, T ,S ′′′  fluid frictional irreversibility, f ,S ′′′  and total entropy genera-
tion, gen ,S ′′′ are expressed [4]:  

 T
2

2
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T
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 fS
T
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 gen f TS S S′′′ ′′ +′ ′′′=  (14) 

where φ is the viscous dissipation function given by: 
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The Bejan number is the important parameter, which represents the contribution of 
entropy generation due to heat transfer on total entropy generation, which is defined: 

 T

f
Be S

S
′′′
′′′

=  (16) 

It is clear that Bejan number varies from 0 to 1. Be > 0.5 means that heat transfer ir-
revesibility is the dominate term in total irreversibility while Be < 0.5 implies that frictional 
irreversibility is greater than heat transfer irreversibility. A Bejan number of Be = 0.5 repre-
sents that entropy generation due to heat transfer and friction have the same contribution on 
total entropy generation. 
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Numerical approach and grid study 

Governing eqs. (6)-(9) are solved by the finite volume based SIMPLE approach [22] 
with first-order upwind scheme for the convection and central differencing for the diffusion 
terms on a staggered grid. A convergence criteria of 10–9 
is used for all calculations. In order to ensure grid inde-
pendency, three uniform grid sizes are submitted to an ex-
tensive testing of results. Comparison of different grid 
system results (for total entropy generation rate in the case 
of Re = 1500, q* = 0.2, and a* = 0.4) is shown in tab. 1. It 
is observed that the predicted total entropy generation rate 
are changed by 2% from the first to the second mesh, and 
only by 0.27% upon further refinement to the third grid. 
Consequently, the grid system with 24 × 24 × 400 nodal points (24 × 24 on the x-y plane and 
400 nodes along the z-direction) is adopted in this study. 

Validation 

To verify the accuracy of present results, we compared numerical results with exper-
imental data of Liu et al. [23]. In the experiments, they used a rectangular micro-channel with 
length 20 mm and aspect ratio of 15. The comparison is illustrated in fig. 2, wherein the varia-
tion of the average Nusselt number as a function of Reynolds number is presented. As shown 
in fig. 2, the predicted Nusselt numbers demonstrate good agreement with the measured data. 

Results and discussions 

The effect of Reynolds number 

In this section, we present the effect of Reynolds number on flow characteristics, 
heat transfer, and entropy generation. It should be mentioned that in this section, non-dimen-
sional wall heat flux is kept constant at q* = 0.2. Figure 3 plots the Fanning friction factor as a 
function of non-dimensional rib height at different Reynolds numbers. It is evident from fig-
ure that Fanning friction factor increases with rise of rib height, since the growth of rib height 
leads to increase of pressure drop. 

The effects of rib height on the average Nusselt number at different Reynolds 
number are depicted in fig. 4. This figure clearly exhibits that the use of ribs, augments con-

Table 1. Grid independency test 

Grid size Total entropy  
generation rate 

12 × 12 × 400 0.0538 

24 × 24 × 400 0.0549 

48 × 48 × 400 0.0551 
 

 
Figure 2. Comparison of the present results with 
experimental data 

 
Figure 3. Effect of rib height on Fanning 
friction factor 
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siderably the Nusselt number. An interesting 
result of this figure is that for a* < 0.35, the 
Nusselt number increases with growth of rib 
height and reaches to its maximum value at  
a* = 0.35 and then decreases. This result is 
close to the one obtained by Foong et al. [24]. 
They determined the optimum fin height ratio 
of 0.335. 

It would be more practical to determine the 
entropy generation rate in non-dimensional form. 
The non-dimensional entropy generation rate in 
the whole micro-channel are defined by [25]: 
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where the integration is performed over the volume of fluid and solid regions and Q∀  is the 
heat transfer rate from the walls.  

The variation of frictional entropy genera-
tion vs. the non-dimensional rib height at differ-
ent Reynolds numbers is shown in fig. 5. At 
specified rib height, the value of *

fS  increases 
with the rise of Reynolds number. This is due to 
the fact, that frictional irreversibility is related to 
velocity gradients, which is larger at high Reyn-
olds numbers. Another feature of fig. 5 is that for 
the same Reynolds number, *

fS  increases as non- 
-dimensional rib height grows, because of in-
creased solid surfaces.  

Figure 6 indicates the values of entropy gen-
eration due to heat transfer irreversibility for non-

dimensional rib height ranging from 0-0.45. As expected, when heat transfer coefficient (or 
Nusselt number) increases, the temperature gradient in the flow field becomes milder, which 
leads to lower heat transfer irreversibility. Consequently, Nu – a* and *

TS  – a* curves should 
have the opposite trends. This is evident by comparison of figs. 4 and 6. As a result, regardless 
of Reynolds number, a* = 0.35 provides the minimum value of heat transfer irreversibility. 

 
Figure 4. Effect of rib height on the Nusselt 
number 

 
Figure 5. Variation of Sf

* with rib height 
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Figure 7 illustrates the variation of Bejan number against a* for various Reynolds 
numbers. It is clear from the figure that for the range of 0.25 ≤ a* ≤ 0.45 and 900 ≤ Re ≤ 1500, 
the Bejan number is less than 0.5, indicating that for these cases the frictional irreversibly is 
the dominate term in total irreversibility. 

As previously mentioned, when rib height increases, frictional entropy generation 
decreases. On the other hand, entropy generation due to heat transfer decreases as rib height 
grows. The presence of these competing effects makes it possible to have an optimum rib 
height, which minimizes the total entropy generation rate. Figure 8 shows the variation of 

*
genS  with a*. The figure clarifies that for any Reynolds Number, there is a rib height with the 

minimal total entropy generation rate, which based on the second law of thermodynamics has 
the best thermal performance.  

Figure 9 shows the optimum rib height as a function of Reynolds number. It is ob-
served that at high Reynolds number small rib sizes provide the optimal operating condition 
based on second law. These results provide worthwhile information for the micro-channel de-
sign.  

The effect of non-dimensional heat flux 

In this section, we present the effect of heat flux on entropy generation. It should be 
noted that in this section, the Reynolds number is kept constant and equals to 1200. The ef-
fects of non-dimensional wall heat flux on * * *

f T gen, ,  and S S S are shown in figs. 10, 11, and 12, 

 
Figure 6. Variation of  ST

* with rib height 
 

Figure 7. Variation of Bejan number with rib height 

 
Figure 8. Variation of S*

gen with rib height 
 

Figure 9. Optimum rib height against Reynolds 
number for q* = 0.2  
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respectively. A clear trend can be found from the fig. 10, that for all rib heights, *
fS  decreases 

as q* increases, because there is the temperature term in the denominator of eq. (13). 
Figure 11 shows the variation of *

TS  with rib height. It is obvious that for all non-di-
mensional heat flux considered in this study the irreversibility due to the heat transfer is min-
imal for a* = 0.35. As expected, for specified rib height, *

TS  rises as q* increases. 

Figure 12 shows the variation of *
genS with rib height at different wall heat fluxes. At 

low heat fluxes, total entropy generation rises as the rib height increases indicating that for 
this cases, frictional entropy generation is the dominate term in total entropy generation. Nev-
ertheless, at higher heat fluxes there is a rib height with minimum total entropy generation, 
which depends on wall heat flux. It is interesting to observe from the figure that for a* ³ 0.2, 
for any rib height, there is an optimum non-dimensional heat flux, which provides the least to-
tal entropy generation rate. 

Figure 13 depicts the optimum rib height vs. non-dimensional wall heat flux. The 
figure exhibits that the optimal rib height increases as non-dimensional rib size increases.  

Conclusion 

Laminar forced convection of water flow in an internally ribbed micro-channel is 
analysed from both the first and second law points of view. The effects of three different pa-
rameters i. e., Reynolds number, non-dimensional wall heat flux, and dimensionless rib height 
on entropy generation is presented. Numerical results show that regardless of Reynolds num-

 
Figure 10. Effects of q* on entropy generation 
induced by friction 

 
Figure 11. Effects of q* on entropy generation 
induced by heat transfer 

 
Figure 12. Effects of q* on total entropy generation 

 

 
Figure 13. Optimum rib height against  
non-dimensional wall heat flux for Re = 1200 
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ber and wall heat flux, a rib height of a* = 0.35 provides the maximum Nusselt number and 
minimum heat transfer irreversibility. Based on the second law of thermodynamics and mini-
mal entropy generation principle, the optimum rib height is obtained as a function of Reyn-
olds number and non-dimensional wall heat flux. These results can assist in improving and 
optimizing of micro-channel thermal performance.  

Nomenclature 

a – rib height, [m] 
cp – specific heat, [Jkg–1K–1] 
f – Fanning friction factor, [–] 
H – width of the micro-channel, [μm] 
h – heat transfer coefficient, [Wm–2K–1] 
k – thermal conductivity, [Wm–1K–1] 
L – length of the micro-channel, [m] 
Ρ – pressure, [Nm–2] 
Pr – Prandtl number, [–] 
Q∀  – heat transfer rate, [W] 
q″ – heat flux, [Wm–2] 
Re – Reynolds number, [–] 
T – temperature, [K] 
V – velocity 

V


 – velocity vector 
∀  – volume, [m3] 
Greek symbols 

μ – dynamic viscosity, [Nsm–2] 
ρ – density, [kgm–3] 
φ – viscous dissipation, [s–2] 

Subscripts 

in – inlet 
f – fluid 
r – rib 
s – solid 
w – wall
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