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P A P E R  I N F O  

 

A B S T R A C T  

In this paper, turbulent convective heat transfer in a triangular-ribbed chan-
nel has been numerically investigated. SiO2-water with nanoparticles volume 
fraction of 4% and nanoparticles diameters of 30 nm is employed with Reyn-
olds number ranging from 2000 to 8000. The governing continuity, momen-
tum and energy equations in addition to low Reynolds number k-ε model 
have been transformed into body-fitted coordinates system and then solved 
using finite volume method.  The effects of Reynolds number and rib heights 
on Nusselt number, pressure drop, thermal-hydraulic  performance factor and 
entropy generation are presented  and discussed. It is observed that the 
Nusselt number, pressure drop and thermal performance increase with in-
creasing of Reynolds number and rib height. In addition, the highest perfor-
mance factor can be obtained at Reynolds number of 6500 and rib height of   
1.5 mm. 
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1. Introduction    

In most practical applications, research on tech-
niques for heat transfer augmentation has become 
very essential to design heat exchangers with high 
performance and more compact in size. Therefore, 
using nanofluid as working fluids in a ribbed-
channel may lead to significant improvement in the 
thermal performance of such heat exchangers. Many 
researchers have been previously investigated the 
problem of turbulent forced convection flow in 
channels with different shapes. Habib et al. [1] per-
formed a numerical study on the characteristics of 
turbulent convective heat transfer in a rectangular 
duct with staggered baffles. Results showed that the 
local and average heat transfer coefficient as well as 

the pressure losses increase with the baffle height 
and Reynolds number. Turbulent flows and heat 
transfer behavior in a three dimensional rectangu-
lar-ribbed channel with longitudinal vortex genera-
tors has been numerically investigated by  Zhu et al. 
[2].Numerical results showed that the combined 
effect of the rib- roughness as well as the vortex 
generators can improve the rate of heat transfer 
about 450% as a compared with the smooth chan-
nel. Yang and Hwang [3] numerically investigated 
on the convective heat transfer in channel with po-
rous baffles over Reynolds number range of 10000 - 
50000. The finite difference method was used to 
solve the turbulent governing equations based on 
SIMPLE algorithm. It is found that the averaged 
Nusselt number increases as the baffle height in-
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creases. Naphon [4] experimentally investigated on 
the convective heat transfer characteristics in a V-
corrugated channel over Reynolds number range of 
2000 - 9000. It was observed that the corrugated 
surface has a clear effect on the average Nusselt 
number as well as the pressure drop penalty in 
comparison with smooth channel. Promvonge and 
Thianpong [5] experimentally investigated on the 
behavior of turbulent convective heat transfer in a 
ribbed channel using air as a working fluid. Experi-
ments were conducted for Reynolds number range 
of 4000 - 16000. Results showed that the in-line rib 
arrangement displays higher heat transfer rate and 
pressure losses than the staggered arrangement at a 
given Reynolds number. Elshafei et al. [6] experi-
mentally investigated on the turbulent forced con-
vection flow in a triangular-corrugated channel over 
Reynolds number range of 3220- 9420.  It was 
found that the corrugated channels can provide a 
significant heat transfer augmentation with increas-
ing in the pressure drop penalty compared with 
smooth channels. Zhang and Che [7] numerically 
investigated of turbulent forced convection flow  in 
corrugated channel with different shapes using fi-
nite volume method. It is found that the trapezoidal 
channel displays the highest thermal-hydraulic per-
formance as a compared with the other shapes of 
channel.  Manca et al. [8] numerically studied on the 
heat transfer enhancement in a ribbed channel us-
ing Al2O3 – water nanofluid. The simulation were 
carried out for Reynolds numbers ranging from 
20000 to 60000. Results showed that the rate of 
heat transfer enhancement increases with the con-
centration of nanoparticles but it accompanied with 
increasing the pressure drop penalty.   Ahmed et al. 
[10-15] numerically and experimentally studied on 
the heat transfer enhancement in corrugated (wavy) 
channels with different shapes using nanofluids. 
Results showed that average Nusselt number in-
creases with increasing the amplitude of corrugated 
(wavy) channel as well as with the nanoparticles 
volume fraction. It is also observed that the corru-
gated (wavy) channels with various shapes display 
the highest heat transfer rate in comparison with 
the smooth channel. Vanaki and Mohammed [16] 
numerically investigated on the turbulent forced 
convection of nanofluid flow in channel with differ-
ent rib shapes over Reynolds number range of 
5000-20000.  Results showed that the  triangular- 
ribbed channel can displayed the best performance 
as a compared with the other shapes of ribs.  Ahmed 
[17] numerically studied of hydrothermal behavior 
of nanofluid flow in  a channel with triangular baf-
fles using finite volume method. The computations 
were carried out for Reynolds number range of 
5000-10000. Results showed that the rate of heat 
transfer and the friction losses increase with the 

height of baffles. Rashidi et al. [18] numerically in-
vestigated on heat transfer enhancement and entro-
py generation analysis in a corrugated channel over 
Reynolds number range of 5000-50000. Results 
showed that the minimum value of entropy genera-
tion has been obtained at Re = 20000 for a given 
values of wavelength and amplitude of the corrugat-
ed channel. The corrugated channel with a wave 
amplitude of 0.1 provide the highest thermal per-
formance at a given Reynolds number. Wang et al. 
[19] numerically studied on entropy generation 
analysis of turbulent convective heat transfer in hel-
ically corrugated tubes. The computations were 
conducted for Reynolds number range of 10020- 
40060. It is observed that both the average heat 
transfer and friction entropy generations increase 
with increasing Reynolds number as well as corru-
gation height and decreasing corrugation pitch. Fa-
dodun et al. [20] numerically investigated on the 
entropy generation behavior for the convective tur-
bulent flow in a corrugated pipe using nanofluid. 
The simulation were carried out for Reynolds num-
ber range of 5000- 40000 and nanoparticle concen-
tration range of 0- 0.25%. Results showed that with 
increasing the amplitude of corrugation as well as 
nanoparticles concentration, the viscous entropy 
generation increases while thermal entropy genera-
tion decreases  

In current paper, a numerical investigation based on 
the finite volume approach has been conducted to 
study the turbulent convective heat transfer SiO2-
water nanofluid in a triangular-ribbed channel. Ef-
fects of the rib height and Reynolds number on the 
flow and thermal behavior are presented and ana-
lyzed.  

 

2. Mathematical formulation 

2.1 Problem description and asumptions 

A schematic diagram of the geometric model con-
sidered in the current study is shown in Fig. 1. A 
triangular- ribbed channel has been considered with 
channel height (H) of 10 mm, and length (L) of 460 
mm. The channels consist of three sections includ-
ing a heated section (ribbed walls) with length (L2) 
of 110 mm which is heated with a constant heat flux 
(300 W/m2), adiabatic developing section with 
length (L1) of 250 mm and adiabatic exit section 
with length (L3) of 100 mm. The ribs have uniform 
dimensions with heights (a) of 0.5, 1 and 1.5 mm 
and rib-to-rib space of (p) of 5 mm and width of (b) 
2 mm. A fifteen ribs have been used at each wall of 
channel .A uniform heat flux conditions is applied to 
the heated walls with no slip conditions. It can be 
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assumed that the flow is two-dimensional, steady, 
turbulent and incompressible. Furthermore, SiO2 - 
water nanofluid is assumed as a homogenous mix-
ture. 

 

 

 

 

 

 

 

 

             

2.2. Governing equations and boundary               
conditions  

The two-dimensional governing continuity momen-
tum and energy equations can be expressed as [17]:    

Continuity equation: 
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Y-momentum equation: 
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Energy equation:
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 Turbulence model used to estimate the turbulent 
viscosity can be defined as [21]:  

Turbulent kinetic energy ( k ) equation: 
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Where w  is the dissipation rate at the wall and it 

can be defined as:  
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Turbulent kinetic energy dissipation ( ) equation: 
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Fig. 1. Geometric model of current study. 
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  The production rate of the turbulent kinetic energy 

( kp ) in Eq. (7) can be expressed as: 
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Therefore, the turbulent viscosity can be estimated 
as [21]:  
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 The empirical constants and the turbulent Prandtl 
number are given as [21]:   

09.0C , 44.11 C , 92.12 C ,  0.1k , 

3.1 , 9.0Pr t                                                     (11) 

The wall-damping functions and the turbulent 
Reynolds number are [22]:  
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The corresponding boundary conditions used to 
solve the current problems can be expressed as 
[17]:   
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-Along the channel walls: 
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along adiabatic- smooth walls 

-Local and average entropy generation equations 
can be expressed as [23]:  
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Where   is the dimensionless rate of entropy gen-

eration, which can be given as [23]: 
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The local and average Nusselt numbers can be de-
fined as follows [17]: 
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Where bT  is the bulk fluid temperature, which can 

be determined as follows [17]: 
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The thermal-hydraulic performance factor is de-
fined as [17]: 
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Where f  is the friction factor, which can be ex-

pressed as [17]: 
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The thermophysical properties of SiO2-water 
nanofluid considered in the present study are the 
ones used by Navaei et al. [24]. 

 

3. Numerical algorithm 

A CFD program based on FORTRAN 90 has been 
developed to simulate the current problem. The 
governing equations are solved using the finite vol-
ume method based on the SIMPLE algorithm [25]. 
The convection terms, in the governing equations, 
are discretized using upwind scheme, while the dif-
fusion terms are discretized using second-order 
central differencing scheme. The two Poisson equa-
tions are adopted to develop the computational 
mesh. The physical variables are stored at the same 
nodes of the computational mesh using collocated 
grid arrangement [26]. The under-relaxation is 
adopted for all physical variables in order to achieve 
the solution convergence. Therefore, the conver-
gence criterion for each variable is set to 10 −4.   

 

4. Code validation and grid independence test 

In order to check the accuracy and the validation of 
the CFD code developed in the present study, the 
average Nusselt number and friction factor for 
AL2O3-water nanofluid flow in a triangular-ribbed 
channel have been investigated and compared with 
the numerical results for Vanaki and Mohammed 
[16]. It was found that the maximum deviations for 
the Nusselt number and the friction factor are           
3.5 % and 4.8 %, respectively, as shown in Fig. 2.  
For the grid independence test, the average Nusselt 
number has been investigated for the SiO2-water 
nanofluid in the channel with triangular ribs (a=1.5 
mm, p=5 mm,      ,and dp=30 nm), see Fig. 3. It 
is observed that grid size of (601x101) can provide 
the grid-independent solution. 

 

 

      Fig. 2. Comparison of the numerical results of 
current study with a previous numerical study for 
Vanaki and Mohammed [16] : (a) average Nusselt 
number, (b) friction factor. 

 

 

 

 

 

 

 

 

Fig. 3. Average Nusselt number vs. Reynolds num-

ber for different grid sizes.  
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5. Results and discussion 

The effect of  Reynolds number on the streamwise 
velocity, isotherms and total entropy generation 
contours for triangular-ribbed channels using SiO2- 
water nanofluid at φ = 4%, dp=30 nm, a = 1.5 mm, p 
= 5 mm are shown in Fig. 5. In general, it can be seen 
that all the contours are symmetric about (x-
direction). When the fluid flow in a ribbed channel, 
the recirculation regains began growing laterally 
along the walls of channel. The direction of velocity 
in these regions in the opposite direction to the 
main flow. As Reynolds number increases, the in-
tensity and sizes of these regions increase, see Fig. 5 
a. From isotherms contours, it can be seen that the 
temperature gradient at the ribbed-walls increases 
with Reynolds number. This because improve the 
mixing of the cold fluid in core with the hot fluid 
near the walls due to grow the re-circulation regions 
near the walls. Therefore, the thickness of thermal 
boundary layers decreases because of increasing the 
Reynolds number. It also found that the maximum 
value of entropy generation occurs at the walls of 
channel due to the effects of velocity and tempera-
ture gradients. The value of entropy generation for 
the core fluid is lower than that at the walls due to 
low temperature gradient.  

Fig. 6 (a) displays the streamwise velocity contours 
for triangular-ribbed channel with different values 
of the rib height.  It can be observed that the size of 
re-circulation regions increase with the rib height, 
hence, this led to increase the intensity of these re-
gions to the main flow. The effect of rib height on 
the isotherm contours are shown in Fig. 6 (b).  As rib 
height increase, the thickness of the thermal bound-
ary layers increase. This because of the size re-
circulation region that appear near the walls in-
crease with height and increase the temperature 
gradient as well as the heat transfer rate. Fig. 6 (c) 
depicts the effect of rib height on the total entropy 
generation contours. It can be seen that the total 
entropy generation about zero at the central core of 
channel for all values of rib due to velocity and tem-
perature gradient at center line of channel. While, 
the highest value of the total entropy generation 
observed at walls of the channel due to increase the 
velocity as well as the temperature gradient. As the 
rib height increases, the value of entropy generation 
increases. This is due to the effect of the recircula-
tion region that grow near the walls of the channel. 

Fig. 7 shows the variation of the average Nusselt 
number with Reynolds numbers for different rib 
height at p= 5 mm. It can be seen that the rib height 
have significant effects on the average Nusselt num-
bers especially at high Reynolds number. It is found 

that the average Nusselt number increasing with the 
increases of the ribs height as well as Reynolds 
number.  This is due to the effect of the recirculation 
region that appears in the channel and hence this 
led to improve the heat transfer rate. The smooth 
channel (i.e. a=0) displays a lowest value of Nusselt 
number due to pure fluid mixing in such channel. 
Fig. 8 displays the effect of rib height on the pres-
sure drop for different Reynolds number at p= 5 
mm. It can be seen that the pressure drop increase 
with Reynolds number, as expected, due to the in-
crease the velocity gradient with the Reynolds num-
ber. Furthermore, the pressure drop increase with 
the rib height due to the increase the intensity of 
recirculation region that grows in channel. 
The smooth channel displays the smallest value of 
the pressure drop. This is because the flow in the 
smooth channel regular and there is no circulation. 

Fig. 9 shows the effect of the ribs height on the total 
entropy generation with different Reynolds num-
bers. In general, the entropy generation decreased 
with increasing of Reynolds number. It also found 
that the total entropy generation increase with rib 
height  due to the effect of recirculation regions that 
appear in a ribbed channel near the walls and hence 
increase total entropy generation. Fig. 10 illustrates 
the variation of performance factor with rib height 
at p= 5 mm.  It can be seen that the performance 
factor is a greater than unity for all values of ribs 
height. This means that the argumentation in heat 
transfer is great than the increasing in pressure 
drop.  

 

 

 

 

6. Conclusion 

In this paper, turbulent convective heat transfer in a 
triangular-ribbed channel has been numerically in-
vestigated over Reynolds number range of 2000- 
8000. SiO2-water with nanoparticles volume frac-
tion of 4% and nanoparticles diameters of 30 nm 
has been considered. The governing continuity, 
momentum and energy equations in addition to low 
Reynolds number k-ε model have been solved using 
finite volume approach. The effects of Reynolds 
number and rib heights on Nusselt number, pres-
sure drop, thermal-hydraulic performance factor 
and entropy generation are investigated and dis-
cussed. It is observed that the Nusselt number, pres-
sure drop, total entropy generation and thermal 
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performance increase with increasing rib height. It 
is found that maximum value of thermal-hydraulic 
performance is 3.8 at Re=6500, a=1.5mm and 
p=5mm.Generally, the result of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

current study shows that the using nanofluid and 
ribbed channel can be enhanced that the thermal-
hydraulic performance with more compact design of 
heat exchangers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. (a) Streamwise velocity contours, (b) isotherms contours and  (c) total entropy generation con-

tours for different Reynolds number at a=1.5 mm and p=5 mm. 

Fig.6. Streamwise velocity contours, (b) isotherms contours and (c) total entropy generation contours for different 

rib height at Re= 8000 and p=5 mm. 
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Fig. 7. Average Nusselt number vs. Reynolds number for different rib heights at p= 5 mm. 
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Fig. 8. Pressure drop vs. Reynolds number for different rib heights at p= 5 mm. 
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Fig. 9. Average total entropy generation vs. Reynolds number for different rib heights at p= 
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NOMENCLATURE 

a  rib height,  mm 

C,C,C 21
 empirical constant for turbulence model   

pC   specific heat, J/Kg k 

hD                  hydraulic diameter, mm  

dp                particles diameter, nm  

h              heat transfer coefficients, (W/m2.oC) 

H                height of channel, mm 

L                         total length of channel, mm   

L1,L3                   lengths of unheated sections, mm 

L2               length of heated section, mm 

f              friction factor 

fff ,, 21      damping function 

k               turbulent kinetic energy, m/s2  

K             thermal conductivity, W/m. oC 

 Nt                      dimensionless average entropy generation 

Nu            Nusselt number 

p             pressure, pa 

PEC            thermal-hydraulic performance factor 

wq                 heat flux, kW/m2  
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tPr          Turbulent Prandtl number 

Re           Reynolds number 

Sg                      Local entropy generation, W/  .K 

T           temperature, oC 

 vu ,           velocities components, m/s 

y x,           2D Cartesian coordinates, mm 

P                      rib to rib space,mm 

b                     width of rib ,mm 

 

 

 

Greek Symbols 

 ,k             empirical constant for turbulence model   

           dissipation rate of turbulent kinetic energy  

            dynamic viscosity, Ns/m2 

t      turbulent dynamic viscosity, N s/m2 

      density, kg/m3 

p              pressure drop, pa 

                   Diffusion coefficient  

 

Subscripts 

av                   average value 

b                      bulk fluid 

eff            effective 

f             base fluid 

in                       inlet 

nf              nanofluid 

p              particles 

s              smooth channel 

o                        outlet  

w             wall 

x             local value 

 

 

 

 

 

 

 

 

 

 

 

 


