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1. Introduction  

Efficient thermal energy systems, including water 

heating, solar air conditioning, agro-alimentary product dry-

ing, and refrigeration machines, require materials that opti-

mize their performance. Heat exchangers, crucial compo-

nents in these systems, benefit from enhanced coefficients 

of convective transfer and reduced load loss. Introducing 

solid particles with high thermophysical properties, such as 

aluminum oxide (Al2O3), into the base fluid has been a 

promising approach to achieve high heat transfer efficiency. 

Nanofluids, characterized by superior thermal conductivity 

and heat transfer properties compared to conventional flu-

ids, have garnered significant interest in scientific research 

[1-3]. However, the concentration of nanoparticles in the 

base fluid can lead to increased pressure drop due to ele-

vated viscosity, necessitating careful consideration of this 

parameter. Extensive research has shown that higher tem-

peratures and concentrations result in improved thermal 

conductivity and heat transfer [4-6]. Nonetheless, nanopar-

ticle agglomeration remains a challenge in nanofluid tech-

nology, prompting the utilization of three methods to main-

tain stable suspensions and prevent sedimentation: chemical 

methods involving surfactants, physical methods utilizing 

ultrasonic waves, and electrical methods controlling pH lev-

els [7, 8]. 

Nanofluids consist of base liquids, such as water, 

fat, ethylene glycol (EG), and engine oil, infused with nano-

particles ranging from 1 to 100 nm. Various nanoparticles, 

including multi-walled carbon nanotubes (MWCNTs), sin-

gle-walled carbon nanotubes (SWCNTs), CuO, Cu, Al, Si, 

among others, possess distinct thermal conductivity proper-

ties, contributing to enhanced heat transfer efficiency [9-

11]. The optimization of nanofluid performance relies on 

several key parameters, including volume fraction, thermal 

conductivity of nanoparticles and base fluid, nanoparticle 

size and shape, acidity, temperature, aspect ratio, additives, 

and clustering effects. Notably, cylindrical-shaped nanopar-

ticles, particularly carbon nanotubes (CNTs), exhibit supe-

rior thermal conductivity compared to spherical-shaped 

nanofluids [12-21]. 

This numerical investigation aims to analyze the 

turbulent flow and heat transfer characteristics of Al2O3 

nanofluid in a mini-channel featuring a sinusoidal ribbed 

wall. The study examines the influence of nanoparticle con-

centration and Reynolds number (ranging from 5000 to 

20,000) on critical factors such as the mean Nusselt number, 

coefficient of friction, and performance index for both water 

and nanofluid. Through this analysis, insights into the 

behavior of nanofluids in such configurations can be gained, 

contributing to the optimization of heat transfer in thermal 

energy systems. 

2. Geometry and thermophysical properties of 

nanofluids 

The geometry represented in Fig. 1 is the field of 

study of this numerical research, it considered as horizontal 

tube with inner hydraulic diameter Dh = 10 mm and a total 

length LT = 340 mm. In the purpose of enhancing the heat 

transfer and flow behavior of water/Al2O3 nanofluid in the 

studied geometrics, the sinusoidal shapes of rib of the inner 

surface of the wall had been used. The uniform heat flux 

(Q'') equal to 104 W/m2 parallel to the Y axis is imposed on 

the channel wall of the test section which has a length 

L2 = 108 mm. The channel inlet length L1 = 200 mm, and the 

exit section has the length of L3 = 32 mm. The space ratio 

(e/b) equal to 0, 0.25, 0.5 equal to 0, 0.25, 0.5 and 1 mm are 

studied. The inlet temperature of working fluid is Tin = 300 

K, and inlet velocity changes based on varying Reynolds 

number ranging from 5 000 to 20 000, with a volume frac-

tion of aluminum nanoparticle ranging from 0 to 6%. The 

sinusoidal function used for drawing the corrugate shape of 

the wall of the ribs is written as following: 

 ( )( ) 2y a sin x / b= , (1) 

where a = 1 mm and b = 6 mm. 

 

Fig. 1 Studied configuration 

We take note that: 

• If the ratio (e/b = 1) it means that e = b. 

• If the ratio (e/b = 0.5) it means that e = b/2. 

A simply to calculate the thermophysical proper-

ties of nanofluid such as density, specific heat, dynamic vis-

cosity and thermal conductivity by considering the effects 

of nanoparticles and base fluid, the following equations are 

used [22]. 
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Density: 

 ( )1nf f np   = − + . (2) 

Specific heat: 

 ( ) ( )( ) ( )1P P Pnf f np
C C C    = − + , (3) 

where (CP)f  and (CP)np are heat capacities of the based 

fluid and the solid nanoparticles, respectively.  

Dynamic viscosity: 

 ( )2123 7 3 1nf f .   = + + . (4) 

 Thermal conductivity: 

 ( )24 97 2 72 1nf fk k . . = + + . (5) 

Table 1 below present properties of the nanofluid used in 

this study. 

Table 1 

The properties of nanofluids [23] 

 φ ρ µ Cp k 

Type of fluid % kg/m3 MPa.s J/kg.K W/m.K 

Pure water 0 997.7 0.949 4178.90 0.600 

Al2O3/water 1 1027.4 1.020 4046.96 0.617 

2 1057.2 1.130 3922.46 0.635 

4 1116.6 1.410 3695.36 0.671 

6 1176 1.780 3487.42 0.709 

3. Code validation 

The numerical results have been validated with 

correlations of Dittus-Boelter and Blasius, respectively in 

terms of average Nusselt number and friction coefficients. 

The results are plotted in Fig. 2, a and Fig. 2, b. 

Dittus-Boelter correlation [24]: 

 0 8 0 40 023 . .Nu . Re Prs = . (6) 

Correlations of Blasius: 

 
0 25

0 316
.

f . Re
−

=  for (3*103< Re < 2*104). (7) 

The comparison between the results of this study 

and previous works shows that the present numerical simu-

lation is accurate because the results are in good agreement 

with the previous studies. 

4. Results and discussion 

The results reported in terms of average Nusselt 

number, friction coefficient, performance evaluation criteria 

index, as a function of Reynolds number ranging from 

5000 to 20 000, roughness pitch values from e/b = 0 to 1, 

and particle volume concentrations of 1%, 2%, 4% and 6%. 

4.1. Results of water working fluid 

The variation of the Nusselt number profiles as a 

function of Reynolds number and space ratio e/b is pre-

sented in Fig. 3, the water is used as working fluid. It can be  

 

a 

 

b 

Fig. 2 Comparison of present results with equations of:  

a – Dittus-Boelter and b – Blasius; working fluid is 

water 

seen that the Nusselt number increases with the increase in 

Reynolds number for all values of space ratio e/b in com-

parison with the smooth channel. 

In Fig. 3, at the results show that the Nusselt num-

ber increases with 48,65% in case the space ratio e/b = 0 and 

31,21%, 24,86%, 18,68%, in cases e/b = 0.25, e/b = 0.5, 

e/b=1 respectively. Thus, in Fig. 3, b we notice that there is 

an inverse relationship between friction coefficient and 

Reynolds number, the increase of the latter leads to the re-

duction in the coefficient of friction, the maximum values 

of the friction coefficient are noted for the space ratio case 

e/b = 0, where f = 0,041 for Reynolds number Re = 5000. 

4.2. Results of Al2O3-water mixture (nanofluid) working 

fluid 

• Case smooth channel 

Fig. 4 shows the evaluation of the average Nusselt number 

in smooth channel with different volume fraction of nano-

particles and Reynolds number influenced by the presence 

of Aluminum particles in the water with different concen-

trations. It is clearly shown that the heat transfer mechanism 

improves by increasing volume fraction of nanoparticles. In 

Fig. 4, the average Nusselt number increases as Reynolds 

number increases, also that this quantity influenced by the 

presence of Aluminum particles in the water with different 

concentrations. It is clearly shown that the heat transfer 

mechanism improves by increasing volume fraction of 
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nanoparticles. Fig. 4, b shows the variation of friction factor 

with Reynolds number for different volume fraction of na-

noparticles. It is seen that the particle volume concentrations 

of  = 0.06 has the highest effect on friction factor and it is 

followed by  = 0.04, 0.02 and 0.01respectively, and it is 

high at lower Reynolds number Re =5000. The results of 

this investigation study also shows that the average Nusselt 

number increases with 21.54% in case  = 0.06 in 

comparison with  = 0.04 , 0.02 and 0.01where  the height 

of values of Nusselt number is 21.54%, 16.16%, 10.18% 

and 8.86% respectively. 

• Case channel with ribs 

The combined effect of space ratio of ribs, 𝜑vales 

on the average Nusselt number, and fraction factor are pre-

sented in Fig. 5 and Fig. 6. 

.

 

a 

 

b 

Fig. 3 Effect of space ratio on average Nusselt number (a) 

and friction factor (b); water is a working fluid 

 

a 

 

b 

Fig. 4 Effect of different volume fraction nanoparticles with 

different Reynolds numbers on average: a – Nusselt 

number, b – friction factor (case smooth channel, 

Al2O3-water mixture)

  

a b 

Fig. 5 Effectof space ratio with different Reynolds numbers on average Nusselt number: a – NF 1%, b – NF 6% 
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a b 

Fig. 6 Effect of space ratio with different Reynolds numbers on fraction factor: a – NF 1%, b – NF 6%

It is observed that the distance between the undu-

lations of ribs of the wall contributed to the reduction of the 

coefficient of friction. However, the average Nusselt num-

bers result enhanced by the employment of ribs surfaces and 

nanofluids. Also, it is observed that the space ratio e/b = 0 

has the best heat transfer compared with other space ratios 

e/b = 0.25, 0.5 and 1 respectively. 

 

a 

 

b 

Fig. 7 Effectof space ratio with different Reynolds num-

bers FEC: (a) NF 1% (b) NF 6% 

 

a 

 

b 

Fig. 8 Effect of volume fraction nanoparticles with different 

Reynolds numbers FEC: a – e/b = 0, b – e/b =1 

The same indication for the PEC results was no-

ticed in Fig. 7 and Fig. 8. The continuity of undulation rib 

of the wall gave optimum performance in terms of thermal 

and hydraulic behavior. it is noted that the increase in the 

Reynolds number lead to the lowering of the PFC, as well 

as the profiles of the variation of PFC are almost identical 
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for the two cases. We noted that the performance evaluation 

criteria index PEC can written as following [7]. 

 

1
3

0 0

fNuPEC
Nu f

   =    
   

. (8) 

4.3. Profile of velocity  

In Fig. 9, the axial velocity profile is graphed at 

various x positions, specifically at 0.218, 0.236, 0.254, and 

0.272 meters, all within the same test section (L2). The re-

sults indicate a consistent rise in axial velocity as the fluid 

penetrates deeper into the test channel. This acceleration in 

fluid flow is evidently attributed to the influence of the wall 

ribs. 

Fig. 10 displays static temperature profiles for var-

ious Reynolds numbers, spanning from 5000 to 20000. The 

thermal enhancement factor is examined by comparing 

Al2O3 nanofluid with water as the working fluid. The utili-

zation of ribbed walls, in contrast to a smooth channel, leads 

to an increase in Nusselt number and corresponding pres-

sure drop. 

 

Fig. 9 Axial velocity profile of different position of (x) at 

Re=5000 for same test section (L2) 

 

Fig. 10 Profiles of static temperature as function Reynolds 

number 

 

 

5. Conclusions 

In this study, turbulent flows in forced convection 

within a channel with a ribbed wall and uniformed heat flow 

were simulated using the finite volume method with the 

SIMPLE algorithm. The results indicate that utilizing sinus-

oidal micro-channels with nanoparticles is a more efficient 

approach for enhancing heat transfer compared to using na-

noparticles with the base fluid in smooth micro-channels. 

The highest Nusselt number values were observed for 

nanofluid with a concentration of 1%, with the minimum 

temperature at the side surfaces of the channel walls and 

higher values at the channel center, indicating that heat ex-

change can be intense in areas close to the wall. Further-

more, the friction factor decreases as Reynolds number in-

creases for all channel cases, but increases with higher 

nanofluid particle concentrations. Lastly, ribbed channels 

with a rib distance of 0 mm (e/b = 0) produced the highest 

average Nusselt number for all Reynolds numbers. 
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B. Litouche, B. Rebai, K. Mansouri 

INVESTIGATING THE IMPACT OF FLOW PROFILE 

ON HEAT TRANSFER IN NANOFLUID FLOW: A 

NUMERICAL STUDY 

S u m m a r y 

Assessing the profitability of an energy system re-

quires careful consideration of various factors, including 

fluid characteristics, geometry shape, and operating condi-

tions. This study investigates the influence of sinusoidal rib 

shapes, with different space ratios (e/b) ranging from 0 to 1, 

on heat transfer in nanofluid flow. The channel's upper sur-

face is subjected to a uniform heat flux, employing Al2O3 

nanofluid as the working fluid and varying Reynolds num-

bers from 5000 to 20000. Additionally, the effect of alumi-

num nanoparticle volume fraction, ranging from 0 to 6%, is 

analyzed. Simulation results indicate that the performance 

of the corrugated surface in the channel is significantly in-

fluenced by rib shapes and their geometrical parameters. 

The highest Performance Evaluation Criteria (PEC) index is 

achieved for ribs with a space ratio (e/b) of 0 at Reynolds 

number of 5000 and a volume fraction of 6% nanoparticles. 

Furthermore, the average Nusselt number shows an increas-

ing trend with higher particle volume fraction and Reynolds 

numbers. 

Keywords: nanofluid, geometric factor, turbulent flow re-

gime, nanoparticle volume fraction, heat convective trans-

fer. 
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