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A B S T R A C T

In this study, a rectangular microchannel equipped with V-shaped ribs at the bottom filled with a solid-liquid 
suspension of water-aluminum oxide is evaluated. To better estimate the movement of solid-liquid phases, the 
two-phase mixture method simulates the incompressible water-aluminum oxide nanofluid (NF). The results are 
obtained for different hydrodynamic and heat transfer values and volume fraction of solid nanoparticles (φ) = 0, 
2, and 4 % and Reynolds number (Re) = 400-1200. The finite volume method (FVM) in three-dimensional (3D) 
space is used for simulations. The results show that the fluid in the areas after the ribs has reverse velocity 
gradients and by increasing α, the wake area increases. By increasing α, the vortices and velocity gradients 
separated from the ribs’ surfaces penetrate the central core of the flow. At α = 50◦, because the fluid collides with 
the ribs, it is associated with a greater velocity drop and the creation of stronger vortices, so Cf has the highest 
value. In the ribbed region and for α = 40◦ to α = 50◦, the changes in local Nusselt number are similar. By 
increasing φ, the penetration of fluid to the back of the ribs becomes possible; In these diagrams, the minimum 
amount of Sgen is for α = 40◦ and 50◦. In general, the behavior of Sgen is the same as the growth of dimensionless 
temperature, and at Re= 400, the maximum amount of Sgen is related to α = 20◦.

1. Introduction

Improving the properties of conventional fluids by strengthening the 
thermal conductivity coefficient in nanofluids (NFs) will be promising 
for their use in different industries such as power stations, petrochemi
cals, pharmaceuticals, automobiles, electronics, etc., as a good heat 
transfer fluid. The reason for the use of NFs in industrial and practical 
applications is the development of effective heat transfer characteristics 
in them. For this purpose, nowadays many studies have been conducted 
by researchers focusing on heat transfer using NFs in smooth and rough 
geometries and different dimensions [1,2]. Moreover, vortex generators 
are a suitable tool to increase heat transfer in various heat exchangers 
and improve flow mixing in the pharmaceutical, medical, and 

petrochemical industries [3]. In their numerical study, Bahiraei et al. [4] 
evaluated the effects of increasing heat transfer by simultaneously using 
V-shaped fins and NF inside a 3D square channel. Using the two-phase 
mixture method, they studied the entropy behavior in the water/
copper NF flow in φ = 0.01-0.03. In their numerical study, they evalu
ated the effect of the structure of V-shaped ribs with changes in the rib 
pitch and its height (three rib pitches and three different heights). They 
used the finite volume method (FVM) and SIMPLE algorithm. The results 
showed that increasing φ decreases the total entropy generation (Sgen, 

tot). They showed that for the nanoparticle with φ = 0.03 and a 5 mm 
V-shaped rib, Sgen,tot is about 31.85 %. At the same time, using a longer 
rib and a smaller pitch (simultaneously) increases the effectiveness of 
the second law of thermodynamics. Kerdarian and Kianpour [5] inves
tigated the behavior of water-copper NF in a nanochannel consisting of 
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Nomenclatures

A Area, m2

Cf Poisier number
Cp Specific heat, J/kg.K
d Rib thickness, m (in Fig. 2) and Molecular diameter, nm (in 

Eq. (11))
f Friction factor
FVM Finite volume method
H Height of the microchannel, nm
k Conduction heat transfer coefficient, W/m.K
L Length, m
Nu Nusselt number
P Perimeter of the shape, m
P Pressure, Pa
PEC Thermal-fluid efficiency
PP Pumping power, W
Pr Parandtle number
q// Heat flux, W/m2

Re Reynolds number
Sgen Entropy generation

T Temperature, K
U, V, W Dimensionless velocity components in the x,y, and z 

directions
u, v, w Velocity components in the x, y, and z directions
X, Y, Z Dimensionless lines of length, width, and height

Greek signs
ρ Density, kg/m3

µ Viscosity, Pa.s
А Heat penetration, m2/s
β Volume expansion coefficient, k-1

φ The volume fraction of solid particles
α Attack angle(◦)

Subtitle
f Liquid
S Solid particles
S Smooth
NF Nanofluid
ave Average

Fig. 1. Schematic and different variables of the system.
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two parallel plates with the presence of 4 square obstacles using FVM. 
Using the SIMPLER algorithm, they simulated the forced flow of NF for 
Re = 0.1-10 and φ = 0 to 0.04, taking into account the effects of sliding 

velocity and temperature jump. Their results showed that as the Knud
sen number increases, the average Nusselt number (Nuave) and, there
fore, Sgen, decrease. Moreover, as Re increases, Nuave and Sgen decrease. 
In addition, as φ increases, the temperature of NF decreases and as a 
result, the temperature gradient as well as heat transfer increases. 
Chtourou et al. [6] studied the heat transfer and laminar flow in a 
counter-flow plate heat exchanger with Y and C-shaped ribs to increase 
flow mixing. Using the computational fluid dynamics (CFD) method, 
they analyzed the geometric parameters’ effect of obstacles inside the 
heat exchanger (such as geometry and pitch) on the flow characteristics, 
and thermal and hydrodynamic performance using the SIMPLE 

Fig. 2. Dimensions and variables of V-shaped ribs.

Table 1 
Dimensions of the studied geometry (in micrometers).

l3 l2 l1 α (deg) L h w d w1 h1 p

2000 2000 3000 20-50 7000 100 60 10 Variable 25 400

Fig. 3. Boundary conditions governing the present problem.

Table 2 
Thermophysical properties of solid nanoparticles and base fluid [15].

parameter unit Al2O3 Water

Cp J/kg.K 765 4179
k W/m.K 40 0.613
ρ kg/m3 3970 997.1
β K-1 8.5e-6 210 × 10-6

μ Pa.s - 8.91 × 10-4
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algorithm in Re = 200-800. Their results show that the fins used increase 
the heat transfer and fluid mixing. Using Y and C-shaped fins increases 
the thermo-hydrodynamic efficiency by about %1.44 and %2.6 %, 
respectively. Al-Ali and Hamza [7] numerically investigated the effect of 
pitch changes of square obstacles in a rectangular channel with the 
presence of Water/TiO2 nanofluid in φ = 0-0.04. In their investigation, 
they numerically studied the changes in the pitch of obstacles for the 
aspect ratio (AR) = 2.5, 3.125, 3.75, 4.375, and 5 for Re = 10-500 using 
FVM. The results showed that increasing the pitch of obstacles results in 
an increase in Nu. For this parameter, case I shows better results than 
case II because the constant distribution of the heat transfer rate in the 
whole Re range results in a thermal performance coefficient. In the case 
of constant heat flux (Case I) and for AR = 3.75, φ = 0.04, and Re = 500, 

Fig. 4. Grid study in the present study.

Table 3 
A study of the number of grids of the independence of the results.

Number of grids Nuave Error (%) Nuave f Error (%) f

45000 29.78 14.05 0.1331 8.52
75000 32.01 7.35 0.1398 3.92
105000 33.56 3.14 0.1487 2.1
121000 34.65 Basic mode 0.1455 Basic mode
135000 35.11 1.32 0.1436 1.3
153000 35.19 1.55 0.1431 1.65

Fig. 5. Validation of the results with Chai et al. [28].
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the maximum average value of Nu is 10.76. Javaherdeh and Karimi [8] 
numerically studied the flow of NF in a rectangular channel for 
Re<1000 using FVM. Their results showed that the triangular, circular, 
and rectangular obstacles used with the presence of NF can affect the 
system and improve its thermal performance by 44 %. Among the 
investigated ribs, the rectangular ones can increase Nu by 30 % 
compared to the circular ribs. Hosseinirad et al. [9] numerically studied 
the presence of straight, curved, and wavy splitters on the 
hydraulic-thermal operation of the pin-fin plate heat exchanger using 
FVM with the SIMPLE algorithm. They analyzed the effect of the 
arrangement and shape of the gaps (square, rectangular) on the thermal 
behavior with Re = 50-250 in 3D analysis and confirmed their numerical 
simulations with an experimental study. Their results showed that 
replacing the design of indirect slots, i.e., curved and wavy, with straight 
dividers, reduces the heat exchanger’s base temperature. The highest 
heat transfer coefficient occurs for the model equipped with and forward 
arrangement. The best overall hydrothermal performance is also 
observed for the model equipped with a bow and forward arrangement, 
and the increase in performance index is about 36 % more than the 
straight one. Rezaee et al. [10], using both experimental and numerical 
methods, analyzed the cooling of a pin-fin heat sink with pure water by 
changing the pin length and longitudinal pitch parallel with the flow 
direction. They demonstrated the characteristics of pressure drop and 
heat transfer of a finned heat sink with variable longitudinal pitch and 
pin length. The results showed that compared to the smooth heat sink, 
the reinforced models (along with pin-fin) have higher heat transfer 
coefficient and pressure drop. Increase values between 121.1 % and 73.3 
% for heat transfer coefficient and between 284.6 % and 87.5 % for 
pressure drop were reported. Moreover, increasing the mass flow rate 
causes the hydrothermal performance of finned heat sinks to decrease. 
Salman et al. [11] gave a summary of several studies that focused on 
investigating heat transfer and fluid flow and types of microchannels, 
NFs, and microtubes (including behavior and properties). The purpose 
of this study is to express a clear view and a detailed summary of the 
effect of various parameters such as geometrical characteristics, 
boundary conditions, and fluid type. Behzadmehr and Mirmasoumi [12] 

evaluated the effects of the size of nanoparticles of NF on the heat 
transfer rate. In this research, the convective heat transfer of fully 
developed water-aluminum oxide NF is numerically studied. Also, the 
two-phase model has been used to investigate the flow parameters. The 
results of this article showed a significant increase in the convective heat 
transfer coefficient. Meanwhile, no significant change is observed in the 
hydrodynamic parameters. Akbari et al. [13,14] investigated the mixed 
convection heat transfer of a fully developed NF in inclined and hori
zontal tubes under a fixed heat flux. Their results show that φ has no 
important effects on the friction factor and hydraulic parameters. 
However, the angle of 45◦ leads to the maximum heat transfer 
coefficient.

Although many studies have been reported by researchers on the use 
of ribs and roughness in different geometries, the specific structure of 
the ribs in the microchannel and the presence of nanofluids using a two- 
phase mixture model distinguish the results of this study from other 
studies. V-shaped ribs with different attack angles are used to increase 
the heat transfer. Ribs are considered at the bottom of the rectangular 
microchannel. The nanofluid composed of water and different volume 
fractions of aluminum oxide is considered the working fluid. Using FVM, 
heat transfer and two-phase flow in a V-shaped ribbed microchannel are 
analyzed. The system is under a fixed heat flux. To model the two-phase 
flow, the two-phase mixture method is used. Moreover, the effects of the 
attack angle of V-shaped ribs and NF concentration are studied. The final 
results of heat transfer and hydrodynamic parameters in different attack 
angles are compared with each other.

2. Statement of the problem

In this research, the laminar mixed convection flow and heat transfer 
behavior of water-aluminum oxide NF inside a microchannel are 
numerically simulated in 3D space using FVM. To better estimate the 
behavior of the two-phase flow in the solid-liquid phase, the two-phase 
mixture model is used. To achieve higher heat transfer efficiency, V- 
shaped ribs with different attack angles are used at the bottom of the 
microchannel. Water-aluminum oxide NF is considered as the working 

Fig. 6. Contours of changes in axial velocity (m/s) at different rib’s attack angles (α).
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fluid with φ = 0, 0.02, 0.04 and Re = 400, 700, 1000, and 1200. Using 
FVM, two-phase heat transfer and flow of water-aluminum oxide NF in a 
microchannel equipped with V-shaped ribs are analyzed and investi
gated. A fixed heat flux equal to q" = 30000W/m2 is exerted on the 
channel. The effects of nanoparticle concentration and the attack angle 
of the V-shaped ribs are also examined. The results obtained for different 
attack angles will be compared with each other. Fig. 1 describes the 
geometry and dimensions of the channel and Fig. 2 describes the vari
ables and dimensions of the V-shaped ribs.

The above figures are related to the investigated geometry in this 
research. The problem includes a 3Drectangular microchannel, where L 
represents the microchannel length, h the channel height, w the channel 
width, d the rib length, w1 the rib width, h1 the rib height, p the rib 
pitch, and θ is the rib refraction angle. Table 1 illustrates all dimensions 
of different variables in the system.

In the corresponding geometry in Fig. 1, the parts of the channel are 
shown with l1 and l3 and other walls of the microchannel are insulated, 
and a fixed heat flux equal to q" = 30000 W/m2 is exerted on the part 
shown with l2 (the surface holding ribs). The number of ribs is 4 and they 
are empty (non-filled with material). Heat transfer and hydrodynamics 
of laminar flow of NF in a microchannel with α = 20◦, 30◦, 40◦, and 50◦

are investigated. In this research, Gr = 1. Table 2 illustrates the prop
erties of water-based fluid and nanoparticles.

The diameter of aluminum oxide nanoparticles is equal to 50 nm and 
the average water molecule diameter is 2 Angstrom [16]. Fig. 3 illus
trates the boundary conditions considered in this study. According to 
Fig. 3, in the inlet section, the boundary conditions of the inlet fixed 

velocity and temperature are considered. In the outlet section, the 
condition of the outlet flow is used, and the boundary condition of the 
wall is used in the entire side walls throughout the channel. The side and 
top walls are insulated. The bottom wall of the microchannel is affected 
by the heat flux. No-slip and no-temperature jump boundary conditions 
are used in all walls.

The main goal of this study is to numerically simulate and investigate 
the fluid parameters and heat transfer of the two-phase flow of water- 
aluminum oxide NF in a microchannel equipped with V-shaped ribs. 
Among other objectives, the comparison of the parameters obtained 
from the numerical simulation for different rib’ attack angles can be 
mentioned. Moreover, the behavior of two-phase flow in non-circular 
geometries is investigated. Considering the inlet length at the begin
ning of the microchannel, NF flow is hydrodynamically developed. The 
properties of NF are assumed to be dependent on φ and independent of 
temperature and Newtonian. Solid-liquid suspension in low concentra
tions is modeled as two-phase. A constant and uniform heat flux is 
applied to the bottom walls of the channel. The upper and side walls are 
insulated. Radiation effects are ignored. The “no-slip condition” is used 
on the walls.

3. Governing equations

3.1. Heat transfer and fluid flow equations

The two-phase mixture method is used in this study to simulate the 
two-phase flow of NF. In this regard, continuity, energy, and momentum 

Fig. 7. Dimensionless temperature changes at α = 20◦ and φ = 0 for Re = 400, 700, 1000 and 1200.
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equations are used as follows [17,18].
Continuity equation, 

∇.(ρmVm) = 0 (1) 

Energy equation, 

∇

[
∑n

k=1

φkVk(ρkHk +P)

]

= ∇.(km∇T) (2) 

Momentum equation, 

∇.(ρmVmVm) = − ∇P +∇[μm∇Vm] + ∇

(
∑n

k=1

φk ρkVdr,k Vdr,k

)

− ρm,i βm g (T − Ti) (3) 

Volume fraction (φ) equation, 

∇(φPρPVm) = − ∇
(
φPρPVdr,P

)
(4) 

Where the amount of average mass speed (Vm) is calculated using the 
following equation, 

Vm =

∑n

k=1
φkρkVk

ρm
(5) 

In equation (3), Vdr,k, the drift velocity parameter for the secondary 

phase k, here refers to solid nanoparticles, is calculated as follows, 

Vdr,k = Vk − Vm (6) 

Sliding speed (relative speed), which is the relative speed between 
base fluid particles and solid nanoparticles, is defined as follows, 

Vpf = Vp − Vf (7) 

To define drag function and relative speed, the relations defined by 
Schiller and Naumann [19] and Manninen et al. [20] are used, 

fdrag =
{

1+0.15Re0.687
p for Rep≤1000

0.0183Rep for Rep>1000 (8) 

Vpf =
ρP d2

P (ρP − ρm)

18 μf fdrag
a (9) 

In the above equations, acceleration a is defined as follows, 

a = g − (Vm∇)Vm (10) 

Where, Vdr,k is the thrust velocity for the secondary phase z, Vm is the 
average (mass) velocity of the mixture and the indices P, T, φ, μ, and ρ 
are pressure, temperature, volume fraction, dynamic viscosity, and 
density, respectively. Moreover, the subscripts k, dr, and m express the 
secondary phase k, thrust, and mixture (solid-liquid phases), 
respectively.

Fig. 8. Local friction factor at Re = 400 and different φ.
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3.2. Equations for calculating thermophysical properties of nanofluids

Chon relation is used [21] to define the thermal conductivity of NF as 
follows, 

km

kf
= 1 + 64.7 ϕ0.746

(
df

dnp

)0.369(knp

kf

)0.7476

Pr0.9955 Re1.2321 (11) 

Where all constants are defined as, 

Re =
ρf kbT
3πμ2lf

, Pr =
μf

ρf αf
, μ = A × 10

B
T− C, C = 140(K),

B = 247(K), A = 2.414 × 10− 5 (Pa.s),T = Tin

(12) 

The dynamic viscosity calculation relationship, 

μeff =
(
123ϕ2 +7.3ϕ+1

)
μf (13) 

NF density [22], 

ρm = ϕρnp + (1 − ϕ)ρf (14) 

Determination of specific heat capacity [22], 
(
ρ cp
)

m = (1 − ϕ)
(
ρ cp
)

f + ϕ
(
ρ cp
)

np (15) 

The coefficient of thermal expansion is calculated from the following 
equation [23], 

βeff

βf
=

⎡

⎢
⎢
⎣

1
1 +

(1− φ)ρf
φ ρP

×
βP

βf
+

1
1 +

φ ρP
(1− φ)ρf

⎤

⎥
⎥
⎦ (16) 

The following definitions are used to dimensionless the software 
output parameters, 

Y =
y
H

Z =
z
H

Pr =
υf

αf

X =
x
H

θ =
T − Tc

ΔT

ΔT =
qʹ́

0 H
kf

(17) 

The friction factor is one of the parameters that is used to check the 
microchannel performance [24], 

Cf =
2 × τw

ρuin
2 (18) 

The average Nu is also another factor in heat transfer that expresses 
the convection heat transferred to the conduction heat transferred, and 
it is obtained from the following equation [25], 

Fig. 9. Local pressure drop in the centerline of the microchannel for Re = 1000.
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Nux =
h × H

kf
→ Nuave =

1
L

∫ L

0
Nux(X) dX (19) 

NF flow in microchannel includes pressure drop (ΔP) which is 
calculated by, 

ΔP = Pin − Pout (20) 

The following equation is used to calculate Moody’s friction factor f, 

f =
2 × ΔP × Dh

ρ × L × u2
in

(21) 

The thermal-fluid performance, which is defined as PEC, is defined as 
[26], 

PEC =

(
Nuave

Nuave,φ=0

)

(

Cf
Cf ,φ=0

)(1/3) (22) 

Gr and Re for NF flow inside the nanochannel are calculated as. 

GrDh =
g × βeff × Dh

4 × qʹ́

keff × νeff 2 (23) 

Re =
ρeff × Dh × Vm

μeff
(24) 

The amount of increase in entropy due to the heat transfer and flow 

friction, which is defined as total entropy (Sgen,tot), is calculated as [27], 

Sgen =
keff

T2

[(
∂T
∂x

)2

+

(
∂T
∂y

)2

+

(
∂T
∂z

)2]

+
μeff

T

{

2
[(

∂u
∂x

)2

+

(
∂v
∂y

)2

+

(
∂w
∂z

)2]

+

(
∂u
∂x

+
∂v
∂y

+
∂w
∂z

)2}

(25) 

4. Solution method and assumptions, grid study and validation

4.1. Solution Method and Assumptions

The forced and constant flow of NF is modeled in this study. NF 
properties are Newtonian, independent of temperature, and constant 
(homogeneous). The two-phase mixture method is used for numerical 
solutions and NF flow is modeled as two-phase flow. This research was 
solved using a finite volume method and a computer code in three- 
dimensional space. SIMPLE algorithm and second-order discretization 
are used to solve the equations. Moreover, the radiation effects are 
neglected. The nanofluid flow is assumed to be incompressible and 
laminar. For velocity on the walls, the no-slip boundary condition is 
used. The amount of 10-6 is used as the maximum numerical solution 
residual.

4.2. Mesh study

To numerically simulate the solution field using FVM, an 

Fig. 10. Variations of average friction factor at different attack angles.
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unorganized grid is used. The number of grids was selected from 
(45000) to (153000) according to Fig. 4. To be sure of the independence 
of the results from the grid number, the parameters of Nuave on the lower 
wall of the microchannel and f at the attack angle of α = 30◦, at Re =
1000 and φ = 0.04 are changed. According to the changes of parameters 
of Nuave and f, the amount of error was obtained according to Table 3. 
Accordingly, the grid number of 121000 is the most optimal and suitable 
state. This is because both Nuave and f changes have the least error and 
the resulting answers are grid number independent. Therefore, the grid 
number 121000 is used.

4.3. Validation

To validate, the experimental-numerical results of Chai et al. [28] are 
used to be compared with the results of the present study. Chai et al. 
[28] investigated numerically and experimentally the convection heat 
transfer (forced) of the laminar flow of water in a smooth rectangular 3D 
microchannel experiencing a sudden contraction-expansion using holes 
with circular and triangular shapes for Re<1000. In their modeling, to 
use proposed microchannels to remove and expand the thermal 
boundary layer, they investigated the heat transfer and flow parameters. 
According to Fig. 5, the changes in Nuave for the T structure micro
channel in the range of Re = 150 to 900 are compared with numerical 
and experimental results. By comparing the obtained results, it can be 

seen that the assumptions considered for the numerical solution in this 
research have a suitable accuracy and, therefore, the results have a good 
accuracy.

5. Results and discussion

Many studies have been conducted by researchers to investigate flow 
distribution and heat transfer numerically [29–33]. In this study, the 
results include friction factor (f), Nusselt number (Nu), pressure drop 
(Δp), dimensionless temperature (θ), thermal-fluidic efficiency factor 
(PEC), velocity and temperature contours, and Sgen. All calculations are 
done for Re = 400, 700, 1000, and 1200 and for φ = 0-0.04. Moreover, 
the attack angle of V-shaped ribs varies from 20◦ to 50◦.

5.1. Velocity contours

Axial velocity contours are presented in Fig. 6. These include all 
results at different α, at Re = 1200 and φ = 0.04 in the Y = 0.4 plane. The 
amount of changes in α can have a great effect on the gradients of the 
speed of flow passing over the rib. According to the contours, the 
maximum fluid velocity is seen in the areas above the ribs. This behavior 
is caused by the narrowing of the side section of the channel. After the 
fluid passes over the ribs, with the increase of α, the velocity gradients 
undergo significant changes. This behavior is shown in the contours. A 

Fig. 11. Average pressure drop at different α and different Re.
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reverse velocity gradient of the fluid is seen in the areas after the ribs. 
With the increase of α, the wake area increases with reverse gradients. 
For all different attack angles, the behavior of axial velocity contours is 
the same.

5.2. Non-dimensional temperature contours

Dimensionless temperature (θ) contours at α = 20◦ and φ = 0 for Re 
= 400, 700, 1000, and 1200 are presented in Fig. 7. The dimensionless 
temperature contours for the same level are compared with each other. 
In general, increasing the fluid velocity increases the fluid momentum. 
This behavior covers all the warm surfaces of the ribs (back and front 
areas of the ribs). At lower Re, parts with lower heat transfer (i.e., hot 
areas) can be seen in the areas behind the ribs. These areas are shown in 
red in the contours. The creation of hot areas on rib surfaces occurs 
mostly in the parts where the fluid momentum decreases. Usually, these 
areas are at the junction of the edge of the ribs with the side walls of the 
microchannel and the areas connected to the bottom of the micro
channel. The highest amount of hot areas behind the ribs is at Re = 400 
and the lowest at Re = 1200.

5.3. Friction factor and pressure drop

Fig. 8 shows the variations of local friction factor (Cfx) at α = 20◦ to 
50◦, Re = 400, and φ = 0 to 0.04. According to Fig. 8, the changes in Cfx 
depend on the changes in the velocity gradients in the areas close to the 
surfaces. The maximum amount of changes in Cfx is in the areas of fluid 

movement in the ribbed parts and after that. According to the diagrams, 
the behavior of Cfx is the most effective for the first to third ribs. Sudden 
jumps in the graphs are caused by the collision of the fluid with the ribs 
and the fluid’s direction change at the edge of the ribs. In addition, the 
maximum amount of sudden jump can be seen at α = 40◦ and 50◦, and 
this amount decreases gradually with the decrease of α. For almost all 
the graphs, there are no specific changes in Cfx variations in the last rib.

In the range of examined Re in this research, because the fluid ve
locity is high enough and the fluid does not have enough time to contact 
all the rib’s surfaces, the level of the friction factor graphs is about 0.1. 
Moreover, increasing the fluid speed results in decreasing Cfx. Therefore, 
increasing φ does not show significant changes in Cfx. But in general, 
increasing φ can increase the friction factor. Fig. 9 shows ΔP changes in 
the center line of the microchannel for Re = 1000 and in φ = 0, 0.02 and 
0.04. These diagrams have been drawn to determine the behavior of ΔP 
in the center line of the flow for different α and φ. In ΔP diagrams, 
because the fluid changes the velocity components by moving along the 
ribbed path, the fluid momentum decreases and the pressure drop in
creases. This amount is significant in the areas behind the ribs. In all 
graphs, local pressure drop changes in the areas before and after the ribs 
have the same trend to some extent. In the ribbed area, the fluctuating 
changes in pressure drop are caused by moving along the ribbed path. In 
all graphs, increasing φ can increase fluid viscosity and density. This 
behavior increases fluid momentum depreciation and causes a pressure 
drop. Also, increasing α causes the creation of stronger vortices and 
higher fluid momentum depletion. With the increase of α, the eddies and 
velocity gradients separated from the rib’s surfaces penetrate the center 

Fig. 12. Average pressure drop at different attack angles.
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of the flow. Therefore, the behavior of the local pressure drop in the 
serrated areas is affected. Among all cases, the maximum ΔP corre
sponds to α = 50◦ and the lowest one corresponds to α = 20◦.

Fig. 10 compares the graphs of the average friction factor (f) at 
different α, φ, and Re. According to the graphs, increasing the fluid speed 
leads to a decrease in f. In all diagrams, the highest value of f corre
sponds to the lowest fluid speed (Re = 400). An increase in φ can also 
increase f. This behavior is caused by an increase in pressure drop. In 
examining the factors that affect the hydrodynamic behavior of the flow 
in and therefore the behavior of f, α is important. It is seen in all the 
graphs that the increase in α causes an increase in f. This is because of the 
existence of stronger vortices and higher momentum depreciation at 
higher α. At α = 20◦, the friction coefficient is minimal because the fluid 
in its movement path feels the existence of the ribs less. At α = 50◦, 
because the fluid in contact with the ribs has a high-velocity drop and 
the creation of stronger vortices, the friction coefficient is maximum.

Overall, with increasing the volume fraction of solid nanoparticles 
relative to the base fluid, the friction coefficient increases by 9 to 15 
percent. With increasing the angle of attack, the friction coefficient 
decreases by less than 5 percent. Increasing the Reynolds number from 
400 to 1200 can also reduce the friction coefficient by 1.1 to 1.23.

The average pressure drop at different α and different Re is presented 
in Fig. 11. These diagrams are drawn to evaluate the effect of changes in 

α on the ΔPave behavior. By increasing the fluid speed, the growth of the 
vortices resulting from the collision of the fluid with the ribbed surfaces 
increases.

At low Re, these vortices will not have much effect on the pressure 
drop. The presence of a rib with a higher α can also strengthen vortices. 
The increase of φ can also affect the behavior of the average pressure 
drop. In all diagrams, by increasing Re, φ, and α, the pressure drop in
creases significantly. But at low Re, due to the mentioned reasons, the 
amount of pressure drop does not have a special dependence on the 
increase of α and the increase of φ. Fig. 12 illustrates the changes in 
average pressure drop in different α, Re, and φ.

According to the diagrams in Fig. 12, at Re = 700 and 1000, the 
increase in pressure drop and its dependence on α become important. At 
Re = 400 and 700, pressure drop changes do not have a special 
dependence on the rib’s form. In all diagrams, increasing φ causes an 
increase in the viscosity and adhesion of the fluid to the surfaces of the 
microchannel, especially the ribbed areas. This behavior strengthens 
and sustains the creation of velocity gradients and significantly increases 
the pressure drop.

5.4. Nusselt number

Fig. 13 illustrates the changes of the local Nusselt number (Nux) 

Fig. 13. Nuave along the length of the ribbed area at Re = 1200.

A. Koveiti et al.                                                                                                                                                                                                                                  Results in Engineering 27 (2025) 106062 

12 



Fig. 14. Variations of average Nusselt number (Nuave) at different α.

Fig. 15. Nuave at different Re, φ, and α.
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along the length of the ribbed area at Re = 1200 for different α. With the 
movement of the fluid along the ribbed surfaces, due to the presence of 
obstacles and roughness, the three-dimensionality of the flow, the cre
ation of transverse velocity gradients due to the existence of V-shaped 
ribs and the deviation of the flow in transverse directions, the fluid ve
locity undergoes certain changes. Therefore, the above factors cause a 
change in the behavior of the heat transfer coefficient, fluid 

displacement, and heat transfer and affect Nux. In the ribbed areas of the 
microchannel, the increase in φ and the flow pattern will have a big 
effect on the increase of Nu and changes in heat transfer. According to 
the presented results, the mentioned factors were also involved in 
changing the behavior of pressure drop parameters and friction factors. 
In all investigated cases, the increase in φ due to the thermal conduc
tivity increase, Nu increases significantly. Moreover, increasing α 

Fig. 16. Pumping power (Pp) in different φ.

Fig. 17. Variations of thermal-fluidic efficiency parameter at different α.
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creates stronger longitudinal vortices that cause flow mixing. Changes in 
the behavior of Nux in the ribbed region of the microchannel for α = 40◦

and 50◦ have similar behavior. On the other hand, the decrease of α 
strengthens the transverse flow vortices.

Fig. 14 compares the changes of Nuave at α = 10◦ to 50◦, Re = 400, 
700, 1000, and 1200 and φ = 0, 0.02, and 0.04. These graphs compare 
Nuave in different Re in each φ. According to the graphs of Nuave, it can 
be seen that the presence of ribs with higher α causes stronger longitu
dinal vortices, and the presence of ribs with lower α causes transverse 
vortices in the fluid flow.

At Re = 400, longitudinal vortices increase heat transfer and cause 
better mixing of the flow. In addition, the strengthening and growth of 
transverse vortices are not significant. Therefore, increasing α leads to 
increasing Nu. At Re = 700, the presence of longitudinal and transverse 
vortices causes different behaviors in different α. In Re = 1000 and 
1200, increasing the heat transfer is possible by choosing a rib with a 
lower α. At Re = 1000 and 1200, due to the accumulation of fluid mo
tion, longitudinal vortices in the studied geometry do not create higher 
mixing. Instead, the presence of transverse vortices causes better fluid 
mixing and better heat transfer. In all investigated cases, a significant 
increase in heat transfer is seen by increasing φ [32–38]. This behavior is 
caused by the increase in thermal conductivity and the change in the 
thermophysical properties of the base fluid at higher φ. According to the 
behavior of the average Nusselt number, with increasing volume frac
tion of solid nanoparticles compared to the base fluid, the Nusselt 
number increases by 5 to 17 %. With increasing the angle of attack, the 
average Nusselt number also decreases by less than 14-16 %. Increasing 
the Reynolds number from 400 to 1200 can also increase the average 
Nusselt number by 1.15 to 1.35 times. Fig. 15 compares the values of 
Nuave in different Re, different φ, and different α. This investigation was 
carried out to quantitatively determine Nuave with the changes of α in 
each φ. As the diagrams show, the highest amount of Nuave occurs in Re 
= 700 to 1200 at α = 20◦. The behavior of Nuave at Re = 400 is such that 

the highest amount corresponds to α = 30◦, 40◦, and 50◦. At α = 20◦, the 
lowest value of Nuave is also gained. It is recommended that in industrial 
applications of heat transfer, improving devices similar to the design 
used in the present study, to achieve the maximum increase in heat 
transfer, V-shaped ribs with α = 20◦ should be used at Re>700. In 
Re<400, ribs with an α higher than 20◦ should be used.

5.5. Pumping power

Fig. 16 examines the required pumping power (Pp) at φ = 0 to 0.04, 
for different Re and different α. With the movement of the fluid between 
the roughnesses (or ribs) and also the interlayer movement in different 
layers of the fluid, as well as the movement of the fluid on the solid 
surfaces and walls of the microchannel, the kinetic energy of the cooling 
fluid decreases. In the examined graphs, it can be seen that increasing 
the fluid speed requires increasing the pumping power [39–43].

Increasing the density and viscosity of the fluid as a result of the 
velocity boundary layer effect increase, the fluid becoming heavier and 
the level of layer resistance against the fluid movement and the increase 
in shear stress on the surfaces and walls of the microchannel, the fluid 
momentum has decreased significantly and, therefore, the amount of 
pumping power increases. Hence, at higher φ, the pumping power plots 
have an increasingly flat surface. It can be seen in the examined α range 
that at a Re = 400, the increase in α does not have a particular effect on 
the increase in pumping power. At Re>400, the increase of α increases 
the pumping power. The main purpose of this behavior is the effects of 
longitudinal gradients at higher α. In general, the highest amount of 
pumping power occurs at α = 40◦ and 50◦ and for NF with φ = 4. The 
lowest pumping power is for the base fluid and at α = 20◦. The lower 
depreciation of the fluid velocity on the rib with lower α is the reason for 
this behavior.

Fig. 18. Total entropy generation Sgen,tot at different α, φ, and Re.
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5.6. Thermal-fluidic efficiency (PEC)

In Fig. 17, the changes of the thermal-fluidic efficiency parameter at 
α = 20◦ to 50◦, different Re, and φ = 0.04 are compared with each other.

The thermal-fluidic efficiency parameter can express the predomi
nance of the effect of increasing Nu or the friction factor due to the in
crease in φ and the increase in α in NF. In a ribbed channel, the use of NF 
can cause a significant increase in heat transfer, which was seen in the 
Nuave graphs. Moreover, with the increase of φ, the presence of frictional 
effects in the areas of the ribs and other walls of the microchannel was 
reported. According to Fig. 17, it can be seen that at Re = 1200, the 
increase of α increases the thermal efficiency parameter. At Re<1200, 
the highest thermal-fluidic efficiency is obtained by reducing α. The 
cause of this behavior was explained by interpreting Nu and f graphs; so, 
at α = 20◦, the highest Nu and the lowest f are obtained. This behavior 
increases the thermal efficiency parameter of fluids.

5.7. Entropy generation (Sgen)

Fig. 18 illustraites Sgen,tot for α = 20◦ to 50◦ and φ = 0 to 0.04 and for 
Re = 1200-700. According to the diagrams, this factor is drawn based on 
the increase of heat penetration between fluid layers, and the increase of 
friction effects, and is proposed as Sgen,tot. Among the examined modes, 
the lowest amount of Sgen,tot is related to α = 20◦, the highest amount 
occurs at α = 40◦. Increasing φ can also increase frictional Sgen and 

decrease heat transfer Sgen. The contrast between these two cases de
termines Sgen,tot.

The contours of Fig. 19 describe the behavior of Sgen,tot in the ribbed 
hot region, at different attack angles, φ = 0, and Re = 400.

The entropy contours shown are related to Sgen due to the increase in 
heat transfer and the effects of temperature penetration in the fluid and 
the increase in entropy due to the friction effects. In all the contours, it 
can be seen that in the areas where the heat transfer rate is lower, Sgen 
has the highest value. At the Re = 400 and in the investigated attack 
angles, the case with α = 20◦ is affected by the hottest areas behind the 
rib. According to entropy contours, in these areas, the amount of 
generated entropy has the maximum value. By increasing φ, the pene
tration of fluid to the back of the ribs becomes possible; In these dia
grams, the minimum amount of Sgen is for α = 40◦ and 50◦. In general, 
the behavior of Sgen is the same as the growth of dimensionless tem
perature, and at Re = 400, the maximum amount of Sgen is related to α =
20◦.

5.8. Dimensionless temperature variations

The graphs in Fig. 20 compare the local changes of the dimensionless 
temperature (θ) along the center line of the flow and for the Re = 400 in 
different φ and α = 20◦ to 50◦ of V-shaped ribs. As the cold fluid enters 
the microchannel and transfers heat between the fluid and the hot rib
bed surface, heat penetration and the growth of the thermal boundary 

Fig. 19. Total entropy generation (Sgen,tot) contours at different α, φ = 0, and Re = 400.
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layer and its transfer to the central core areas of the flow increase. In the 
areas where the ribs are located and the wall is hot, the temperature 
gradients and the thermal boundary layer have the highest value and the 
highest growth. As the fluid moves between ribs, the thermal boundary 
layer is destroyed and re-formed.

This behavior also affects the local changes of θ. Therefore, it can be 
seen in all the graphs that the changes in θ are associated with certain 
fluctuations. After the fluid passes through the ribbed areas, because the 
end length of the microchannel is insulated and the heat transfer to the 
cooling fluid does not take place through the walls, the central tem
perature decreases. It can be seen in all the graphs that the effects of hot 
wall temperature penetration in the central core of the flow have the 
most penetration for the base fluid. The lowest hot temperature in the 
center line of the flow corresponds to NF with φ = 4.

6. Conclusions

Although many studies have been reported by researchers on the use 
of ribs and roughness in different geometries, the specific structure of 
the ribs in the microchannel and the presence of nanofluids using a two- 
phase mixture model distinguish the results of this study from other 
studies. In this research, V-shaped ribs with different attack angles were 
used on the bottom of the microchannel to increase the heat transfer 
efficiency. A nanofluid composed of water-aluminum oxide was used as 
the working fluid in the volume fractions of 0, 0.02 and 0.04 with Re =
400, 700, 1000, and 1200. The simulations were performed using FVM. 
The two-phase heat transfer of laminar flow in a 3D rectangular 
microchannel exposed to a constant heat flux of q" = 30000W/m2 was 
analyzed and investigated. The results of this research show that the 

maximum velocity of the fluid is seen in the areas above the ribs. This 
behavior is caused by the narrowing of the lateral section of the channel. 
After the fluid passes over the ribs, with the increase of the attack angle 
(α), the velocity gradients have clear changes. The amount of changes in 
the local friction factor is dependent on the changes in the velocity 
gradients in the areas near the surfaces. In the pressure drop diagrams, 
because the fluid changes the velocity components by moving along the 
ribbed path, the pressure drop increases and the fluid momentum de
creases. By increasing Re, the attack angle of ribs, and volume fraction, 
the pressure drop increases. But at low Re, because of the mentioned 
reasons, the amount of pressure drop will not have a special dependence 
on the increase in α and the increase in φ. The presence of a rib with a 
greater α causes stronger longitudinal vortices, and the presence of a rib 
with a lower α causes the creation of transverse vortices in the fluid flow. 
The highest amount of Nusselt number occurs at Re = 700 to 1200 at α =
20◦. The behavior of increasing Nusselt number at Re = 400 is such that 
the highest amount of Nu corresponds to α = 30◦, 40◦, and 50◦, and α =
20◦ degrees has the lowest value of Nu. Among the examined modes, the 
lowest amount of Sgen corresponds to α = 20◦ and the highest value 
corresponds to α = 40◦, 30◦, and 50◦.
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