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Abstract: This investigation aims to study numerically turbulent flow and heat transfer of water-Al2O3 

Nanofluid in horizontal corrugated channel. The governing equations (continuity, momentum and energy) fitted 

with boundary conditions are solved by the finite volume method and the SIMPLE algorithm for velocity 

pressure coupling. The k-ε standard model is chosen for modeling the turbulence. The effect of four different 

corrugation shapes (α=0°, 20°, 30°and 45°) and four different volumes fractions (Φ =1%, 2%, 3% and 4%) of 

Nanofluid are examined. The upper and lower walls of channel are maintained at a constant temperature, and the 

Reynolds number range from 5,000 to 20,000. The results show that using the corrugated walls and the 

Nanofluid improve significantly the thermal-hydraulic performances.   
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1. Introduction  
The enhancement of hydrodynamic and heat transfer characteristics in grooved channels by using the 

Nanofluid represents a subject of interest for several engineering applications, such as in heat exchangers, 

medical, refrigerators, automobiles and electronics cooling. Many research works were performed to study the 

flow and convection heat transfer in various corrugated channels. He et al. [1] numerically studied convective 

heat transfer of TiO2 nanofluids flowing through a straight tube under the laminar flow conditions. The results 

showed significant enhancement of heat transfer of nanofluids particularly in the entrance region. The effects of 

using various types of nanofluids and the Reynolds numbers on heat transfer and fluid flow characteristics in a 

square shaped microchannel heat exchanger was investigated by Mohammed et al [2]. An experimental study on 

converging–diverging tubes turbulent flow in the entrance and fully developed regions was performed by 
Mendes and Sparrow [3].  They investigated the effect of different aspect ratios and taper angles on the heat and 

mass transfer behaviors. The results showed an overall enhancement in heat transfer rates for the converging–

diverging channel compared with the straight tubes. Sang and Hyung [4] conducted experimental and numerical 

study on flow and local heat and mass transfer characteristics of wavy duct using a naphthalene sublimation 

technique.  The flow visualization and CFD simulation were used to predict the overall flow structures inside the 

duct. The results showed that complex secondary flows and transfer processes exist inside the wavy duct 
resulting in non-uniform distributions of the heat and mass transfer coefficients on the duct side walls. They 

reported that the average heat/mass transfer coefficients are higher than those of the smooth circular duct, and. 

that enhancement was accompanied by increased pressure drop penalty. Pingan et al. [5] employed standard k–ε 

turbulence model and enhanced wall treatment to investigate the air flow-field, heat transfer and resistance 

coefficient in two-dimensional channels with different ribs shapes. The average Nusselt number of the channel 

heated wall with triangular ribs was the largest, and was smallest in the channel with rectangular ribs. The 

resistance coefficient of the channel heated wall with triangular ribs was the largest, and was the smallest in the 

channel with semicircular ribs. Qu et al. [6] performed an experimental and numerical study through trapezoidal 

silicon microchannels with hydraulic diameters from 62 mm to 169 mm. Comparative results indicated that the 

Nusselt number obtained by experimental methods is markedly lower than that obtained by numerical analysis. 

The effects of three different types of nanofluid on thermophysical properties and heat transfer characteristics of 

a plate heat exchanger were analyzed by Javadi et al [7]. The effect of triangular roughness on laminar 

convective heat transfer in two dimensional parallel plate microchannels with constant wall temperature was 

studied numerically by Turgay and Yazicioglu [8]. In their study, the slip velocity and temperature jump at wall 

boundaries were considered to have a rare faction effect. The results showed that increasing surface roughness 

reduces heat transfer in continuum while an increase in the Nusselt number with increasing roughness height was 

observed in slip flow regime. Xuan and Li [9] experimentally investigated the convective heat transfer feature 



and flow performance of copper–water nanofluid in a tube. It was found that the suspended nanoparticles 

remarkably improve heat transfer performance of the base fluid. Compared to water at the same value of 

Reynolds number, the Nusselt number in the nanofluid case was increased by more than 39% for nanofluid 

containing 2.0% volume fraction of copper nanoparticles. Santra et al. [10] numerically studied the heat transfer 

behavior of copper–water nanofluid in a two dimensional horizontal duct. The governing equations for laminar 

flow were discretized using finite volume approach and solved iteratively using the SIMPLER algorithm. It was 

observed that the rate of heat transfer increases with the increase in the flow rate and Nanoparticle volume 

fraction. Abed et al. [11] presented a numerical study of the heat transfer and flow characteristics in corrugated 

with V-shape lower plate using nanofluids. The computations are performed uniform heat flux over a range of 

Reynolds number (Re) 8000–20,000. They found that these V-shaped wavy channels have advantages by using 

nanofluids and thus serve as promising candidates for incorporation into efficient heat transfer devices. Akbarinia 

and Laur [12] numerically investigated the effect of nanoparticle on laminar mixed convection heat transfer in a 

circular curved tube with a nanofluid consisting of water and Al2O3-water Nanofluid (1%). It was found that 

increasing the diameter of the nanoparticle decreases the Nusselt number and secondary flow, while the axial 

velocity augments. The laminar forced convection of Cu-water nanofluid in a partially heated microchannel was 

investigated by Raisi et al. [13]. The effects of both slip and no-slip boundary conditions on the flow field and 

heat transfer were considered in their study. It was observed that the solid volume fraction as well as slip velocity 

coefficient has been great effects on heat transfer rate especially at high Reynolds numbers. 

The main objective of the present numerical study is to examine the effect of four triangular different 

corrugation shapes (α=0°, 20°, 30°and 45°), and four different volumes fractions (Φ =1%, 2%, 3% and 4%) on 

the thermal and hydraulic performances of Al2O3 Nanofluid in horizontal channel. 

2. Problem definition and mathematical model 

2.1 Geometry of the problem 

The geometry studied is shown in Figure 1. It consists of a horizontal channel with length L, height H, and 

provided with a triangular cavities. The inlet and the outlet of the channel are extended by Li and L0 respectively. 

The pitch P between two successive cavities is kept constant. Each cavity has a length w and height e, the 

inclination α takes four values. The geometrical parameters are summarized in Table 1. 

 
Figure 1: Schematic diagram of the channel 

Table 1 Geometrical parameters  
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2.2 Governing equations:  

The phenomenon under consideration is governed by the steady two-dimensional form of the continuity, the 

averaged incompressible Navier–Stokes equations and energy equation. In the Cartesian tensor system, these 

equations can be written as [14]: 

2.2.1Continuity equation: 
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2.2.3 Energy equation: 
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Where Γ and Γt are molecular thermal diffusivity and turbulent thermal diffusivity, respectively and are given by: 
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Reynolds stresses )''( ji uu  in Eq. (2) is modelled by equation (5).   
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The turbulent viscosity term μt is to be computed from an appropriate turbulence model. The expression for the 

turbulent viscosity is given as: 

   


 

2k
Ct                                                                                                 (6) 

The modeled equation of the turbulent kinetic energy (k) is written as: 
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Similarly the turbulence dissipation rate ε is given by the following equation: 
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Where Gk is the rate of generation of the TKE while ρ ε is its destruction rate. Gk is written as: 
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The empirical constants for the turbulence model are arrived by comprehensive data fitting for a wide range of 

turbulent flow: 

                                 Cµ=0.09, Cε1=1.47, Cε2=1.92, σk =1.0, σε=1.3 

 

2.3 Boundary conditions: 

The boundary conditions of this study are presented in Figure 2. The upper and lower corrugated walls of the 

channel are maintained at a constant temperature Tw, and the extended walls are adiabatic. At the inlet, the fluid 

enters the channel with a uniform velocity and uniform temperature. At the outlet, the flow may safely be 

assumed as fully-developed, which implies negligible stream wise gradients of all variables. 

 
Figure 2: Boundary conditions. 

2.4 Thermophysical properties of fluid and nanofluids [15]: 

The thermophysical properties of nanofluids used in this study were obtained using the following equations: 

The density of Nanofluid ρnf obtained from the following equation: 

npfnf   )1(                                                                (11) 

Where ρf and ρnp are the mass densities of the base fluid and the solid nanoparticles, respectively. 

The effective heat capacity at constant pressure of Nanofluid can be calculated from the following equation 

nppfpnfp CCC )())(1()(                                                               (12) 

Where (ρCp)f  and (ρCp)np  are heat capacities of the base fluid and the solid nanoparticles, respectively. 

The effective thermal conductivity can be obtained by using the following mean empirical correlation: 



Brownianstaticeff kkk                                                                                (13) 
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Where K is the Boltzmann constant, K= 1.3807*10
-23

 J/K 

The values of β for different particles are listed in Table 2 

Table 2 Curve-fit relations proposed by Vajjha and Das [16] 

particles β Concentration (%) Temperature (K) 

Al2O3 8.4407 (100 Φ) -1.07304 1% ≤ Φ ≤10% 298 ≤ T ≤ 363 
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For 1% ≤ Φ≤ 4% and 300K < T <325K 

The effective viscosity can be obtained by using the following mean empirical correlation: 
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The thermophysical properties of nanoparticle and base fluid are mentioned in Table 2. 

Table 2. Thermophysical properties of nanoparticle and base fluid at T=300 K. 

Thermophysical 

properties 
Al2O3 water 

ρ (kg/m
3
) 3600 996.5 

Cp (J/kg K) 765 4181 

k (W/m K) 36 0.613 

μ (Ns/m2) - 1E-03 

The Reynolds number, the Nusselt number, and the friction factor are given by the following relations: 
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3. Results and discussion 

3.1 Grid independence and code validation: 

To check for the independence of the results from the number of grid points used,  a serial of test simulation 

in the computational domain corresponds to the velocity inlet equal to 0.753 m/s (Re=15.000). A uniform 

quadratic mesh, with a refinement near the upper and lower walls, is used for all simulations in this study due the 



uniform geometries. The grid independence test is conducted by assuming different grid distributions of 79.576, 

88.276 and 104485. As shown in figure 3, the axial velocity profiles at the position x=0.2 m present a small 

variation which is considered a criterion for grid independence. 

To verify the computational model and the method adopted in current numerical simulation, the numerical 

study was validated with experimental and numerical results obtained by Eiamsa [17]. Figure 4 presents the 

variation of average Nusselt number with Reynolds number. It is clear that the results are exhibited good 

agreement which allowed us to study the problem numerically. 

Axial velocity (m/s)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

H
 (

m
)

0.000

0.002

0.004

0.006

0.008

0.010

79 576

88 276

104 485

 
Figure 3 Effect of grid on axial velocity 
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Figure 4 Comparison of our results in terms of average Nusselt number with those of experimental 

 

3.3 Effect of the angle α 

The impact of the angle α on the flow structure is presented in Figure 5 where the inlet velocity correspond a 

Reynolds number Re=10.000, and the concentration of nanoparticle is Φ = 2 %. The first and the second 

triangular corrugations are choosen to present the velocity contours. As seen from the figure, a vortex 

(recirculation zones) is generated behind the first corrugation. In the in the channel center, the axial velocity 

increases by increasing the inclination α.   

 

Figure 5 velocity contours 
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Figure 6 Average Nusselt number, a) Φ=0%, b) Φ=3% 
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Figure 7 Pressure drop, a) Φ=0%, b) Φ=3% 

The figures 6(a) and 6(b) present the average Nusselt number as function of Reynolds number for two 

concentration nanoparticles 0% and 3% respectively. It is clear that the average Nusselt number increases by 

increasing the angle α and the Reynolds number. For both cases, the triangular shape with α=45° have the 

highest value of average Nusselt number compared with the other cases. This growth in Nusselt number can be 

explained by the strong turbulence intensity of the presence of the corrugation leading to rapid mixing between 

the nanofluid and the walls of channel. 

The pressure drop as function of Reynolds number for four angles and for pure water (Φ=0%) and volume 

fraction Φ=3% is presented on figures 7 (a) and 7 (b) respectively. For the both cases, the pressure drop increases 

by increasing Reynolds number and the inclination α. As shown in figures, the use of nanofluid causes more 

pressure drop and this due to the increase in viscosity.  

3.4 Effect of volume fraction 

In this investigation, the nanoparticle volume fraction range of 1% to 4%. Figures 8 (a) and 8 (b) show the 

effect of nanoparticle volume fraction as function of Reynolds number for two cases α=0° and α=45° 

respectively. By increasing the Reynolds number, the average Nusselt number increases and this can be 

explained by the increase of the movements of nanoparticles which increase the energy rates in the fluid. By 

increasing the volume fraction of the nanofluid, the thermal conductivity of the water increases and therefore the 

heat transfer enhanced.    

Figures 9 (a) and 9 (b) present the pressure drop as function of Reynolds number for all volume fraction (1% 

to 4%) and for two inclinations α = 0° and α = 45° respectively. It is clear that the pressure drop increases by 

increasing Reynolds number for pure water and nanofluids. The pressure drop increases also with volume 

fraction increasing due to increasing in density and viscosity. For height Reynolds number, the rate of pressure 

drop is more important compared with low Reynolds number.  
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Figure 8 Average Nusselt number, a) α=0°, b) α = 45° 
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Figure 9 Pressure drop, a) α=0°, b) α = 45° 

 

Conclusion  
The fluid flow and heat transfer characteristics of Al2O3 nanofluid in triangular corrugated channel was 

investigated numerically. The governing equations were solved utilizing finite volume method with the SIMPLE 

algorithm. The effect of nanofluid volume fraction and the corrugation of the upper and lower walls were 

investigated as function of Reynolds number. The results show that heat transfer increases by increasing the 

nanofluid volume fraction and the inclination of triangular cavities. The enhancement of heat transfer 

accompanied with an increase in pressure drop.   

Nomenclature  
  

Symbol Name, unit  Greek symbols 

Cp specific heat at constant pressure, J/kg.K α inclination, degree  

Dh hydraulic diameter, m β         modeling function 

μ         dynamic viscosity of the fluid, Pa s 

ρ         density of the fluid, kg/m
3
 

Φ        volume fraction, % 

ε         dissipation kinetic energy, m
2
/s

3
 

dp diameter of nanofluid particles, nm 
e height of triangular corrugation, m 
F friction factor 
H channel height, m 
h convective heat transfer coefficient, W/m2 

K 
k thermal conductivity of the fluid, W/m·K  Indices 
L length of channel, m i inlet 

M molecular weight of base fluid o outlet 

N Avogadro number = 6.022x10+23, mol-1 f fluid 

Nu Nusselt number p particle 

ΔP pressure, Pa nf nanofluid 

Pr Prandtl number np nanoparticle 

P pitch between two successive t turbulent 



corrugations, m 
Re Reynolds number w Wall 

T temperature,K   

w length of triangular corrugation, m   
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