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a b s t r a c t 

The laminar forced convection heat transfer of water–Al 2 O 3 nanofluids through a horizon- 

tal rib-microchannel was studied. The middle section of the down wall of microchannel 

was at a lower temperature compared to the entrance fluid. Simulations were performed 

for Reynolds numbers 10 and 100 and nanoparticle volume fractions of 0.00 to 0.04, in- 

side a two-dimensional rectangular microchannel with 2.5 mm length and 25 μm width. 

The two-dimensional governing equations were discretized using a finite volume method. 

The effects of rib’s hight and position, nanoparticle concentration and Reynolds number 

on the thermal and hydraulics behavior of nanofluid flow were investigated. The results 

were portrayed in terms of velocity, temperature and Nusselt number profiles as well as 

streamlines and isotherm contours. The model predictions were found to be in good agree- 

ments with those from previous studies. The results indicate that the normal internal ribs 

or turbulators, can significantly enhance the convective heat transfer within a microchan- 

nel. However, the added high ribs can cause a larger friction factor, compared to that in 

the corresponding microchannel with a constant height of the ribs. The results also illus- 

trate that by increasing the rib’s heights and volume fraction of nanoparticles, friction co- 

efficient, heat transfer rate and average Nusselt number of the ribbed-microchannels tend 

to augment. In addition, the simulation results confirm that changing the solid volume 

fraction and the rib’s height, cause significant changes in temperature and dimensionless 

velocity along the centerline of the flow, through the ribbed areas. 

© 2016 Elsevier Inc. All rights reserved. 

 

 

1. Introduction 

Heat transfer enhancement is one of the important fields in engineering research. Nowadays, rapid growth of research ac-

tivities and industries focused on downsizing the heat transfer space requires new methods with high efficiency. Improving
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Nomenclature 

A area, m 

2 

C f friction factor 

C f Re Poiseuille number 

C p heat capacity, J/kg K 

d diameter, m 

g gravity acceleration, m/s 2 

h, l microchannel height and length, m 

H = h/h, L = l/h dimensionless microchannel height and length 

k thermal conductivity coefficient, W/m K 

n range of numbers in the equation placed or counter 

Nu Nusselt number 

p fluid pressure, Pa 

Pe = (u s d s / αf ) Peclet number 

Pr = υ f / αf Prandtl number 

Re = ρf u c h/ μf Reynolds number 

T temperature, K 

u, v velocity components in x, y directions, m/s 

u c inlet flow velocity, m/s 

u s Brownian motion velocity , m/s 

(U, V) = (u/U 0 , v/U 0 ) dimensionless flow velocity in x-y direction 

x, y Cartesian coordinates, m 

(X, Y) = (x/h, y/h) dimensionless coordinates 

Greek symbols 

α thermal diffusivity, m 

2 /s 

β rib height coefficient in Fig. 1 

ϕ nanoparticles volume fraction 

κb Boltzmann constant, J/K 

μ dynamic viscosity, Pa s 

θ = (T–T C )/(T H –T C ) dimensionless temperature 

ρ density, kg/m 

3 

υ kinematics viscosity, m 

2 /s 

Super- and Sub-scripts 

c cold 

eff effective 

f base fluid (pure water) 

h hot 

m mean 

nf nanofluid 

s solid nanoparticles 

heat transfer rate in functional industries such as automobiles, aerospace, electronic industries, heating and cooling devices,

material processing, fuel cells and nuclear reactors, through selecting proper methods can induce important technical bene-

fits, considerable saving in costs and reduction of environmental pollutants. 

The heat transfer methods have been divided into active and passive methods by Bergles [1] . In passive methods, heat

transfer is enhanced using specific geometries such as rough surfaces or additives in the base fluid; while in active methods,

mechanical, electrical, sonic and surface vibration external power sources are used to enhance the heat transfer rate [2,3] .

Among existing passive methods with wide applications in engineering and industry research, grooved surfaces and solid

additives in base fluid have been proved to cause improved conduction and convection heat transfer coefficients [4] . 

Many studies have been recently carried out on micro-scale devices using passive method which shows the importance

of heat transfer in mini and microchannels as well as enclosures [5–11] . When the fluid flows within a grooved channel, it

is subjected to attachment and reattachment between two consecutive ribs causing the laminar sub-layer to break up and

local turbulence to be created which in turn cause more contact between fluid and surface and finally reduce heat resistance

in the area near the surface and enhance the heat transfer mechanism. 

On the other hand, roughness causes an increase in friction losses which leads to increased turbulence in the area near

the heat transfer surface [12] . Wang & Sunden [13] emphasized that local heat transfer is dependent on the rib’s shape. Saha

et al. [14] concluded that Nusselt number and friction factor increase by increasing flow turbulator height and Reynolds
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number in square, rectangular and circular channels with ribs inserted in opposite walls. Li et al. [15] investigated heat

transfer and fluid flow of nanofluids in microchannel with dimple and protrusion. They found that flow structures changes

significantly as nanoparticle volume fraction increases for the same inlet velocity and geometry structure. Chai et al. [16] in-

vestigated the optimization of thermal design of interrupted microchannel heat sink with rectangular ribs in the transverse

micro-chambers. They found that the three most notable effects of the microchannel with rectangular ribs include main-

stream flow separation, recirculation or vortex and interrupted boundary layer. Manca et al. [17] performed a numerical

analysis on air fluid flow in square, rectangular, triangular and trapezoid channels and concluded that in turbulent fluid

flow regime, friction factor increases as Nusselt number augments. 

Izadi et al. [18] investigated forced convection and fully developed fluid flow in an annulus and concluded that volume

fraction of nanoparticles has an important effect on thermal profiles and no effect on dimensionless velocity. 

Numerous studies of fluid flow in the channel and microchannels and cavity has been done recently [19–27] . The shape of

the channel and type of ribs have been also evaluated and optimized in other studies as well [28–30] . Recently, nanofluids

have been introduced as potential coolants in a significant number of studies [31–37] . When it comes to the fluid flow

through ribbed microchannels, the role of rib’s height seems to need more investigations as it has not been sufficiently

addressed previously. In this paper, the effect of the rib’s height in the two-dimensional microchannel is analyzed. The

water–Al 2 O 3 nanofluid as a coolant has been studied in a laminar regime. Reynolds numbers 10 and 100 with the volume

fraction of 0, 2% and 4% of the nanoparticles have been considered for the performed simulation. The results of the present

study may contribute to the applications in microchannel heat sink used in cooling devices for high power Light Emitting

Diodes (LED), Very-Large-Scale Integrated (VLSI) circuits and Micro-Electro Mechanical System (MEMS) [29] . 

2. Governing equations for laminar nanofluids 

Dominant dimensionless equations include equations of continuity, momentum and energy which are solved for steady

state and laminar flow in Cartesian coordinates [38] . 

∂U 

∂X 

+ 

∂V 

∂Y 
= 0 (1)

U 

∂U 

∂X 

+ V 

∂U 

∂Y 
= − ∂P 

∂X 

+ 

μn f 

ρn f ν f 

1 

Re 

(
∂ 2 U 

∂ X 

2 
+ 

∂ 2 U 

∂ Y 2 

)
(2)

U 

∂V 

∂X 

+ V 

∂V 

∂Y 
= − ∂P 

∂Y 
+ 

μn f 

ρn f ν f 

1 

Re 

(
∂ 2 V 

∂ X 

2 
+ 

∂ 2 V 

∂ Y 2 

)
(3)

U 

∂θ

∂X 

+ V 

∂θ

∂Y 
= 

αn f 

α f 

1 

Re Pr 

(
∂ 2 θ

∂ X 

2 
+ 

∂ 2 θ

∂ Y 2 

)
(4)

In the above equations, following dimensionless parameters are used [38–41] : 

X = 

x 

h 

, Y = 

y 

h 

, U = 

u 

u c 
, V = 

v 
u c 

, P r = 

υ f 

α f 

H = 

h 

h 

= 1 θ = 

T − T c 

T h − T c 
, Re = 

u c h 

υ f 

(5)

To calculate the local Nusselt number along the lower wall, the following relation is used [38] : 

Nu (X ) = −k eff 

k f 

(
∂θ

∂Y 

)
Y =0 

(6)

The local Nusselt number across the ribs is given as: 

Nu (Y ) = −k e f f 

k f 

(
∂θ

∂X 

)
X=0 

(7)

The local Nusselt number along each horizontal part of the lower wall can be expressed as [38] : 

N u m 

| X = 

1 

(L/ 7) 

∫ ( n +1 ) L/ 7 

n L/ 7 

Nu (X ) dX ; n = 1 , 2 , 3 , 4 , 5 (8)

The average Nusselt number across each rib is determined from: 

N u m 

| Y = 

1 

( αn H) 

∫ αn H 

0 

Nu (Y ) dY ; n = 1 , 2 (9)

Total Nusselt number on the surface of each rib is calculated by: 

N u m 

= N u m 

| X + N u m 

| Y (10)

t ot a l 
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Fig. 1. Schematic of the analyzed configuration. 

Table 1 

Thermophysical properties of water, aluminum oxide powder (Al 2 O 3 ) [39] and 

nanofluid. 

Water Al 2 O 3 Nanofluid ϕ = 0.02 Nanofluid ϕ = 0.04 

C p (J/kg.K) 4179 765 3922.4 3693.2 

ρ (kg/m 

3 ) 997.1 3970 1056.6 1116 

k (W/m.K) 0.613 40 0.6691 0.7276 

μ (Pa .s) 8.91 ×10 −4 – 9.37 ×10 −4 9.87 ×10 −4 

 

 

 

To calculate the local friction factor along the lower wall, the following relation is used: 

C f = 

μ f 
∂u 
∂y 

1 
2 
ρ f u c 

2 
(11) 

Substituting dimensionless parameters of Eq. (5) in Eq. (11) , relation ( 12 ) and ( 13 ) are obtained as follows: 

C f (X ) = 

2 

Re 

(
∂U 

∂Y 

)
Y =0 

(12) 

C f (Y ) = 

2 

Re 

(
∂V 

∂X 

)
X=0 

(13) 

The average friction factor along each horizontal part of the lower wall can be calculated as: 

C f m | X = 

1 

(L/ 7) 

∫ ( n +1 ) L/ 7 

nL/ 7 

C 
f 
(X ) dX ; n = 0 , 1 , 2 , 3 , 4 , 5 , 6 (14)

The average friction factor across each rib is defined as: 

C f m | Y = 

1 

( αn H) 

∫ αn H 

0 

C 
f 
(Y ) dY ; n = 1 , 2 (15) 

Local friction factor: 

C f m total = C f m | X + C f m | Y (16) 

2.1. Nanofluid properties 

The thermophysical properties of water (as base fluid) and aluminum oxide powder (Al 2 O 3 ) (as nanoparticles) and

nanofluid are presented in Table 1 . The nanoparticle’s shape is assumed to be spherical. The nanofluid properties can be

obtained from the base fluid and nanoparticles’ properties. 

The following correlation is used to calculate the nanofluid’s density [42] : 

ρ n f = ( 1 − ϕ ) ρ f + ϕ ρs (17) 

Brinkman correlation is used to calculate the effective dynamic viscosity of nanofluids [43] : 

μn f = 

μ f 

( 1 − ϕ ) 2 . 5 
(18) 

Effective thermal diffusion coefficient of nanofluid is calculated by the following formula [39] : 

αn f = 

k e f f 

( ρ C p ) n f 

(19) 
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Table 2 

Investigated cases of different rib heights in the present study. 

Case Length of microchannel L(m) Height of microchannel h(m) β1 β2 

(1) 0 .2 0 .2 

(2) 0 .3 0 .3 

(3) 2 .5 ×10 −3 2 .5 ×10 −5 0 .2 0 .3 

(4) 0 .3 0 .2 
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Fig. 2. Comparison of the local Nusselt number variations with results from (a) Aminossadati et al. [39] & (b) Salman et al. [47] . 

 

Specific heat capacity of nanofluid can be computed using the expression suggested by Hung and Yan [44] : 

( ρC p ) n f = ( 1 − ϕ ) ( ρC p ) f + ϕ ( ρC p ) s (20)
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Fig. 3. Isotherms (a) and Streamlines (b) contours for Re = 10 and Re = 100 and volume fraction of 4%. 
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Fig. 4. Local Nusselt number on lower rib-roughened wall for Re = 100. 

 

 

 

 

To calculate the effective thermal conductivity of nanofluid for suspensions with spherical particles, Patel et al. [45] cor-

relation is used: 

k e f f = k f 

[
1 + 

k s A s 

k f A f 

+ c k s P e 
A s 

k f A f 

]
(21)

Where experimental constant is c = 36,0 0 0 and: 

A s 

A f 

= 

d f 

d s 

ϕ 

1 − ϕ 

(22)

P e = 

u s d s 

α f 

(23)
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Fig. 5. Dimensionless temperature profiles at center line of the microchannel for Reynolds numbers of 10 and 100. 

 

 

Where water molecule diameter is considered as d f = 2 Ǻ and aluminum nanoparticle molecule diameter d s = 50 nm. u s 

is the Brownian motion velocity of nanoparticles and is calculated by the following formula: 

u s = 

2 κb T 

πμ f d s 
2 

(24) 

where κb = 1.3807 ×10 −23 J/K is the Boltzmann constant [46] . 

3. Boundary conditions 

The analysis is performed for a two-dimensional microchannel with two rectangular ribs. In order to investigate the heat

transfer and fluid dynamics which includes studying the velocity, thermal field and friction effects in each of the investigated

cases, the ribs heights are different. 
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Fig. 6. Dimensionless velocity profiles at center line of microchannel for Reynolds numbers of 10 and 100. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 shows the schematic representation of the two-dimensional microchannel investigated in this research. The length

and height of the microchannel are 2.5 mm and 25 μm, respectively. The microchannel’s length on the lower wall has been

divided to seven equal parts. The microchannel’s dimensionless length is L = 

l 
h 

= 100 and its dimensionless height is H =
h/h = 1. Dimensionless length of each part on lower wall is L 

7 = 14.28. Constant temperature of T c = 293 K is applied to

the middle of the lower wall of the microchannel that has a length of 5 L 
7 . Whole length of the upper wall (L) and L/7 of

the lower wall of the microchannel are insulated from both sides. For all cases 1, 2, 3 and 4, length and pitch rib are fixed

and equal to l 7 . For all cases studied, the lengths of first and second teeth are equal to l 
7 . The first and second teeth are

located on the bottom wall of the microchannel and the upper wall is toothless. First tooth is located at x = 

2 l 
7 to x = 

3 l 
7 ,

and the second tooth at x = 

4 l 
7 to x = 

5 l 
7 . In Case 1, the first and second rib has a height equivalent to 20% of the height of

the microchannels. In Cases 1 and 2, the first and second ribs have a height equivalent to 20% and 10% of the microchannel,

respectively. In case 3, the first rib height equals to 10% and the second rib has a height of 20% of the microchannels. In

case 4, the ribs have the same size as that in Case 3, yet with locations opposite of that in Case 3. The temperature of the

inlet fluid to the microchannel is T h = 303 K. The laminar flow is investigated for Reynolds numbers of 10 and 100. Base

fluid is water mixed with aluminum oxide nano-powder (Al 2 O 3 ) with volume fraction of 0%, 2% and 4% ( ϕ = 0,0.02,0.04). 

The investigated cases 1, 2, 3 and 4 have been shown in Table 2 along with Fig. 1 based on ribs’ heights. 

In this investigation, flow is assumed to be two-dimensional, incompressible, Newtonian, laminar and single-phase.

Nanofluid properties are assumed to remain unchanged with temperature. 
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Fig. 7. Average Nusselt number profiles for Reynolds numbers of 10 and 100. 

Fig. 8. Average friction factor profiles for Reynolds numbers of 10 and 100 and ϕ = 0. 

 

 

 

 

 

 

 

 

4. Numerical method 

The 2-D governing equations are solved by finite volume method. The second order upwind scheme is used to discretize

all the terms. The SIMPLEC algorithm is used to solve the pressure-velocity coupled equations. The convergence criterion is

to reduce the maximum mass residual below 10 −6 . After solving the governing equations, quantities of fluid dynamics and

heat transfer can be determined. 

5. Numerical procedure validation 

To validate the present study, the results from this work were contrasted against those carried out by Aminossadati et

al. [39] and Salman et al. [47] . In Aminossadati work, Validation has been performed for Re = 100 and ϕ = 2% and in a

smooth microchannel. As well as in Salman et al. [47] work, Validation has been performed for Re = 90 and ϕ = 1% and in

a smooth microtube. From quantities comparison point of view, the average obtained value in the present study is around

22% less than experimental and 9% more than numerical results of Salman et al. [47] work. It is inferred from Fig. 2 that

the local Nusselt number is in a reasonable concordance with those from the mentioned references [39,47] . 
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Fig. 9. Poiseuille number along microchannel at Re = 10 and ϕ = 0. 

Table 3 

Grid study for Re = 10, ϕ = 0.00 in case 1. 

Grids Nu m C f m 

33,600 5 .285 10 .211 

46,200 5 .310 10 .221 

60,800 5 .32 10 .26 

77,400 5 .321 10 .37 

 

 

 

 

5.1. Grid independence 

The grid independence study of the present simulation is shown in Table 3 which illustrates the results for pure water

in case ( 1 ) through average Nusselt number and friction factor variation. The results indicate that for the grid number of

46,200, the average Nusselt number and friction factor variation own a maximum error of less than 2%. Furthermore, for

this number of grids, compared with others (60,800 and 77,400) computation time is reduced and the numerical error is

negligible. 
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Fig. 10. Poiseuille number variation profiles along the length of the microchannel for Re = 100 and ϕ = 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Results and discussions 

Forced convection heat transfer of water–Al 2 O 3 nanofluid in a two-dimensional microchannel with two rectangular ribs

( Fig. 1 ) is studied using finite volume method. In the present numerical simulations, the distances between the ribs and

the length of ribs are considered to be constant. Each of cases 1, 2, 3 and 4 separately discusses effects of variation in rib

height. Behavior of nanofluid heat transfer and fluid flow for all cases have been studied and illustrated. The results of the

simulation are plotted in the forms of diagrams. Laminar flow of water–Al 2 O 3 with different volume fractions of particles

were simulated for two Reynolds numbers. 

Fig. 3 shows the streamline and isotherm contours for cases 1 to 4 with Reynolds numbers of 10 and 100 at a volume

fraction of 4%. After entering the microchannel, flow reaches a hydrodynamic fully developed regime. Streamline variations

at the inlet section for Re = 100 are more significant than that for Re = 10. As the rib’s height increases, these variations also

increase in the rib-roughened areas. It is mainly due to the variations exerted on the fluid velocity through the microchannel

as a result of existing barriers (ribs) with different heights. As the fluid hits the ribs, it is diverted and as a result the vertical

component of the velocity is increased. As seen from the figures, increasing Reynolds number and rib’s height result in an

increase in streamlines variations. From Fig. 3 , in isotherms diagrams along microchannel, when the fluid with temperature

of T h enters into rib-roughened areas with surface temperature of T c, fluid temperature drops and heat transfer between
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Fig. 11. Poiseuille number profiles along the dimensionless length of the microchannel on upper wall, for Reynolds numbers of 10 and 100 and ϕ = 0. 

 

 

 

 

 

 

 

 

 

 

 

fluid and rib-roughened surfaces takes place. This heat transfer rate increases as Reynolds number decreases. It is due to

the fact that in lower Reynolds number, hot fluid is in contact with cold surface for a longer time. 

By increasing rib’s height, heat transfer increases which is due to a better flow mixing. Ribs along the microchannel act

as mixer and decrease the temperature gradient between fluid and surface and subsequently increase the heat transfer rate.

Overall, heat transfer rate increases by increasing heat transfer surface (rib height) and volumetric percentage of nanopar-

ticles. 

Fig. 4 is the comparison of local Nusselt number over the dimensionless length of the microchannel for pure water and

aluminum oxide-water nanofluids at volume fraction of 0, 2 and 4 percent on lower wall of the microchannel for cases 1,

2, 3 and 4 and Reynolds numbers of 10 and 100. It is observed that nanofluid has a higher Nusselt number compared to

pure water. This increase is due to the existence of nanoparticles with higher thermal conductivity and effect of Brownian

motion on the thermal conductivity of nanofluid. Ribs are another factor in increasing the Nusselt number which cause

sudden increase in Nusselt number in rib-roughened areas. The main reason behind this increase is the better mixing of

fluid layers between hot and cold areas. When the fluid comes across the ribs, thermal boundary layer is disturbed and

reshaped which ultimately leads to a rise in heat transfer rate. 
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Fig. 12. Friction factor variation profiles along the length of the microchannel (cases 2 and 4) for Reynolds numbers of 10 and 100 and pure water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 shows the dimensionless temperature profiles along the length of the microchannel for different volume frac-

tions of nanoparticles in cases 1, 2, 3 and 4 for Reynolds numbers of 10 and 100. Dimensionless temperature along the

microchannel tends to decrease due to some factors such as: decrease in Reynolds number, increase in volume fraction

of nanoparticles, and existence of ribs in the direction of fluid motion. It can be said that by decreasing Reynolds number,

fluid has more opportunity to exchange heat with rib-roughened surfaces, along the microchannel. By increasing the volume

fraction of nanoparticles, the heat transfer mechanisms are reinforced. 

Existence of ribs in the direction of fluid motion and increasing ribs heights cause the disappearance and reinforcement

of thermal boundary layer in rib-roughened areas. These parameters cause decrements in dimensionless temperature along

the microchannel and better incorporation of fluid layers and finally increments in heat transfer. 

Fig. 6 illustrates the dimensionless velocity at the mid-height of microchannel. According to the simulation results, di-

mensionless velocity increases in rib-roughened areas. This increase is caused by blockage of cross-section of the cooling

fluid flow in microchannels by the ribs. These variations in Reynolds number of 100 are less than those in Reynolds number

of 10. It is because of better incorporation of flow with rib-roughened surface of the microchannel in low Reynolds numbers.

In low Reynolds numbers, flow tends to take the shape of the contact surface. 

Fig. 7 demonstrates the average Nusselt number profiles in all cases for Reynolds numbers of 10 and 100. The simulation

results confirm that by increasing the Reynolds number, nanofluid volume fraction and rib height, average Nusselt number

value increased. At Re = 100, the Nusselt number increases substantially for all the studied cases. It is because of the better

mixing of the fluid layer and the effect of improved heat transfer by solid nanoparticles at higher Reynolds number com-

pared with lower Reynolds number (Re = 10). It is also observed that among the cases explored in this paper, Case 2 has

the highest average Nusselt number at the examined Reynolds numbers of 10 and 100. Between cases 3 and 4, it is found

at Case 4 owns the higher Nusselt number. The reason is due to a better mixing of the fluid as a result of the existing dent

and location of ribs in this case. 

Fig. 8 represents the average friction factor on upper and lower walls of the microchannel for ϕ = 0. It is observed that

average friction factor decreases by increasing Reynolds number and decreasing rib’s height. This is due to more contact

between the fluid and the rib-roughened surface. By decreasing the Reynolds number, the cooling fluid comes in contact

with the surface more slowly and therefore, effects of shear stress between fluid and rib-roughened surface in fluid layer

near the surface becomes more substantial. By decreasing the rib’s height, contact surface between the fluid and rib de-

creases. By enlarging the cross-section of flow as a result of reduction in the rib’s height, components of the fluid velocity

change partially and finally the friction coefficient decreases as the outcome of the above factors. A comparison of friction

factor for upper wall (without ribs) and lower wall (rib-roughened) is delineated in this figure as well. The results also

present that the rate of Poiseuille number variations are significant especially in the regions before and after the rib. It is

due to variations of velocity and friction factor in these areas. By increasing the rib’s height, Poiseuille number variations

tend to increase as well. Poiseuille number variations in entrance length of the microchannel remained unchanged. It is due

to the fact that in the entrance length of the microchannel, all cases are the same in terms of contact conditions with the

microchannel surface. 
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Fig. 13. Dimensionless temperature variation profiles along dimensionless length of the microchannel in different cross-sections of the microchannel for 

Re = 10. 

 

 

 

 

 

Figs. 9 and 10 show the Poiseuille number profiles along the microchannel for pure water and all cases at Reynolds

numbers 10 and 100. In areas without ribs, Poiseuille number variations rate is higher for Re = 10 compared with that for

Re = 100. Before and after the ribs, Poiseuille number variations rate is higher for Re = 100 compared with that for Re =
10. It is mainly because the variations of velocity and friction factor in these areas intensify as the rib height is increased. 

Fig. 11 portraits the Poiseuille number profile along the upper wall of microchannel for ϕ = 0. As noted from this figure,

Poiseuille number values increase along the ribs as Reynolds number and height of the rib augments. In the areas with

higher velocity gradient (like before and after the rib) these variations are more. 
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Fig. 14. Dimensionless temperature variation profiles along the dimensionless length of the microchannel at different cross-sections for Re = 100. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 displays the friction factor variations of pure water along the length of the microchannel for cases 2 and 4 for

Reynolds numbers of 10 and 100. It can be observed that as the height of the rib increases, friction factor shows a sudden

rise. By increasing the fluid velocity (Reynolds number) these variations also increase. However, for cases 2 and 4, the

friction factor along the microchannel is 10 times higher at lower Reynolds numbers (Re = 10) compared with that for

higher Reynolds numbers (Re = 100). 

Figs. 13 and 14 represent the dimensionless temperature profiles along the length of the microchannel in different cross-

sections for the studied cases at Reynolds numbers of 10 and 100. Comparing Figs. 13 and 14 , it is observed that for all

cases, at the lower Reynolds number (Re = 10 compared to Re = 100) increasing nanoparticles volumetric percentage or

approaching outlet cross-section of the microchannel cause a decline in dimensionless temperature of hot fluid. Decreasing

the dimensionless temperature in different cross-sections of the microchannel indicates that fluid and surface temperature

become equal to T h and T c , respectively. Dimensional temperature variation is more prominent at lower Reynolds number.

It is due to the more available time for heat exchange between the hot fluid and the cold surface within the flow when a

lower Reynolds number is present. 

Table 4 shows the average Nusselt number and Percentage of increase Nu m 

values for all cases and Reynolds numbers

of 10 and 100 with different volume fraction of nanoparticles. These values have been calculated for the lower wall of the

microchannel. Based on the tabulated values, the average Nusselt number of Re = 10 for all the cases and nanoparticle
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Table 4 

Average Nusselt number and Percentage of increase Nu m for cases 1, 2, 3 and 4, Reynolds numbers of 10 and 100 with different nanoparticle 

volume fractions. 

Nu m Percentage of enhancement Nu m based on the same case and Re in ϕ = 0. 

Re Case ϕ = 0.00 ϕ = 0.02 ϕ = 0.04 ϕ = 0.02 ϕ = 0.04 

Re = 10 Case(1) 5.31 5.34 5.36 0.56% 0.94% 

Re = 100 17.70 18.68 19.67 5.53% 11.13% 

Re = 10 Case(2) 5.48 5.51 5.52 0.55% 0.73% 

Re = 100 18.83 19.85 20.88 5.42% 10.88% 

Re = 10 Case(3) 5.36 5.39 5.40 0.56% 0.75% 

Re = 100 18.22 19.22 20.26 5.49% 11.2% 

Re = 10 Case(4) 5.44 5.47 5.49 0.55% 0.92% 

Re = 100 18.31 19.32 20.33 5.52% 11% 

Table 5 

Average friction factor and Percentage of increase Cf m for cases 1, 2, 3 and 4, at Reynolds numbers of 10 and 100 on upper and lower walls. 

Cf m in ϕ = 0.0 Percentage of enhancement Nu m based on the same case and Re in ϕ = 0. 

Case(1) Case(2) Case(3) Case(4) Case(2) Case(3) Case(4) 

Re = 10 lower wall 10 .22 11 .61 10 .91 10 .91 13 .6% 6 .75% 6 .75% 

upper wall 1 .40 1 .57 1 .49 1 .49 12 .14% 6 .43% 6 .43% 

Re = 100 lower wall 0 .96 1 .11 1 .05 1 .05 15 .63% 9 .38% 9 .38% 

upper wall 0 .14 0 .16 0 .15 0 .15 14 .3% 7 .15% 7 .15% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

volume fraction has less variations compared to those of Re = 100. This is the result of the increase in fluid velocity at

higher Reynolds number and reinforcement of nanoparticle heat transfer mechanisms by increasing the volumetric percent

of suspended nanoparticle within the base fluid [48–55] . 

Table 5 represents the average friction factor values and Percentage of increase Cf m 

for cases 1, 2, 3 and 4 for Reynolds

numbers of 10 and 100 in upper and lower walls of the microchannel. This value is about ten times higher at Re = 10 than

the value at Re = 100. This is because at the lower Reynolds number, fluid is in contact with upper and lower walls for a

longer time while at higher Reynolds number, fluid does not have enough opportunity to be in contact with the surface due

to a higher fluid velocity. 

Increasing the rib height also results in more contact between the fluid and the surface which eventually causes an in-

crease in the average friction factor of the walls. Average friction factor for the wall without ribs (upper wall) has decreased

significantly compared to the lower wall which implies that existence of the ribs causes an increase in friction factor com-

pared to the case of no-ribs surface. 

7. Conclusion 

In the present study, the effect of rib height on fluid flow and heat transfer parameters of laminar water–Al 2 O 3 nanofluid

flow in a two-dimensional rectangular microchannel was investigated. The finite volume method was used to simulate the

problem. Discretization of the governing equations was performed using the second order upwind scheme. In this work,

the forced convection heat transfer and fluid flow within a rectangular ribbed-microchannel were investigated. Boundary

conditions include the insulated upper wall and bottom wall subjected to a constant temperature. The Reynolds number for

the laminar flow was selected to be 10 and 100. The volume fractions of solid particles were 0, 2% and 4%. 

Through the investigations performed in this research, it can be outlined that heat transfer rate can be enhanced by

increasing the rib height and volumetric percentage of nanoparticles and Reynolds number. However, existence of ribs within

the path causes velocity gradient and enhanced contact between the fluid/microchannel surfaces which in turn engenders

an increase in the average friction factor. 

Existence of nanoparticles does not have a major effect on hydrodynamic parameters such as fluid velocity and causes

mere variations in the streamlines through the inlet section of the microchannel. In lower Reynolds numbers, heat transfer

rate between the surface and the fluid increases and fluid has more opportunity for thermal exchange with the surface; on

the other hand, more contact of the fluid with the surface causes an increase in friction factor. Among the studied cases,

case (2) with the greatest rib height has the maximum heat transfer due to a better mixing of the fluid layers, and case (1),

with the lowest rib height, owns the lowest Nusselt number. Comparing cases 3 and 4, the usage of case 4 is recommended

to benefit from a higher heat transfer coefficient yet the same friction factor. The use of combined teeth-like ribs, as in case

(4), causes a better mixing of the cooling fluid and increases the heat transfer more than case (3). 
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