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This paper presents a numerical study of two-dimensional, turbulent flow with heat 
transfer in a corrugated channel using 3% of Al2O3 nanoparticles volume fraction 
dispersed in a basic fluid (water) with a particle diameter of 30nm. The equations 
governing the flow are: the energy equation to model heat transfer, the momentum 
equations and the continuity equation. To simulate different values of the Reynolds 
number ranging from 1000 to 6000, the CFD code Ansys- Fluent based on the finite 
volume method is used. For turbulence modeling, the k-ε realizable model was used. The 
results are validated by other scientific work. Nu, skin friction coefficient, pressure drop 
and PEC factor are explored. We noted that the increase in the Reynolds number leads to 
an increase in the average Nusselt and a decrease in the coefficient of friction. Particular 
attention is paid to the generation of transfer entropy, friction and general entropy as 
well as the Bejan number. The transfer entropy generated in the fluid crossing the channel 
as well as the Bejan number decrease with the increase of the Reynolds while that of the 
friction increases. In addition, the use of nanofluid (Al2O3/water) gives better heat 
transfer than pure water. 
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1. Introduction 
 

The improvement of heat exchanges in many industrial sectors requires the intensification of heat 
transfers by convection, to do this, a large number of researchers have carried out several numerical 
and experimental tests to increase the exchange surface, others, have worked on heat transfer fluids, 
and the essential parameter which makes it possible to evaluate the potential heat exchange is the 
thermal conductivity. The idea is then, to disperse nanoparticles in a basic fluid in order to increase 
its conductivity, hence the birth of the nanofluids. A turbulent forced convection of nanofluids flow 
for Reynolds number (1000<Re <5000) is explored in triangular-corrugated channels, Varieties 
nanoparticles have been considered (ZnO, SiO2, CuO and Al2O3) with different diameters and volume 
fractions respectively from 30 to 70 nm, and from 0% to 4% [1]. The authors concluded that the 
decrease in the diameter of the nanoparticles and the increase in their volume fraction generate an 
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increase in the pressure drop, the heat transfer and the average Nu. In addition, the (SiO2-water) is 
the nanofluid that offers the highest thermal-hydraulic performance than other types of nanofluids, 
while pure water has the lowest improvement in heat transfer. In Manca et al., [2], a numerical study 
concerning the forced convection of turbulent flow with nanofluid (Al2O3-Water), with volume 
fractions between 0% and 4%, in a two-dimensional channel with different shapes (square and 
rectangular), is carried out. The Re is taken between 20,000 and 60,000. The results show that as well 
as the Re and the volume concentration of the nanoparticles increases, there is an improvement in 
the heat transfer accompanied by an increase in the pumping power. In Chen et al., [3], the authors 
investigated numerically and experimentally the heat transfer performance and turbulent flow 
characteristics in smooth and asymmetric corrugated tubes. The results show that the thickness of 
the thermal boundary layer on the tube side is greater than that on the shell side, where the turbulent 
kinetic energy intensity is obviously higher. For 𝑅𝑒 < 45000, the 𝑃𝐸𝐶 ˃ 1. Moreover, the corrugated 
tubes can significantly improve the overall heat transfer coefficient by 10 to 20% compared to the 
smooth tube. Ajeel et al., [4] were interested in numerical and an experimental study of different 
shapes of corrugated channels using different volume fractions of Al2O3 nanoparticles, 𝛷 = 0%, 1% 
and 2% in order to improve the heat transfer for Reynolds numbers varying from 10000 to 30000. 
The results reveal that the trapezoidal corrugated shape is recommended experimentally and 
numerically, moreover, the increase in Re and volume fractions causes an increase in Nu and pressure 
drop of the nanoparticles for all shapes. An entropy generation study of nanofluid flow in porous 
media through different cases of sinusoidal corrugated channel in order to determine the optimal 
geometry is carried out. The considered flow is laminar and the used model is that of Darcy – 
Brinkman – Forchheimer. For the validation of the numerical procedure, the obtained results were 
compared to the corresponding numerical data. They reveal that the increase in the Darcy number 
leads to the increase of the thermal entropy and the reduction of the entropy of friction. In addition, 
when increasing the volume fraction of the nanoparticles (Al2O3 and CuO), an increase in the average 
Nusselt number and friction factor compared to a decrease in the coefficient of performance (PEC) 
were observed [5]. In Yang and Yang [6], the study is devoted to numerical simulation of fully 
developed turbulent flow with constant heat flux imposed in a circular tube. The temperature and 
flux fields were simulated by CFD, but the rate of entropy generation was calculated in post-
processing. The two turbulence models (k–ε realizable and SST k–w) and analytical correlations were 
used as reference to prove the accuracy of the (SST k–w–φ–α) model used to predict the rate of 
entropy generation in complex systems. The results reveal that the Prt (turbulent Prandtl number) 
impacts the entropy transfer: the best results are obtained for the (SST k–w–φ–α) and (k–ε realizable) 
models for 𝑃𝑟𝑡 =  0.85; however, for 𝑃𝑟𝑡 =  0.92 and the (SST k–w) model, the optimal result is 
obtained. As regards the friction entropy, the results are the same for the two models (k–ε realizable 
and SST k–w), but for the (SST k–w–φ–α) model, a difference of 14% is detected for a Reynolds 
number of 100,000, which requires the integration of a method that uses the effective eddy viscosity. 
Also, the properties of the fluid according to the temperature must be considered when the radical 
change of this one is imposed. A 2D numerical study of the air flow through corrugated channels with 
sharp edges, where particular attention was paid to the effect of the variation of the Reynolds 
number and the aspect ratio (pitch / length) on the entropy generation, is considered. The results 
reveal that when the Re increases, the total entropy also increases significantly (for Re varying from 
25 to 400, the total entropy varied from 0.38 to 18922.67 W/K respectively) [7]. A numerical 
investigation of the entropy generation rate in a wavy sinusoidal channel with nanofluid (Cu-water) 
flow is considered. The effects of geometric and flow parameters, including the nanoparticle volume 
fraction (0.01 < 𝜙 <  0.05), the Richardson number (0.1 <  𝑅𝑖 <  10), the wave amplitude 
(0.1 <  𝛼 <  0.3) and the wavelength ratio (1 <  𝜆 <  3) have been studied. The results show that 
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for the studied Richardson number, the increase in the volume fraction of the nanoparticles causes 
the increase in the Nu. Also, as the Richardson number increases, the maximum rate of entropy 
generation decreases. The entropy generation turns out to be lowest for 𝛼 =  0.2 (optimal wave 
amplitude ratios 𝜆 =  1 and 𝜆 =  2). Similarly, minimum entropy generation occurs approximately 
at 𝛼 =  0.1 (for the wavelength ratio of 𝜆 =  3) [8]. A numerical study concerning the heat transfer 
characteristics of Al2O3-water nanofluid in a corrugated mini-channel with inlet pulsation is carried 
out. The results indicate that by using the nanoparticles under pulsed flow, a good thermal 
performance potential arises. Moreover, in the base fluid, the pulsed flow has the advantage of 
preventing the sedimentation of the nanoparticles. In addition, with increasing nanoparticle volume 
fraction and pulsation amplitude, heat transfer performance increases significantly, given in Akdag 
et al., [9]. Ahmed et al., [10] presented an experimental and numerical study of the SiO2-water 
nanofluid flow in different shapes: straight, trapezoidal and sinusoidal channels. The studies were 
carried out for Re varying from 400 to 4000 and volume fractions from 0 to 1%. The results showed 
that the heat transfer and the Nusselt number increase with increasing particle volume fraction at 
the expense of a pressure drop. In addition, the trapezoidal channel has the highest Nusselt number 
compared to the others. A numerical study to analyze the entropy generation of a turbulent flow 
with heat transfer, in corrugated helical tubes with Reynolds numbers varying from 10020 to 40060 
and a constant temperature imposed on the wall, is carried out. The effects of ripple pitch and height 
on the flow as well as on the generation of entropy due to transfer and friction are presented. The 
results indicate that the local entropy of heat transfer improved with the increase of the secondary 
flux. Moreover, with the increase of the Reynolds number, the total and transfer entropy exhibits a 
linear growth while that due to friction exhibits exponential growth [11]. In a numerical study, the 
effect of SWCNT-water nanofluids and turbulent flow through a sinusoidal channel on thermal-
hydraulic characteristics and entropy production was investigated. Reynolds number, pulsation 
frequency, phase shift and nanoparticle concentration were considered, and the results show a 
considerable effect of pulsation frequency and phase shift on heat transfer enhancement and 
entropy generation [12]. In an experimental and numerical study, the flow characteristics in a channel 
with rectangular ribs were investigated. The results show a Nusselt improvement of 1.9 to 2.4 times 
in the case of grooved channels compared with straight channels. This improvement is accompanied 
by a loss of pressure [13]. A numerical study of the heat transfer and flow of a nanofluid in a heat 
sink is carried out. The results show that Al2O3 nanofluid leads to a better heat transfer enhancement 
compared to water base fluid [14]. In a numerical study, the thermal performance of turbulent flow 
through an integrated circular pipe with and without dimples on a twisted ribbon was investigated. 
Numerical results show a variation of 4.15%, 3.89% and 7.65% in Re number compared with 
experimental data [15]. In a numerical study, the effect of the Al2O3/water nanofluid on the thermal-
hydraulic performance of a serpentine tube is studied. Different volume flow rates and volume 
fractions were considered. The results showed an improvement in heat transfer for a high volume 
fraction and a high volume flow rate [16]. A numerical study of the effects of the cells on a heat 
exchanger concerning the thermal and hydraulic performances was brought back by using the nano 
hybrid Al2O3-Cu/water for various volume fractions. The results indicate an improvement heat 
exchange of 2.67 times for Re 5 × 103 as well as an increase in thermal efficiency with increasing 
volume fraction [17]. In a numerical investigation, the effect of dimpled surface on flow 
characteristics and heat transfer using Al2O3/water nanofluid was analyzed. The results indicate an 
improvement in thermal efficiency of 27% with the dimpled surface compared to that of a smooth 
channel and an increasing up to 32% of the thermal efficiency for a volume fraction of 4% is observed 
[18]. 
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Our aim is to study the effect of Reynolds number (Re) on Nu, skin friction coefficient, pressure 
drop and PEC factor using nanofluid (Al2O3-Water). Irreversibility is taken into account by entropy 
generation due to transfer and friction. 
 
2. Mathematical Formulation 
 

The flow of a nanofluid (Al2O3-Water) considered in the present work, is stationary, two-
dimensional, turbulent and with heat transfer. The following average equations governing such flow 
are: 
 
2.1 Continuity Equation 
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The sub-grid stress tensor contained in the last term of Eq. (2) is defined by: 
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Based on Boussinesq's concept, its approximation gives: 
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𝑆𝑖𝑗 is called the resolved scales strain rate tensor. From the Smagorinsky-Lilly model, we derive 

the sub-grid turbulent viscosity [19,20]. 
 
2.3 Energy Equation 
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2.4 Turbulence Model 
 

We use the (k-ε realizable) model It is a semi-empirical model based on Boussinesq's concept 
relating Reynolds stresses to mean strain rates using two transport equations which are the turbulent 
kinetic energy k (Eq. (6)) and its dissipation rate ε (Eq. (7)): 
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Gk is the production of the kinetic turbulent energy defined as follows: 
 

𝐺𝑘 = −𝜌𝑢𝑖𝑢𝑗
𝜕𝑈𝑗

𝜕𝑥𝑖
             (8) 

 
In above equations, the turbulent Prandtl number and the empirical constants are: 
 
𝑃𝑟𝑡 =  0.85, 𝐶1𝑘 =  1, 𝐶2𝜀 =  1.9, 𝜎𝑘 = 1 and 𝜎𝜀 = 1.2 
 
2.5 Thermophysical Properties of Nanofluid (Al2O3/water) 
 
To calculate the properties of the nanofluid, the following expressions are used: 
 
Density 
 
𝛒nf = (1-Φ)f + Φ𝛒np             (9) 
 
Heat capacity 
 
(𝛒Cp)nf = (1-Φ)( 𝛒Cp)f + Φ (𝛒Cp)np                     (10) 
 
Dynamic viscosity 
 
μnf = μf . [(1-34.87(dp/df)

-0.3.Φ1.03)]-1                     (11) 
 
Where dp= 30nm 
 
Effective thermal conductivity 
 
keff = kBrownian + kstatic                       (12) 
 
Where kstatic = kf (kp +2kf)-2Φ(kf - kp) * (kp +2kf)-Φ(kf - kp)-1                  (13) 
 
kBrownian = 5* 104 βΦ𝛒f Cp (𝛋T/𝛒pdp)1/2 f(T,Φ)                    (14) 
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𝛋=1.381.10-23J/K ; 
 
For 1 ≤  𝛷 ≤  10, β= 8.4407(100.Φ)-1.07304 correlations of β [21] 
 

The thermophysical properties of water and nanoparticules at T= 298 K, are summarized in Table 
1 [22-24]. 

Table 1 
Thermophysical properties of water and nanoparticules 
Thermophysical 
properties 

𝛒 (kg/m3) Cp (J/kg K) k(W/m.K) μ (kg/m.s) 

Water 996.5 4181 0.613 0.001 
Al2O3 3600 765 36 - 

 
2.6 Entropy Generation 
 

In turbulent fluid flow with heat transfer, the generation of total entropy is mainly due to 
temperature gradient (heat transfer), turbulent diffusion and dissipation, and fluid friction (viscous 
dissipation). All these effects occur mainly in the region close to the wall or a strongly sheared layer 
in which the variations of variables such as velocity and/or temperature are relatively high. 

The generation of entropy caused locally by irreversibility can be considered as the sum of two 
contributions: that due to the difference in velocity Sgf (friction) and to the temperature difference 
Sgt (heat transfer). Beyond that, the global entropy generation is written as: 
 
Sg = Sgf + Sgt                        (15) 
 
With Sgt : generation of entropy due to turbulent heat transfer given by the following equation: 
 

𝑠𝑔𝑡 =
𝛼𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡(𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡é 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡)

𝛼𝑛𝑓(𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡é )
×

𝐾ℎ𝑛𝑓

𝑇0
2 [(

𝜕𝑇

𝜕𝑥
)

2

+ (
𝜕𝑇

𝜕𝑦
)

2

+ (
𝜕𝑇

𝜕𝑧
)

2

]                (16) 

 
Sgf : the one that concerns the entropy generation due to fluid friction is given by: 
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The Sgt to Sg ratio known as the Bejan number (Be) reflects the relative importance of the two 

main entropy generating mechanisms: 
 

𝐵𝑒 =
𝑠𝑔𝑡

𝑆𝑔
                        (18) 

 
3. Numerical Solution Procedure 
 

Solving the equations governing nanofluid flow in the corrugated channel is based on the finite 
volume method using the ANSYS-Fluent calculation code. The velocity-pressure coupling is taken into 
account by the SIMPLE algorithm. The second-order discretization scheme has been used to 
discretize the convective terms in the transport equation. 
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4. Numerical Resolution Method 
 

In this work, the considered configuration is similar to that studied numerically by Ahmed et al., 
[1]. It consists of two corrugated walls with a maximum of 12 mm (Hmax) and a minimum of 8 mm 
(Hmin). The lengths of the straight sections are respectively 800 and 200 mm upstream and 
downstream of the corrugated channel, which has a total length of 200 mm. 

The wavelength and the amplitude are 𝐿𝑤 = 20𝑚𝑚 and 𝑎 = 2𝑚𝑚. In addition, a uniform heat 
flow is imposed on the corrugated walls (lower and upper) but the straight (upstream and 
downstream) parts are considered adiabatic, Figure 1. 
 

 
Fig. 1. Physical domain 

 
4.1 Boundary Conditions 
 
The inlet: 
The inlet conditions are: a uniform velocity component in the x-direction (Ux) based on the Reynolds 
number, turbulent intensity of 1% is imposed and hydraulic diameter Dh = Hmax+ Hmin 
 
The walls: 
The no-slip condition is imposed on the walls with the use of the standard wall function. 
 
The outlet: 
At the outlet of the domain, a constant atmospheric pressure is prescribed. 
 

Different non dimensional terms will be used in this analysis. It consists of the Reynolds and the 
Nusselt number which are given by: 
 
Reynolds number: 
 

Re =  
ρ u Dh

µ
                        (19) 

 
The hydraulic diameter Dh is calculated as: 
 

Dh =
4 S

Pw
= 2H                       (20) 

 
Nusselt number: 
 
The Nusselt number is defined as [25]: 
 

Lw 

Hmax 

2a 

Hmin 
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Nu =
hDh 

Keff 
                        (21) 

 
The friction factor of the nanofluid, which is calculated as follows: 
 

f =  
∆p.Dh

L.(
ρnfuin

2

2
)
                        (22) 

 
where ρnf represents the density and u the velocity of the nanofluid. 
 
4.2 Mesh and Validation 
 

In order to prove the independence of the mesh on the solution, six structured meshes were 
tested, Table 2. 
 

Table 2 
Tested structured meshes  

m1 m2 m3 m4 m5 m6 

Cellules 
numbers 

94732 108899 118041 133380 184647 236670 

 
Figure 2(a) compares profiles of x-velocity at the position illustrated in the same figure (𝑥 = 90 

mm from the inlet corrugation), also the Nu and skin friction coefficient for one corrugation are 
presented (Figure 2(b) and Figure 2(c), respectively). Since the obtained solutions were similar with 
all the grids, the results below have been discussed with the m2 grid. 

Figure 3 Compares the variation of the Nusselt number as a function of the Reynolds number, 
with the numerical data of Ahmed et al., [1]. The maximum error of the Nusselt is 13% at 𝑒 =  5000. 
Thus, we noted a good agreement between the results. 
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(b) (c) 

Fig. 2. Grid independence test (a) x-velocity; (b) Local Nusselt number; (c) Skin friction coefficient 
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Fig. 3. Variations of Nusselt number versus the Reynolds number 

 
5. Results and Discussion 
 

Figure 4 illustrates the velocity contours, we can see that, with the increase in the Reynolds 
number, there is appearance of a central flow at significant velocity and which decreases as we 
approach the walls until it is canceled, which justifies the no-slip condition. We also note the 
appearance of recirculation zones in the divergent part of the channel, whose size varies 
proportionally with the increase of the Reynolds number. 
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Re =3000 

Re = 4000 

Re = 5000 

Re = 6000 

 
Fig. 4. Variations of x-velocity versus the Reynolds number 

 
Figure 5 illustrates the static pressure contours, a decrease in pressure can clearly be seen where 

there has been an increase in velocity; phenomenon dictated by the momentum equation: all the 
kinetic energy is compensated by the pressure energy. 
 

 
Fig. 5. Variations of pressure versus the Reynolds number 

 
Figure 6(a) illustrates the variation of the average Nusselt number as a function of Reynolds 

number for water (𝛷 = 0%) and for the nanofluid Al2O3 / water (𝛷 = 3%). We can see that Nu 
increases with Re increment. The highest Nu values of the nanofluid are observed compared to those 
of water; this is explained by the increase in the thermal conductivity of the nanofluid by the Al2O3 
nanoparticles. We also note that for the lower Re, the Nu number decreases and vice versa. We also 
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see in Figure 6(b), that the skin friction coefficient decreases with the increase of the Reynolds 
number for the two used fluids and it is clear that the friction factor is insensitive to the nanoparticles. 
On the Figure 6(c), it is noted that the pressure drop for the base fluid is less significant than that of 
the nanofluid, driven of course by its high viscosity. Moreover, the variation is monotonous, the 
pressure drops increase with the increase in the Reynolds number and therefore the nanofluid 
requires a high pumping power. The thermal-hydraulic performance factor of water at 0% is lower 
than that of the nanofluid at 3% for all values of the Reynolds number, Figure 6(d). This is due to its 
low thermal conductivity compared to that of the nanofluid. It is concluded that the addition of 
nanoparticles in the base fluid promotes heat transfer despite the increase in pressure drop. 
 

  
(a) (b) 

  
(c) (d) 

Fig. 6. Variation for different fluids on (a) Nusselt number; (b) skin friction coefficient; (c) pressure drop; (d) 
Thermal-hydraulic performance factor 

 
The contours of the variation of the total entropy at different Reynolds number (Figure 7), show 

that the latter has a very weak effect on the contribution of the irreversibility but with respect to the 
central axis of the channel, the behavior is symmetrical. More or less significant values are noted at 
the level of the wall of the corrugated channel and which decrease as they move away towards the 
center due to the reduction in the temperature and velocity gradients. 
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Fig. 7. Contours of total entropy versus the Reynolds number 

 
On the Figure 8, the contours of the Bejan number reveal, that for different Reynolds numbers, 

the thermal entropy is the main production of the total entropy both at the level of the corrugated 
walls and in the whole domain, especially at Re=3000. Beyond this value, it is clearly seen, that the 
values of the Bejan number gradually decrease from the wall to the center of the channel, this means 
that the thermal production decreases and the production of friction entropy increases. 
 

 
Fig. 8. Contours of Bejan number versus the Reynolds number 

 
The effect of Re on thermal entropy in corrugated channel is shown in Figure 9(a). The result 

revealed that an increase in Reynolds leads a diminution of thermal entropy; this is due to the 
decrease of the temperature gradient. Figure 9(b) depicts the variation of friction entropy, it should 
be noted that the viscous entropy increases when Reynolds increases, this is caused by the rises of 
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the velocity gradient. The total entropy as function of Reynolds is illustrated in Figure 9(c). It can be 
seen that the total entropy decreases with the augmentation of Reynolds; we conclude that the 
contribution of thermal entropy is more important than that due to friction. In parallel, it is clearly 
seen that the Bejan number decreases with the increase in the Reynolds number, Figure 9(d). 
 

  
(a) (b) 

  
(c) (d) 

Fig. 9. Effect of Reynolds number on (a) Thermal entropy; (b) Friction entropy; (c) Total entropy; (d) Bejan 
number 

 
6. Conclusions 
 

The numerical study of a simplified geometric configuration represented by a corrugated channel, 
allowed us a better understanding of the behavior of the two-dimensional flow of nanofluid, using 
the ANSYS Fluent code.  
The simulation results can be summarized as: 
 

i. The comparison of the shapes of the numerical obtained results with those of Ahmed et al., 
[1] showed a rather acceptable agreement. 

ii. The increase in the Reynolds number leads to an increase in the average Nusselt and a 
decrease in the coefficient of friction. 

iii. The use of nanofluid Al2O3/water gives better heat transfer than pure water. 
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iv. The central flow with maximum velocity at the level of the channel axis and accompanied by 
a pressure drop, increases with the increase in the Reynolds number. 

v. The transfer entropy generated in the fluid crossing the channel as well as the Bejan number 
decrease with the increase of the Reynolds, while that of the friction increases, this is 
explained by the fact that it is the dissipation of kinetic turbulent energy due to the effect of 
viscosity which most degrades the useful energy in the fluid and it’s friction by turbulence 
which generates the most entropy. 

vi. The maximum heat transfer and low production rate of entropy generation is obtained at 
the maximum and the minimum values of the Reynolds number, respectively. 
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