
The effect of using water/CuO nanofluid and L-shaped porous ribs
on the performance evaluation criterion of microchannels

Davood Toghraie1 • Mohammad Mahmoudi2 • Omid Ali Akbari2 • Farzad Pourfattah3 • Mousa Heydari2

Received: 28 November 2017 / Accepted: 4 April 2018 / Published online: 17 April 2018
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Abstract
The main purpose of this study is numerically investigating the flow and heat transfer of nanofluid flow inside a

microchannel with L-shaped porous ribs as well as studying the effect of porous media properties on the performance

evaluation criterion (PEC) of the fluid. In the present paper, in addition to the pure water fluid, the effect of using water/

CuO nanofluid on the PEC of microchannel was investigated. The flow was simulated in four Reynolds numbers and two

different volume fractions of nanoparticles in laminar flow regime. The investigated parameters are the thermal conduc-

tivity and the porosity rate of porous medium. The results indicate that with the existence of porous ribs, the nanofluid does

not have a significant effect on heat transfer increase. By using porous ribs in flow with Reynolds number of 1200, the heat

transfer rate increases up to 42% and in flow with Reynolds number of 100, this rate increases by 25%.
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List of symbols
Cp Heat capacity (J kg-1 K-1

Dh Hydraulic diameter (m)

f Friction factor

H Convective heat transfer coefficient (W m-2 K-1)

K Thermal conductivity (W m-1 K-1)

Nu Nusselt number

q00 Thermal heat flux (W m-2)

Re Reynolds number

PEC Performance evaluation criterion

T Temperature (K)

Pp Pumping power (W)

P Pressure (Pa)

U Velocity component along the x (m s-1)

V Velocity component along the y (m s-1)

w Velocity component along the z (m s-1)

Greek symbols
q Density (kg m-3)

l Dynamic viscosity (Pa s)

e Porosity coefficient

u Nanoparticles volume fraction

Super- and subscripts
Ave Average

B Balk

f Base fluid (pure water)

nf Nanofluid

P Solid nanoparticles

Introduction

Among the conventional techniques of heat transfer

increase, adding metal or non-metal nanoparticles to the

special type of fluids, called nanofluid, has particular

importance. The use of microchannel as a novel heat

transfer equipment has become widespread in modern

miniature industries, and the convection heat transfer in

porous media saturated by fluid is the main subject of

recent studies. It has been shown that porous media have a

high efficiency of heat transfer increase. Researchers have

focused on the convection heat transfer in porous media

because of its wide usage in thermal engineering fields,
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such as the geothermal systems, oil extracting, heat

exchangers, thermal insulation, maintenance of nuclear

wastes, dehumidifying or drying processes, air heaters and

porous journal bearings [1].

In this study, the effect of porous medium and nanofluid

on the characteristics of flow and heat transfer was inves-

tigated and we will review some studies investigating two

areas: (1) studies describing the porous media and (2)

studies investigating the nanofluid behavior.

In the engineering applications, the heat transfer of

porous media has great importance; therefore, many

researchers have studied the heat transfer in porous media

with different geometries. Poulikakos and Kazmierczac [2]

studied the convection heat transfer in two channels, one

with parallel plates and the other one with a circular sec-

tion. Alkam et al. [3] investigated the forced convection

heat transfer in the developed region of a channel partially

filled with porous materials. The important results of the

mentioned reference are that the maximum rate of Nusselt

number is related to the channel filled with porous material

and in the inertia coefficients higher than 1000, the effect

of Darcy number becomes insignificant. Therefore, by

using porous material with high thermal conductivity, by

reducing Darcy number and increasing the microscopic

inertia coefficient, heat transfer increases.

Other works focusing on usage of porous materials are

mentioned here. Alkam and Al-Nimr [4] introduced a novel

method for substituting porous material on each side of

internal walls of a concentric tubular exchanger. Their

numerical method showed that although the pressure drop

increases correspondingly, the use of porous blocks has a

great effect on exchanger efficiency. Jiang and Ren [5]

studied the flow and heat transfer in a channel completely

filled with porous material under the constant heat flux.

Their results showed that by using a numerical method and

transient thermal model and also applying constant heat

flux boundary condition to the walls, the convection heat

transfer of porous medium can be predicted. Lee et al. [6]

studied the convection heat transfer in a channel filled with

porous material and calculated the thickness of momentum

boundary layer as the function of Reynolds and Darcy

numbers. Mohamad et al. [7] investigated the heat transfer

increase in a tube and channel completely or partially filled

with porous material in the laminar flow regime. They

observed that, unlike the pressure drop increase, by placing

porous material at the center of channel the heat transfer

increases logically and the length of developed thermal

region increases by 50% or more. Kuznetsov et al. [8]

numerically investigated the heat transfer of turbulent flow

in a channel with porous material and for modeling the

turbulent flow, they used the k-e model. They concluded

that, comparing to the interface condition, Nusselt number

has a minimal rate of increase. Vafai and Haji-Sheikh [9]

studied the heat transfer of flow crossing from a channel

filled with porous material having different lateral sections.

They also investigated channels with parallel plates and

circular tubes and obtained an accurate numerical solution

for these two cases. Forooghi et al. [10] investigated the

heat transfer of steady and unsteady pulsating flows in a

channel partially filled with porous material with unbal-

anced thermal conditions. They concluded that, by

increasing the conductivity ratio, heat transfer is increased.

Hetsrony et al. [11] experimentally studied the heat transfer

and pressure drop in a rectangular channel with porous

material for removing heat from high powered tools. Their

results showed that, although with the additional of heat

transfer the pumping power becomes higher, the heat sink

still has a high efficiency. Yang and Hwang [12] studied

the behavior of turbulent flow and heat transfer increase at

the center of a tube completely and partially filled with

porous material. They concluded that by increasing Rey-

nolds number and the thickness of porous medium, Nusselt

number is increased. However, by increasing Darcy num-

ber Nusselt number reduces.

Other papers focusing on both porosity and nanofluids

applications also need to be mentioned. Nazari et al. [13]

studied the heat transfer of water/CuO nanofluid in two-

dimensional sinusoidal and porous channels. Their

numerical results showed that by using porosity and

nanofluid in these channels, Nusselt number and convec-

tion heat transfer coefficient are increased. Li and Klein-

streuer [14] studied the heat transfer performance in a

microchannel and concluded that comparing to the pure

water fluid, using water/CuO nanofluid improves the heat

transfer performance. Chein and Chung [15] investigated

the heat transfer performance in a microchannel heat sink.

They concluded that compared with the pure water fluid,

the best heat transfer performance of water/CuO nanofluid

arises in low flow rates. Barzegarian et al. [16] experi-

mentally investigated the effect of employing water/TiO2

nanofluid on thermal-hydraulic characteristics of a brazed

plate heat exchanger used in domestic hot water system in

the turbulent flow regime. They observed that the con-

vection heat transfer coefficient of nanofluid increases as

Reynolds number rises and in a specific Reynolds number,

by increasing volume fraction of nanoparticles, the heat

transfer characteristics are increased. He also reported that

the convection heat transfer coefficient of nanofluid in

1.5 mass% is almost 23.7% higher than the base fluid.

In order to compare the effect of nanofluid compared

with pure water as coolant, the following papers can be

cited: Jung et al. [17] and Ho et al. [18] studied the cooling

nanofluid performance of forced flow inside the

microchannel they reported that comparing to the pure

water, water/Al2O3 nanofluid has higher heat transfer

efficiency in microchannel. Bhattacharya et al. [19] studied
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the heat transfer of turbulent nanofluid flow in a

microchannel and concluded that using water/Al2O3

nanofluid causes the increase in thermal performance in

microchannel heat sink. Sheikhzaseh et al. [20] studied the

pressure drop and heat transfer of nanofluid inside the

microchannel. They reported that although increasing

volume fraction of nanoparticles causes the increase in heat

transfer, the pressure drop increases as well. Also, using

nanofluid in higher Reynolds numbers compared to lower

ones causes greater increase in Nusselt number.

Abdollahi et al. [21] numerically investigated the heat

transfer of nanofluid in a microchannel heat sink and

concluded that the increase in volume fraction and solid

nanoparticles diameter do not have a significant effect on

the pressure drop coefficient. Lelea et al. [22] studied the

performance of nanofluid flow in a microchannel heat sink

and reported that the increasing nanoparticles concentra-

tion improves heat transfer. Also, the heat transfer coeffi-

cients in heating and cooling states are 9 and 20% more

than the pure water, respectively. Sakanova et al. [23]

studied the improvement in heat transfer performance of

nanofluid in a wavy channel and compared the obtained

results with a rectangular channel. They reported that in

channel with sinusoidal walls, compared to the channel

with flat walls, the heat transfer improves significantly; but

the use of nanofluid in the sinusoidal channel does not have

any considerable effect on heat transfer increase. Benjamin

Rimbault et al. [24] experimentally investigated the effect

of nanofluid on heat transfer and concluded that compared

with pure water fluid, the heat transfer, the friction coef-

ficient and pressure drop increase significantly in low

volume fractions.

Further works that focused on several heat transfer

efficiency indices for microchannels deserve to be men-

tioned here as well. Li et al. [25] analyzed the heat transfer

of nanofluid flow in a microchannel with dimples and

protrusions. They reported that by increasing the volume

fraction, heat transfer increases and wall temperature

decreases. Also, Diao et al. [26] studied the heat transfer

performance in a device with a rectangular microchannel.

They reported that water/Al2O3 nanofluid has better heat

transfer compared with pure water fluid in a microchannel.

Mital [27] analytically studied the heat transfer of water/

Al2O3 nanofluid flow and the pumping power in a

microchannel and concluded that, although the increase in

volume fraction of nanoparticle in the base fluid results in

higher heat transfer, it does not have any considerable

effect on pumping power. Ming et al. [28] simulated the

laminar flow in a tube with metal porous medium and high

thermal conductivity and showed that uniform temperature

distribution is obtained after filling the tube with porous

material and the Nusselt number increases significantly.

Peng et al. [29] investigated the influence of thermal

conductivity of porous medium on flow and heat transfer

characteristics. The most important parameters that they

analyzed are Nusselt number and the performance evalu-

ation. Their results showed that Nusselt number and PEC

of ETfHE neither increase monotonically with the thermal

conductivity of porous medium nor increase monotonically

with Reynolds number. Akbari et al. [30–34] numerically

investigated the nanofluid flow in a microchannel and

microtube in two- and three-dimensional geometries. Their

results showed that increasing the volume fraction of

nanoparticles increases heat transfer and friction coefficient

of microchannel walls. Also, the increase in these two

parameters is higher in the indented microchannel com-

pared with the flat one.

By reviewing reliable references, it was determined that

the use of porous media and cooling surface of nanofluid

was widely investigated by researchers. Due to the pres-

ence of sharp walls, there is less heat transfer in the

checked channel. This behavior results from a reduction in

the heat transfer coefficient in these areas. In order to better

distribute heat and eliminate these hot areas, in this paper,

part of the corners of the surface is filled with porous

materials. This idea can be used in the industry and in areas

where there is a lack of heat transfer. In the present paper,

the effect of using microchannel with porous ribs on heat

transfer rate was studied. Additionally, in order to deter-

mine the effect of simultaneous use of porous medium and

nanofluid, the effect of adding CuO nanoparticles to the

base fluid was also simulated by using finite volume

method. Results are provided for different parameters such

as Nusselt number, friction coefficient and the performance

evaluation criterion (PEC). Also, Reynolds numbers, vol-

ume fractions, porosity coefficients and various thermal

conductivity coefficients were compared. In the present

study, the contours of static temperature distribution on

channel floor were presented and compared in different

thermal conductivities of porous ribs. By considering all of

the mentioned parameters in the rectangular channel with

porous ribs, the present study distinguishes itself from the

papers from other researchers.

Problem statement and studied geometry

In present study, the flow and heat transfer of water/CuO

nanofluid inside the microchannel with L-shaped porous

ribs was investigated with two different volume fractions

of CuO nanoparticles in water as the base fluid under the

constant heat flux. The objective of present study is

investigating the effect of porous medium properties, such

as the porosity coefficient and thermal conductivity as well

as the effect of CuO nanoparticles on heat transfer increase

rate. For this reason, the L-shaped ribs were placed inside
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the microchannel and the flow was analyzed Reynolds

numbers of 100, 300, 600 and 1200 and volume fractions

of 0, 2 and 4% of CuO nanoparticles in laminar flow

regime. The geometry of L-shaped ribs is shown in Fig. 1

and Table 1. The porosity coefficients of the indented

porous medium are 0.5 and 0.8 with thermal conductivities

of 7.5 and 15 W m-1 K-1.

Governing equations

The governing equations of fluid flow are Navier–Stokes

equations. The physical properties of porous material are

presented as the functions of porosity rate, fluid and solid

material properties. The fluid flow is determined by the

continuity, momentum and energy equations [35].

Continuity equation:

o

ox
qnfucð Þ þ o

oy
qnfucð Þ ¼ 0 ð1Þ

Momentum equations:

o

ox
qnfucucð Þ þ o

oy
qnfucvcð Þ ¼ � op

ox
þ o

ox
lnf

ouc

ox

� �

þ o

oy
lnf

ouc

oy

� �
� lnfuc

K

� qnf Fffiffiffiffi
K

p ucj juc

ð2Þ
o

ox
qnfucvcð Þ þ o

oy
qnfvcvcð Þ ¼ � op

oy
þ o

ox
lnf

ovc

ox

� �

þ o

oy
lnf

ovc

oy

� �
� lnfvc

K

� qnf Fffiffiffiffi
K

p ucj jvc ð3Þ

Energy equation:

o

ox
qnfcnfucTcð Þ þ o

oy
qnfcnfucTcð Þ

¼ o

ox
ke
oTc

ox

� �
þ o

oy
ke
oTc

oy

� �
ð4Þ

Nanofluid properties

The main purpose of this study is investigating the effect of

nanofluid on heat transfer rate inside the microchannel with

L-shaped porous ribs. In this study, water is base fluid and

CuO nanoparticles were used with volume fractions of 2

and 4%. In this simulation, nanofluid is homogeneous and

for determining its properties, Ref. [36] was used. Also,

maximum increase in water temperature is less than 10%

that it’s not necessary to consider the variation of

H

W

L1

L2

L4

L5

L6

L3

L

p

d

Fig. 1 The studied geometrics in present study

Table 1 The dimensions of

problem in this article
Dimension of milichannel Parameters Value 9 10 - 4/m

Milichannel width w 5

Milichannel height H 3

Entrace length L1 5

Ribbed length L2 15

Longitudinal distance between two teeth P 15

Output length L3 10

Crossing distance between two teeth d 0.2

Little ribbed height L4 1

Bigger ribbed width L5 4.8

Little ribbed width L6 2
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properties and Ref. [36] is the same. The nanofluid prop-

erties in different volume fractions are presented in

Table 2.

Equations related to the measured parameters

The friction coefficient is a parameter for investigating

microchannel performance and depends on the geometrical

parameters of microchannel and it can be calculated via

following equation [37],

f ¼ 2DP
Dh

L

1

qu2in
ð5Þ

where Dh is the hydraulic diameter, L is the length of

channel, q is the density and uin is the inlet velocity. The

average Nusselt number is calculated as [38],

Nuave ¼
q00Dh

kf Tw � Tmð Þ ð6Þ

In the above equation, Tw is the temperature of

microchannel wall and Tm is the average bulk temperature.

The performance evaluation criterion (PEC) is defined as

follows [39–41],

PEC ¼
Nuave
Nuave;s

� �
f
fs

� � 1=3ð Þ ð7Þ

Geometries, meshing and boundary
conditions

In present research, the flow and heat transfer were studied

inside the microchannel with the length of 12 mm using

finite volume method. According to Fig. 2, for simulating

the flow inside the channel, the inlet velocity boundary

condition was used for the inlet of channel and for the

channel outlet; the pressure boundary condition was

applied. Also, on the microchannel walls, the no-slip

boundary condition was used. Regarding the symmetric

channel, half of microchannel was modeled and the sym-

metrical boundary condition was applied to the middle

plane. According to Fig. 2, the used ribs are away from the

center of channel and by employing the symmetrical

boundary condition, there is a space for crossing the

working fluid between two ribs. Therefore, the ribs used in

this research are L-shaped. Also, the microchannel wall is

under the constant heat flux of 100,000 W m-2 and the

nanofluid flow was simulated for Reynolds numbers of 100,

300, 600 and 1200 with volume fractions of 0, 2 and 4%. In

order to investigate the effect of element number on the

numerical results, the results independency from grid is

given in Table 3. Based on this table, in the computational

cell number of 100,000 (each element is 25 microns), the

average Nusselt number is independent from the element

number. Therefore, in order to have the minimum effect on

the obtained results, this element number was used in all of

the simulations.

Table 2 The properties of Water–CuO nanofluid [36]

u/% q/kg m-3 Cp/J kg
-1 K-1 k/W m-1 K-1 l/Pa s

0 997.1 4.179e3 0.613 891e-6

2 1155.8 3.5925e3 0.7496 1100e-6

4 1314.5 3.1477e3 0.8918 1300e-6

Tin, Uin

q” = 100 kW/m2

Pout

Symmetry plane

Ribbed with porous material

Fig. 2 The boundary conditions in the present numerical simulation

Table 3 Grid independency—the changes of average Nusselt number

with the number of elements

Number of grid average Nusselt number Error/%

25,000 12.98 47.2

45,000 13.67 40.5

60,000 16.59 15.8

100,000 18.99 1.2

250,000 19 1

300,000 19.015 Best grid
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Numerical procedure

In order to solve the governing equations on flow and heat

transfer, the finite volume method was employed. In the

numerical solving procedure, for discretizing the governing

equations, the second-order discretization and for coupling

the velocity and pressure, SIMPLE method was used. Also,

the maximum residual of 10-6 was considered in the pre-

sent simulations.

Validation

Yucel and Guven investigated the flow and heat transfer

characteristics of laminar flow in a rectangular channel

with porous obstacles (with Darcy number of 1 9 10-3)

[42]. They simulated the flow and heat transfer in Reynolds

numbers of 100–1500 and thermal conductivity ratios (k)

of 1, 10 and 100. In order to validate the accuracy of the

current results, the obtained results have been compared

with the studies of Yucel and Guven [42] in k = 10, 100

with different Reynolds numbers. As seen in Fig. 3, there is

an agreeable accordance between the results indicating the

accuracy and exactness of current results, that the maxi-

mum difference between current results and Yucel and

Guven [42] results is 8% at Reynolds number of 1500.

Results and discussions

Microchannel with porous medium (e = 0.8
and k = 15 W m21 K21)

The results presented in this section are related to the

condition in which the porous medium with thermal con-

ductivity of k = 15 W m-1 K-1 and e = 0.8 was placed

inside the microchannel. In the porous medium, the effect

of porous material is same as the last terms of momentum

equation. In Fig. 4a, the average Nusselt number is pre-

sented based on the volume fraction of CuO nanoparticles

inside the microchannel. As it can be seen, by increasing

Reynolds number, due to the increase in fluid momentum

and consequently, the increase in heat transfer, Nusselt

number increases. In Fig. 4b, the average Nusselt number

as the function of volume fraction of nanoparticles is

shown in each of the studied Reynolds numbers. As it is

seen, in each of the studied Reynolds number, by

increasing volume fraction of nanoparticles, the heat

transfer rate (Nusselt number) increases with low inclina-

tion, which is because of the increase in heat transfer

coefficient by adding nanoparticles. Also, according to the

mentioned figure, by increasing Reynolds number and

Porous cover

Re
100 500 1000 1500

Nu
av

e

0

50

100

150

200

Yucel and Guven [66]
Current study

ke/kf =100

ke/kf = 10

Fig. 3 The validation of numerical results in present study with Ref.

[42]

/%
0 1 2 3 4

N
u a

ve

5

10

15

20

25

30

35
Re = 100
Re = 300
Re = 600
Re = 1200

k = 15  0.8

Re
100 300 600 1200

N
u a

ve

8

10

12

14

16

18

20

22

24

26

28

 = 0
 = 0.02
 = 0.04

(a) (b)

k = 15  0.8

Fig. 4 The average Nusselt number as the function of (a). Volume fraction of nanoparticle and (b). Re number for (k = 15 W m-1 K-1, e = 0.8)
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volume fraction of nanoparticles, the slope of Nusselt

number graph changes. In other words, when the values of

Reynolds number and flow momentum are high, by adding

more nanoparticles, heat transfer increases. By investigat-

ing the average Nusselt number distribution in the studied

cases, it is determined that, adding nanoparticles to the

working fluid and the existence of porous ribs inside the

microchannel cause an increase in heat transfer. It should

be noted that the heat transfer increase is an advantage of

using nanofluid and porous medium; however, one of the

disadvantages of this method is more pressure drop in the

system. The PEC of each studied condition was investi-

gated in this section. According to the definition, the per-

formance evaluation criterion is the ratio of heat transfer

increase to increasing applied pressure drop to the system.

When this coefficient is more than 1, the heat transfer

increase is useful, because the heat transfer increase is

more than the pressure drop applied to the system. In

Fig. 5, PEC is shown as the function of Reynolds number

in the microchannel with porous ribs with e = 0.8 and

k = 15 W m-1 K-1 for flow with different Reynolds

numbers, the pure water fluid and water/CuO nanofluid

with volume fractions of 2 and 4%. According to the

mentioned figure, by increasing Reynolds number, the

value of PEC increases. Therefore, it can be said that using

porous medium and nanoparticles in flow with higher

Reynolds numbers and in laminar flow regime is more

economical. As it can be seen, in a constant Reynolds

number, by increasing volume fraction of nanoparticles,

PEC increases. Also, the maximum value of PEC was

obtained in flow with Re = 1200 and 4% volume fraction

of nanoparticles.

Microchannel with porous medium
(k = 15 W m21 K21 and e = 0.5)

In this section, the local Nusselt number distribution, the

average Nusselt number and PEC of microchannel with

porous ribs with e = 0.5 and k = 15 W m-1 K-1 were

presented for flow with Reynolds numbers of 100, 300, 600

and 1200 and three volume fractions of CuO nanoparticles.

In Fig. 6a, the average Nusselt number is shown as the

function of Reynolds number for pure water and water/

CuO nanofluid with 2 and 4% volume fractions of

nanoparticles. According to this figure, by increasing

Reynolds number, which causes an increase in fluid

momentum, Nusselt number increases. In Fig. 6b, the

average Nusselt number as the function of volume fraction

is shown in four studied Reynolds numbers. By investi-

gating the local Nusselt number distribution, it is found that

Re
100 300 600 1200

PE
C

1.65

1.70

1.75

1.80

1.85

1.90

1.95

 = 0
 = 0.02
 = 0.04

k = 15   0.8

Fig. 5 The changes of PEC as the function of Reynolds number in

different volume fractions (k = 15 W m-1 K21, e = 0.8)
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Fig. 6 The average Nusselt number changes as the function of a Reynolds number b different volume fractions of nanoparticles in

(k = 15 W m-1 K-1, e = 0.8)
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Fig. 7 The changes of PEC as the function of a Reynolds number and b volume fraction of nanoparticles in different Reynolds numbers in

(k = 15 W m-1 K-1, e = 0.5)

Re
100 300 600 1200

Nu
av

e

6

8

10

12

14

16

18

20

22

 = 0
 = 0.02
 = 0.04

/%
0 2 4

Nu
av

e

5

10

15

20

25
Re = 100
Re = 300
Re = 600
Re = 1200

k = 7 .5 0.8
k = 7 .5 0.8

(b) (a)Fig. 8 The changes of average

Nusselt number as the function

of (a). Reynolds number and

b different volume fraction of

nanoparticles for
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Fig. 9 The changes of PEC as the function of a Reynolds number and b volume fraction of nanoparticles in different Reynolds numbers

(k = 7.5 W m-1 K-1, e = 0.8)
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the increase in volume fraction of nanoparticles has a small

effect on Nusselt number increase.

PEC for k = 15 W m21 K21 and e = 0.5

In Fig. 7a, the performance evaluation criterion as the

function of Reynolds number was investigated in

microchannel with porous ribs with e = 0.5 and

k = 15 W m-1 K-1 for the pure water flow and Water/-

nanofluid with 2 and 4% volume fractions. Based on the

mentioned figure, by increasing Reynolds number, PEC

increases. This issue indicates that, in flow with higher

Reynolds number, the heat transfer increase caused by fluid

momentum increase is higher than the pressure drop

applied to system. In order to investigate the simultaneous

effect of studied volume fraction of nanoparticles and

Reynolds numbers, PEC was shown as the function of

volume fraction in Fig. 7b. As it is seen, by increasing

volume fraction of nanoparticles, PEC increases and the
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heat transfer rate is dominated on the increase in pressure

drop applied to the system. Also, in Reynolds number of

1200, by increasing volume fraction of nanoparticles from

0 to 4%, the thermal performance increases up to 3%.

Microchannel with porous medium (e = 0.8
and k = 7.5 W m21 K21)

The thermal performance of microchannel with porous ribs

with e = 0.8 and k = 7.5 W m-1 K-1 was investigated in

this section. In Fig. 8a, the average Nusselt number as the

function of Reynolds number was shown for the pure water

fluid and water/CuO nanofluid with 2 and 4% volume

fractions. It can be understood from this figure that by

increasing Reynolds number of flow, the heat transfer rate

and Nusselt number are increased. In Fig. 8b, the average

Nusselt number is given as the function of volume fraction

of nanoparticles in flow with the studied Reynolds numbers

and it is determined that the increasing volume fraction has

no effect on the Nusselt number inside the microchannel.

PEC (k = 7.5 W m21 K21, e = 0.8)

Figure 9a shows PEC for pure water flow and Water/-

nanofluid with 2 and 4% volume fractions of nanoparticles

as the function of Reynolds number. Based on this figure,

by increasing Reynolds number, PEC increases slightly.

Figure 9b shows PEC as the function of volume fraction of

nanoparticle with different Reynolds numbers. By

increasing volume fraction of nanoparticles, especially in

flow with Reynolds numbers of 600 and 1200, PEC has

higher increase. This behavior shows that, in porous

medium, the rate of heat transfer increase is more than

increasing pressure drop applied to the system; therefore,

the amount of PEC is higher.

The effect of porosity coefficient on thermal
performance

In this section, the local Nusselt number distribution, the

average Nusselt number and PEC in two porosity
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coefficients of 0.8 and 0.5 in flow with different Reynolds

numbers were studied. In order to compare the effect of

porosity ratio of porous medium, the distribution of local

Nusselt number in flow with Reynolds number of 600 with

4% volume fraction of nanoparticles is shown in Fig. 10.

According to this figure, by increasing the porosity coef-

ficient of porous ribs used in microchannel, the local

Nusselt number increases significantly, which means that

the heat transfer has increased. In order to study the effect

of porosity coefficient of porous ribs with the studied

Reynolds numbers and volume fractions of nanoparticles,

in Fig. 11 the average Nusselt number is shown for the

pure water fluid and water/CuO nanofluid with 2 and 4%

volume fractions in flat microchannel and the microchannel

with porous ribs with two porosity coefficients of 0.5 and

0.8. Based on this figure, the increase in porous medium

causes the increase in average Nusselt number; however, in

all of the studied Reynolds numbers, the influence of

porosity coefficient is not the same. For the pure water flow

with Reynolds number of 100, due to the higher of porosity
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rate, Nusselt number increases from 9 to 11 (approximately

22%), while in flow with Reynolds number of 1200,

because of the increase in porosity ratio, the average

Nusselt number increases from 13 to 35 (more than 1.5%).

It can be concluded that, from the heat transfer perspective

(without considering fluid parameters), the use of porous

medium with high porosity coefficient is accompanied with

more heat transfer increase. According to the presented

results, by using porous medium with high porosity ratio

the heat transfer increases. However, the increase in

porosity ratio of ribs used in microchannel is followed with

severe pressure drop. Therefore, investigating the effect of

high porosity ratio on PEC is essential. For this reason, in

Fig. 12, the PEC of pure water fluid and water/nanofluid

with 2 and 4% of CuO nanoparticles was presented.

According to this figure, the PEC of microchannel with

porosity coefficient of 0.5 is more than the PEC in porosity

coefficient of 0.8. Consequently, from the engineering and

economics perspectives, using porous medium with high

porosity coefficient is logical.

The effect of thermal conductivity of porous
medium

In the following, the effect of thermal conductivity of

porous ribs on heat transfer rate and PEC was studied. For

this reason, the obtained results are presented for two

porous media with thermal conductivities of 7.5 and

15 W m-1 K-1 with porosity coefficient of 0.8. Figure 13

illustrates the distribution of local Nusselt number in flow

with Reynolds number of 600 for the flat microchannel and

the microchannel with porous ribs with two thermal con-

ductivities of 7.5 and 15 W m-1 K-1. As it is observed, by

increasing the conduction heat transfer coefficient of por-

ous ribs, the local Nusselt number increases indicating the

heat transfer rise. In Fig. 14, the effect of conduction heat

transfer coefficient of porous medium on average Nusselt

number was studied for the pure water fluid and nanofluid

with 2 and 4% volume fractions of CuO nanoparticles,

respectively. It is observed that, by increasing the con-

duction heat transfer coefficient of porous ribs, the average
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Nusselt number increases. Consequently, using porous

medium with high thermal conductivity of porous ribs has

acceptable thermal performance and heat transfer increase.

In order to investigate the effect of conduction heat trans-

fer, coefficients of porous ribs on PEC in pure water flow

and nanofluid with 2 and 4% volume fractions are shown in

Fig. 15. As it is seen, by increasing the conduction heat

transfer coefficient, PEC increases. The notable point is the

differences of PEC inclination as the function of Reynolds

number in two thermal conductivity coefficients of porous

medium. The inclination of PEC changes in porous med-

ium with high thermal conductivity coefficients is more

than the low thermal conductivity coefficients. In fact, due

to the higher Reynolds number of flow, increasing thermal

conductivity coefficient of porous medium and fluid

momentum has a significant effect on heat transfer rise.

The effect of porosity ratio and thermal
conductivity of porous medium on temperature
distribution

In this section, by presenting temperature distribution on

microchannel floor in the studied cases, the effects of

Reynolds number, volume fraction of 4%, porosity ratio of

porous medium and the conduction heat transfer coefficient

were investigated. In Fig. 16, the temperature distribution

contours in flow with Reynolds number of 300 and 4%

volume fraction of nanoparticles in porous medium with

porosity coefficient of 0.8 and thermal conductivity of 15

and 7.5 W m-1 K-1 are given. By studying the mentioned

figure, it can be said that in microchannel with porous

medium, due to the high thermal conductivity of porous

medium, the temperature of microchannel floor decreases.

The effect of porosity on Re/Nu ratio

In order to investigate the effect of porosity coefficient of

porousmedia, in Table 4, theNu/Re ratiowas presented for the

highest value of Reynolds number (1200). As it is seen, by

changing the porosity coefficient from 0.8 to 0.5, Nu/Re ratio

increases. Investigating the influence of using porous medium

and the base fluid on heat transfer shows that the porous

mediumwithporosity coefficients of 0.8 and0.5 entails theheat

transfer increase to 83.6 and 158.4%, respectively. By ana-

lyzing the table, it can be understood that the porous medium

with porosity coefficient of 0.5 and 4% volume fraction of

nanoparticles has themaximum value of heat transfer increase.

Conclusions

In this research, the flow and heat transfer of water/CuO

nanofluid in the microchannel with L-shaped porous ribs

were numerically investigated. The validation of obtained

numerical results with the results of valid references shows

the accuracy of present solving procedure. This simulation

was carried out in laminar flow regime, and the flow and

heat transfer properties were studied in four Reynolds

numbers of 100, 300, 600 and 1200 with three volume

fractions of CuO nanoparticles. The main purpose of present

Temperature [K]

29
3.

0
29

3.
7

29
4.

4
29

5.
1
29

5.
8
29

6.
5
29

7.
1

29
7.

8
29

8.
5
29

9.
2
29

9.
9
30

0.
6
30

1.
3
30

2.
0
30

2.
7
30

3.
4
30

4.
1

Temperature [K]

29
3.

0
29

3.
6
29

4.
3
29

4.
9
29

5.
6
29

6.
2
29

6.
8
29

7.
5
29

8.
1
29

8.
7
29

9.
4
30

0.
0
30

0.
7
30

1.
3
30

1.
9
30

2.
6

30
3.

2

(a)

(b)

Fig. 16 The contours of temperature distribution of milichannel floor

in flow with Reynolds number of 300 and 4% of volume fraction of

nanoparticle. a k = 7.5 W m-1 K-1, e = 0.8 and b k = 15 W m-1 -

K-1, e = 0.8

Table 4 The effect of porosity coefficient on the Nu/Re

Porosity Re Phi Nu/Re Increment by porous media/%

No porous 1200 0 0.0112 –

0.02 0.0114 –

0.04 0.0115 –

0.8 1200 0 0.0206 83.6

0.02 0.0211 84.8

0.04 0.0217 89.0

0.5 1200 0 0.0289 158.4

0.02 0.0295 163.4

0.04 0.0300 167.6
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study was to investigate the effect of L-shaped porous

medium on flow with different Reynolds numbers and vol-

ume fractions of water/CuO nanofluid. The obtained results

show that the simultaneous use of nanofluid with porous ribs

does not have significant influence on heat transfer increase.

In Reynolds numbers of 100, 300, 600 and 1200, by

increasing the thermal conductivity of porous medium from

7.5 to 15 W m-1 K-1, Nusselt number increases up to 11,

19, 22 and 23%, respectively. Also, in Reynolds numbers of

100, 300, 600 and 1200, by increasing the porosity coeffi-

cient from 0.8 to 0.5, the average Nusselt number increases

up to 25, 38, 40 and 42%, respectively. Based on the

achieved results, the maximum rate of performance evalu-

ation criterion was accomplished in flow with Reynolds

number of 1200 in porosity rate of 0.5 and thermal con-

ductivity of 15 W m-1 K-1.
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