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Nanofluid technology is one of the latest technics aims to enhance the heat exchangers 
working systems. The nanofluid is used because it has better thermal performance 
properties than common fluids like water. Tin Oxide (SnO2) and Ferric Oxide (Fe2O3) 
has used due to their availability and low cost for manufacturing. Flat, face step and 
radial corrugated microchannels have been studied at the Reynolds number range 
(4000-7000 Re). In this study, a hybrid nanofluid combined Ferric Oxide and Tin Oxide 
SnFe2O3 at (0, 5, 15%) of Tin Oxide concentration. The volume concentration of the 
nanoparticles was from (1-5)% suspended in ethylene glycol as base fluid due to its 
high thermal performance compared with water. The performance evaluation criteria 
(PEC) are studied and the results were validated with experimental and numerical 
results from previous studies. Performance evaluation criteria (PEC) studied the heat 
transfer in all study steps and found that the 15Sn85Fe2O3 hybrid nanofluid in ethylene 
glycol at 5% volume concentration in radial corrugated microchannel increased 104% 
compared with base fluid ethylene glycol in the flat microchannel. The performance 
evaluation criteria value has increased by 82% from flat microchannel to radial 
microchannel at 5% of volume concentration of 15Sn85Fe2O3 hybrid nanofluid. 
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1. Introduction 
 

In recent years, heat transfer enhancement and optimization have received much attention to 
improving the heat exchanger design with high thermal efficiency models by using novel methods to 
reduce the operational cost and energy consumption which is important in the industrial area. The 
researchers developed the heat exchangers by suspending high thermal efficiency nanoparticles in 
the base fluid which is inside the heat exchanger channels to improve the effective thermal efficiency 
of the working fluid and to increase the differences in the temperature between the surface and fluid. 
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Those factors have been studied numerically, experimentally, and theoretically, by Akbari et al., 
[1], Dogonchi et al., [2], Thumma et al., [3], and Eshgarf et al., [4]. Those studies found that the 
additional nanoparticles increased the thermal efficiency of the heat exchanger systems. 

This modern class of fluids consists of pendant nanoparticles with high suspension stability 
compared to the micrometer and millimeter-sized particles. Lately, studies focused on the base fluid 
that the nanoparticles will be suspended in have been improved by mixing the water and the ethylene 
glycol or glycerine because those fluids were found to improve the thermal efficiency of the nanofluid 
and the whole system [5]. 

In the last few decades, researchers used many different designs for the heat exchanger channels 
to increase thermal efficiency and improve the system by using corrugated channels to increase the 
thermal contacted surface area and the thermal resistance in a single spot. In the past few years, the 
demand for microchannel heat exchangers had increased in many industrial applications. There are 
three types of heat transfer enhancement techniques: active methods, passive methods, and 
compound methods mixed between active and passive. 

Recently nanofluid in its two types metallic and non-metallic take huge attention for what it has 
achieved in this field. Many researchers cited that about 15-48% of heat transfer efficiency can be 
achieved by using nanofluid instead of traditional fluids such as pure water [6]. With these 
magnificent changes, the weight and the size of the heat exchanger can be reduced without affecting 
the heat transfer performance, which leads to reduced energy consumption, manufacturing cost, and 
operational costs from the system. 

Nanofluid is liquid content of metallic, non-metallic, or hybrid nanoparticles with a 0.1-100nm 
size suspended in a base fluid, such as (water, ethylene glycol, glycerine, acetone, etc.) [7-10]. In 
recent years, it has been noticed that the addition of nano-sized particles to the base fluid can 
improve its thermal conductivity in multi industrial applications [11,12]. This research presents the 
latest enhancement in each character that can change the thermal conductivity and the heat transfer 
quantity, this research aims to aggregate the latest research on the nanofluid technology to simplify 
to the researchers about the latest trends and the recommendations for new researchers based on 
authors' knowledge. Many researchers applied this magnificent fluid in many heat exchanger 
applications that will enhance the heat transfer coefficient which increases the heat exchanger 
efficiency [13]. Several review papers have been published concerning the synthesis and applications 
of the usage of nanofluids such as Chiam et al., [6], Kleinstreuer and Feng [14], Das et al., [15], Yu et 
al., [16], Salman et al., [17], and Urmi et al., [18]. The nanofluid is regarded as a novel class technique 
to optimize the heat transfer efficiency of the heat exchangers owing to the high dispensability of the 
nanoparticles within the base fluid and the high stability of the suspension. Ajith et al., [19] studied 
the enhancement in thermal conductivity of mixing MgFe2O4 hybrid nanoparticles with water as base 
fluid to prepare hybrid nanofluid with high thermal conductivity in different volume fractions as 
shown in Figure 1. Figure 2 shows the Nusselt number increasing in different Reynolds numbers 
(3000, 4500, 6000, 7500 Re) for different volume fractions of CuO/Water nanofluid of a conducted 
study by Bazdar et al., [20]. Heat transfer enhancement using hybrid MnFe2O4 – ethylene glycol has 
been studied experimentally in a mini shell and tube heat exchanger by Firlianda et al., [21] has been 
successfully carried out, the researchers studied the effect of adding MnFe2O4 to ethylene glycol as 
base fluid, the results of heat transfer analyzed by using LMTD method, the highest value was 
obtained at 0.075% of nanoparticles concentration of MnFe2O4. 

A review of previous studies presented that the existing papers have not studied the hybrid 
SnFe2O3, and the ethylene glycol as base fluid with the hybrid nanoparticles and have not investigated 
that in flat or face step or radial corrugated microchannels, which is the aim of this research. 
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2. Problem Description and Boundary Conditions 
 

Figure 1 shows the basic geometry of the channels investigated in this study, flat, face step, and 
radial corrugated microchannels. For the flat microchannel, the geometry will be smooth, the 
hydraulic diameter was 900µm, and the channel length was 30mm. Two adiabatic smooth sections 
are used as the boundary conditions for both inlet and outlet of the channels, one upstream section 
(developing section) and the other downstream section (exit section). 
 

 
Fig. 1. (a) Flat, (b) face step and (c) radial corrugated microchannel 

 
The flow was assumed to be steady, incompressible, and three-dimensional. Assuming water and 

ethylene glycol as base fluids and hybrid tin oxide doped in ferric oxide are solid spherical shape 
Nano-sized particles were in thermal equilibrium. Lastly, assuming the nanofluids are Newtonian 
fluids. 

To solve the governing equations, firstly, must define appropriate boundary conditions for all 
dependent variables on all the boundaries of the domains. The Reynolds numbers were 4000, 5000, 
6000, and 7000. The velocity was fully developed, and uniform temperature distributions are 
commonly assumed in the inlet of the channel. For the inlet section suitable correlations have been 
used to calculate the inlet velocity. The proper position of the outlet boundary is the region where 
equilibrium takes place in the direction of the flow. This corresponds to the fully developed regions. 
For the top and bottom walls of the channel wall, a no-slip boundary condition can be applied for the 
velocities. Uniform heat flux (250 𝑊⁄𝑚2) conditions are applied along the walls channel. The working 
fluids were distilled water, ethylene glycol, Fe2O3 5Sn95Fe2O3, and 15Sn85Fe2O3 at 1-2-3-4-5 % of 
volume concentration in ethylene glycol as base fluid. 

The boundary conditions used at the solid walls are fundamentally no-slip boundary conditions 
concerning the wall temperature. Ambient conditions (i.e., ambient pressure and temperature) are 
used for the inlet whereas uniform ambient pressure condition is used at the outlet. 
 
3. Governing Equations 
 

In this model, it is possible to assume that the mixture is in a homogeneous state when the 
nanoparticles are mixed with base fluid and they flow at the same velocity. So, it is assumed that the 
nanofluids are a homogenous mixture. However, the governing equations and the turbulent 
modeling can be written as [22]: 
 
Continuity equation: 
 

∇. (𝜌𝑛𝑓𝑣)              (1) 
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Momentum equation: 
 
𝜕(𝜌𝑢𝑖𝑢𝑗)
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Energy equation: 
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In the current study, the k−ε RNG turbulence model is employed as follows: 
 

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕
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[(𝜇 +

𝑢𝑡

𝜎𝑘
)
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] + 𝐺𝑘 − 𝜌𝜀          (4) 

 

Likewise, the dissipation rate of TKE  is assumed by the equation: 
 

𝜕
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𝜕
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𝜀

𝑘
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𝜀2

𝑘
        (5) 

 
Where 𝐺𝑘 is the rate of generation of the TKE while 𝜌 is the destruction rate is written as: 
 

𝐺𝑘 = (−𝜌𝑢𝑖́ 𝑢𝑗́
̅̅ ̅̅ ̅̅ ̅)

𝜕𝑢𝑗

𝜕𝑥𝑖
             (6) 

 
3.1 Thermophysical Properties of Nanofluids 
 

First, the thermophysical properties of the nanofluids were calculated to be used in the 
simulation program to modify the state of the nanofluid combination. Different types of 
nanoparticles were tested Fe2O3, hybrid 5Sn95Fe2O3, and 15Sn85Fe2O3. The thermophysical properties 
for simulations are thermal conductivity (knf), mass density (ρnf), dynamic viscosity (µnf), and specific 
heat (cpnf). Considering these are the properties of thermal conductivity, mass density, viscosity, and 
specific heat are calculated according to the mixing theory. 
 
3.1.1 Thermal conductivity 
 

The Maxwell model equation has been used to calculate the nanofluid thermal conductivity. 
Manay and Sahin [23] studied experimentally the thermal conductivity of a ferrite nanofluid and then 
compared the results with many studies and that resulted that the Maxwell model gave closer 
predictions to the experimental results. 
 

𝑘𝑛𝑓 = 𝑘𝑏𝑓 [
𝑘𝑝+2𝑘𝑏𝑓+2(𝑘𝑝−𝑘𝑏𝑓)𝜑

𝑘𝑝+2𝑘𝑏𝑓−(𝑘𝑝−𝑘𝑏𝑓)𝜑
]           (7) 

 
Where knf is the nanofluid thermal conductivity, kbf is the base fluid thermal conductivity, kp refers to 
the particle’s thermal conductivity, and φ is the nanoparticles volume fraction. 
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3.1.2 Density 
 

Eq. (3) calculating the density of the nanofluid was applied in many studies and got a high 
accuracy [21,24]. 
 
𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑏𝑓 + 𝜑𝜌𝑝            (8) 

 
Ρnf refers to the density of the nanofluid, ρp means the density of nanoparticles, ρbf is the density 

of the base fluid and φ is the volume fraction of the nanofluid. 
 
3.1.3 Specific heat 
 

The specific heat of the nanofluids has been calculated based on the Xuan and Rotzel’s [25] 
equation at constant pressure: 
 
𝐶𝑝𝑛𝑓 = (1 − 𝜑)𝐶𝑝𝑏𝑓 + 𝜑𝐶𝑝𝑝           (9) 

 
Cpnf refers to the specific heat amount of the nanofluid, Cpbf means the heat capacity of the base 

fluid, Cpp is the specific heat of the nanoparticles and φ is the volume fraction of the nanofluid. 
 
3.1.4 Viscosity 
 

The last measurement of thermophysical properties is viscosity, which expresses the viscosity 
value of the fluid, and the thickness will affect the heat transfer characteristics. In this study, Pak and 
Cho’s [26] equation has been used: 
 

𝜇𝑛𝑓 =  𝜇𝑏𝑓
(𝑡𝑛𝑓𝜌𝑛𝑓)

(𝑡𝑏𝑓𝜌𝑏𝑓)
                       (10) 

 
µnf, µbf means the viscosity of the nanofluid and base fluid, tnf, and tbf refers to the nanofluid and 

base fluid temperature. 
After calculating the values of the thermophysical properties of each nanofluid, the next step is 

to evaluate, analyze and realize the values with the values in the literature review to double-check 
our work before entering the simulation steps, Table 1 shows the density, and specific heat, thermal 
conductivity for the nanoparticles and viscosity for the liquids [27]. 
 

Table 1 
The density, specific heat, thermal conductivity, and viscosity of liquids and 
nanoparticles 
Materials Density, ρ Specific heat, Cp Thermal 

conductivity, k 
Viscosity, µ 

Water 998.2 4182 0.606 0.001003 
Ethylene glycol 1116.6 2382 0.249 0.0161 
Fe2O3 5240 628 12.552  
SnO2 6850 52.6 98  
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4. Grid Independent Test (GIT) 
 

In general, the accuracy of the numerical results depends on the grid resolution. To estimate the 
number of the required elements of the current study five different element size has been 
investigated Figure 2 found 62878, 77354, and 122000 giving the same results that the 62878 
elements number has been chosen. The pressure has not been changed and the mesh quality was 
94.84%. The investigation has been made in a flat microchannel with water at 600 Re. 
 

 
Fig. 2. The change in Nusselt number in different 
elements' number 

 
5. Validation of the Numerical Simulations 
 

The numerical results are compared with the experimental and numerical studies from Wen and 
Ding [28] and Göktepe et al., [29] in Figure 3. These researchers studied the heat transfer of laminar 
flow at 1050 Reynolds number in the flat microchannel. 
 

 
Fig. 3. Validation of present numerical results with 
numerical and experimental results of Wen and Ding 
[28] and Göktepe et al., [29] 
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The numerical results of the Face step microchannel are compared with the experimental results 
from Abu Talib and Salman [30] and numerical results from Salman et al., [31]. These authors studied 
the Nusselt number of turbulent flows of water. In Figure 4, comparison for the numerical results at 
Reynolds number of 5000 is shown, indicating that the results consist of the reference data. The 
accuracy of the numerical method is acceptable and the maximum error is less than 15%. 
 

 
Fig. 4. The Nusselt number change (Abu Talib et 
al., [30]) (Salman et al., [31]) along the channel 
with water 

 
Figure 5 presents the validation of the ethylene glycol at the face step microchannel at 5000 

Reynolds number from (Salman et al., [31]) numerical study at the same conditions. Hence, these 
results prove the validity of the CFD results with previous experimental and numerical studies. 
 

 
Fig. 5. The Nusselt number change from (Salman 
et al., [31]) along the channel with ethylene glycol 
as fluid 

 
6. Results and Discussions 
6.1 The Effects of Microchannels in the Turbulent Flow with Ethylene Glycol as Base Fluid 
 

This research presents and analyzes numerically the heat transfer performance of ethylene glycol 
as a base fluid. Current research studied the effect of the flat, face step, and radial microchannels 
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with different Reynolds numbers 4000-7000 Re with 250 W/m2 heat flux as shown in Figure 6. The 
wall temperature has been set at 300K. This section will study the average Nusselt number, pressure 
drop, and PEC of the different microchannels. 
 

 
Fig. 6. Turbulent kinetic energy for the flat, face step and radial corrugated microchannel 

 
6.1.1 Effect of the microchannels on the average Nusselt number 
 

This section studies the effect of the different three microchannels on the average Nusselt 
number in different Reynolds numbers 4000-7000Re fluid flow. Figure 7 shows the Nu of the flat, 
face step, and Radial microchannels, the amount of the Nu increasing with the increase of the 
Reynolds number as expected and validated with the results in the previous studies. 
 

  
(a) (b) 

Fig. 7. (a) Reynolds number results of water, (b) Reynolds number results of ethylene glycol 

 
By comparing the results found that the Nu increased in the face step microchannel compared to 

the flat in the water and ethylene glycol by 12% and 15% respectively with different Reynolds 
numbers 4000-7000Re. 

The results show that the Nu increased in the Radial microchannel compared with flat in the water 
and ethylene glycol by 67% and 53% respectively. That increase happened due to the high turbulent 
circulation in radial corrugate and in the face step by a sudden increase in channel height and the 
increase of the surface area which led to the increase in the heat transfer performance of the 
channels. 
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6.1.2 Effect of microchannels on the pressure drop 
 

This study part investigates the change in the pressure drop on flat, face step, and radial 
microchannels in 4000-7000 Re. Figure 8 shows the results that the radial corrugated microchannel 
has the highest pressure drop in turbulent flow conditions. This is because the pressure drops in the 
radial corrugated microchannel is more pronounced compared with the flat and face step channels 
and due to the large variance in the inlet and outlet channel pressure. As expected and presented in 
the previous studies that the flat microchannel got the lowest pressure drop, which is due to the 
absence of reverse turbulent fluid flow. 
 

  
(a) (b) 

Fig. 8. (a) Pressure drop results of water, (b) pressure drop results of ethylene glycol 

 
6.2 Study the Effect of Fe2O3 Nanofluid 
 

This study presents the impact of the addition of Fe2O3 ferric oxide in ethylene glycol as base fluid 
on the heat transfer and flow characteristics in the three different microchannels, the Fe2O3 
nanoparticles were with 1, 2, 3, 4 and 5% of concentrations, the results were calculated with a range 
of 4000-7000Re turbulent fluid flow. 
 
6.2.1 Effect of Fe2O3 nanofluid on the Nusselt number 
 

This part of the research investigates the enhancement that the Fe2O3 nanoparticles can add to 
the ethylene glycol base fluid on the Nusselt number for the face step and radial comparing the 
results with the flat microchannels. Figure 9 presents the results of the investigation with a 4000-
7000Re range and in 1, 2, 3, 4 and 5% of Fe2O3 nanoparticles concentration. 
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(a) (b) 

 
(c) 

Fig. 9. (a) Nusselt number values of Ferric oxide at the flat microchannel, (b) Nusselt number values 
of ferric oxide at Face step microchannel, (c) Nusselt number values of ferric oxide at the radial 
corrugated microchannel 

 
The results as presented in Figure 10 show that the Nusselt number increase with the increase of 

the Fe2O3 nanoparticles concentration in the ethylene glycol base fluid in all microchannels. The flat 
microchannels Nusselt number increased by 11% at 7000Re with 5% of volume concentration by 11% 
and 10% in the face step and 11% in the radial corrugated microchannel. The radial microchannel got 
the highest Nusselt number compared with flat and face step channels because of the increase in the 
wall surface area. The results found that by comparing the radial corrugated microchannel with fe2O3 
nanofluid 5% of concentration at 4000-7000Re with ethylene glycol base fluid in flat microchannel 
the increase was 94-87% and with the face step microchannel was from 70 to 63%. 
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Fig. 10. Nusselt number values of 5% of ferric oxide at 
different microchannels 

 
6.2.2 Effect of Fe2O3 nanofluid on the pressure drop 
 

The effect of Reynolds number and nanoparticles concentrations on pressure drop are presented 
in Figure 11 and Figure 12. The results show that the pressure drop increased with the increase of 
Reynolds number and with the increase in the concentration of the nanoparticles and these results 
validated with the previous studies that explain the increase in the fluid viscosity and density leading 
to increase the pressure drop. 
 

  
(a) (b) 
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(c) 

Fig. 11. (a) Pressure drop results of ferric oxide in the flat microchannel, (b) pressure drop results 
of ferric oxide in face step microchannel, (c) pressure drop results of ferric oxide in radial 
corrugated microchannel 

 
Pressure drops results mean the difference of the pressure between the inlet and outlet of the 

channel domain, these results present whether the change of the channel shape and the increase in 
the volume concentration (1, 2, 3, 4 and 5%) and Reynolds number (4000-7000Re), the results of the 
show that the pressure drop increase with the increase of the Reynolds number and nanoparticles 
concentrations. Figure 12 presents the flat microchannel pressure drop change, pressure drop 
increased from 4000 Re to 7000 Re by 140% times at 5% of volume concentration and comparing the 
results of ethylene glycol base fluid with 5% of ferric oxide at 7000 Re increased 18.7%. Another hand, 
comparing the same conditions with a flat microchannel increased with Reynolds number up to 144% 
from 4000 Re to 7000Re and from Ethylene glycol with 5% of ferric oxide up to 18.5%. lastly with the 
Radial corrugated microchannel, at different Reynolds numbers, the increment was 134.5% and 
14.1% between ethylene glycol and 5% ferric oxide. 
 

 
Fig. 12. Pressure drop results of 5% ferric oxide in different 
microchannels 

 
The upper plot presents the difference in pressure drop for the three microchannels (Flat, face 

step, Radial) with 4000 Re to 7000 Re at 5% of ferric oxide suspended in ethylene glycol as base fluid. 
The Radial microchannel scored the highest pressure drop compared with other channels at all four 
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Reynolds number gradients. At 7000 Re the gap increased for the Radial corrugated microchannel up 
to 3.9 times more than the flat microchannel. 
 
6.3 Effect of using Hybrid Nanofluid 
 

This part of the study investigates numerically the thermal properties of the hybrid nanofluid the 
concentrations of SnO2 was 5% to 95% of Fe2O3 and 15% SnO2 to 85% of Fe2O3 in the calculations. 
The base fluid was ethylene glycol and the volume concentrations of the nanoparticles that have 
been suspended in the ethylene glycol (1, 2, 3, 4 and 5%). The study was in turbulent fluid flow with 
4000-7000Re Reynolds number range in flat, face step, and radial corrugated microchannels. 
 
6.3.1 Effect of using hybrid nanofluid on the Nusselt number 
 

The results of this investigation have been evaluated in Figure 13 to Figure 15, which show the 
increase in the Nusselt number with the increase of the volume concentration from 1 to 5% of the 
nanoparticles in both SnO2 5%-Fe2O3 95% and SnO2 15%-Fe2O3 85%. The increase has been noticed 
in the three microchannels. 

Figure 13 presents the Nusselt number calculations of the hybrid nanofluid in a flat microchannel 
with 1, 2, 3, 4 and 5 volume concentrations and with a range of 4000-7000 Re Reynolds number of 
turbulent fluid flow, the results have been compared with the ethylene glycol which has been used 
as the base fluid, the plots show that the Nusselt number increasing with the increase of the Reynolds 
number and with an increase of the hybrid concentration. The hybrid Nusselt number increased 
highest at 5% of hybrid volume concentration and 7000 Re by 13.5% at 5% of Tin oxide and 16%. 
 

  
(a) (b) 

Fig. 13. (a) Nusselt number results of 5% (SFO) in the flat microchannel, (b) Nusselt number results 
of 15% (SFO) in flat microchannel 

 
Face step microchannel has been studied numerically in Figure 14 to evaluate its thermal 

performance with the addition of the SnFe2O3 hybrid nanofluid. The results show an enhancement 
with the increase of the Reynolds number and hybrid nanoparticles concentration, the Nusselt 
number got the highest increase at 5% of hybrid nanofluid at 7000 Re compared with the base fluid 
increased by 12.5% and 14.8% in 5% and 15% of the tin oxide- ferric oxide hybrid nanofluid. 
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(a) (b) 

Fig. 14. (a) Nusselt number results of 5% (SFO) in face step microchannel, (b) Nusselt number results 
of 15% (SFO) in face step microchannel 

 
In Figure 15, the Nusselt number has been investigated for hybrid nanofluids in the Radial 

corrugated microchannel, the results show that the increase of volume concentration and Reynolds 
number leads to an increase in the Nusselt number, the incensement of the Nusselt number at 
5Sn95Fe2O3 of Hybrid nanofluid was 13.3% and 15.6% at 15Sn85Fe2O3. In figure 16 present the 
change in the Nusselt number amount in the wall of the flat, face step and radial microchannel. The 
conclusion of this part is shown in Figure 17. As it is seen, the radial corrugated microchannel got the 
highest amount of Nusselt number, and the enhancement of the 15% of tin oxide with 85% of ferric 
oxide hybrid nanofluid in the radial microchannel compared with the ethylene glycol in the flat 
microchannel was 94.4% at 7000 Re.  
 
 

  
(a) (b) 

Fig. 15. (a) Nusselt number results of 5% (SFO) in the radial corrugated microchannel, (b) Nusselt 
number results of 15% (SFO) in radial corrugated microchannel 
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(a) (b) 

 
(c) 

Fig. 16. (a) Nusselt number results in the flat microchannel at 5% of volume concentration for the 
nanofluids, (b) Nusselt number results in face step microchannel at 5% of volume concentration 
for the nanofluids, (c) Nusselt number results in the radial corrugated microchannel at 5% of 
volume concentration for the nanofluids 

 

 
Fig. 17. Nusselt number comparative for the 5% 
volume concentration at different nanofluids in the 
three microchannels 
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6.3.2 Effect of using hybrid nanofluid on the pressure drop 
 

The pressure drop has been calculated numerically using the CFD (ANSYS) program by calculating 
the inlet and outlet pressure of the channel, this part focusing on the effect of the Tin oxide with 
ferric oxide as 5% and 15% hybrid nanofluid with ethylene glycol as base fluid, the results have been 
confirmed with the conclusion in the pressure drop calculations in the previous studies, that the 
pressure drop increase with the increase in the volume concentrations and with the increase in the 
Reynolds number. 

As shown in Figure 18 which are the plots of the hybrid nanofluids in the flat microchannel, it can 
tell that the pressure drop increased with the increase of Reynolds number, the change of the hybrid 
volume concentration led to an increase in the pressure drop by 19% at 5% of 5Sn95Fe2O3 and 19.7% 
compared with ethylene glycol. 
 

  
(a) (b) 

Fig. 18. (a) Pressure drop results of 5% (SFO) in the flat microchannel, (b) pressure drop results of 
15% (SFO) in the flat microchannel 

 
The face step microchannel pressure drop has been increased with the increase of the Reynolds 

number and with the increasing of SnO2 doping increase as presented in figure 19 same as with the 
increase of nanofluid concentration 
 

  
(a) (b) 

Fig. 19. (a) Pressure drop results of 5% (SFO) in face step microchannel, (b) pressure drop results of 
15% (SFO) in face step microchannel 
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In the radial corrugated microchannel as shown in Figure 20, the pressure drop has increased 
with the increase of the hybrid nanoparticles concentration up to 18.8% at 5Sn hybrid nanofluid and 
up to 19.5% at the 15Sn85Fe2O3. 
 

  
(a) (b) 

Fig. 20. (a) Pressure drop results of 5% (SFO) in the radial corrugated microchannel, (b) pressure 
drop results of 15% (SFO) in radial corrugated microchannel 

 
From the plot of the pressure drop investigation in Figure 21, we can notice that the incensement 

between the microchannels is higher than the increase between the hybrid nanofluids compared 
with ethylene glycol the base fluid, the highest value as at 5% of volume concentration of 15Sn85Fe2O3 
comparing with the ethylene glycol in flat microchannel up to 4.5 times. 
 

 
Fig. 21. Pressure drop results comparative for 
the 5% volume concentration at different 
nanofluids and the three microchannels 

 
6.4 Performance Evaluation Criteria (PEC) 
 

The previous sections studied numerically the flow and heat transfer behavior of the Fe2O3 
nanofluid with ethylene glycol as base fluid and the addition of the tin oxide as 5% and 15% to the 
ferric oxide at 5 different gradients of volume concentrations (1, 2, 3, 4 and 5%) with flat, face step 
and Radial corrugated microchannels, the PEC criteria method has been studied widely and it has 
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been significantly approved by many researchers in this field. PEC has been defined in the following 
[32]: 
 

PEC =  
(𝑵𝒖𝐧𝐟 𝑵𝒖𝐄𝐆,𝐟𝐥𝐚𝐭⁄ )

(𝒇𝐧𝐟 𝒇𝐄𝐆,𝐟𝐥𝐚𝐭⁄ )
𝟏/𝟑                        (11) 

 
Nunf means nanofluid Nusselt number, NuEG.flat means the Nusselt number of ethylene glycol in 

the flat microchannel, fnf refers to the skin friction factor of nanofluid, fEG, flat means skin friction factor 
of ethylene glycol in the flat microchannel. 

PEC criteria can tell if the conditions of the study got an advantage compared with the base 
condition which is the flat microchannel with ethylene glycol if the PEC value was equal to 1 or less 
means no advantage has been found, if the PEC value is more than 1 means the thermal performance 
is higher than the base case study. 

Figure 22 presents the PEC plot of the flat microchannel with the ferric oxide and with the hybrid 
Tin oxide in ferric oxide in 5% and 15% concentration percentages suspended in ethylene glycol as 
base fluid, the numerical calculations found that the PEC decreased with the increase of Reynolds 
number in all cases, and found that the PEC increase with the increase of the nanoparticles volume 
concentration, the PEC in 15Sn85Fe2O3 at 5% of concentration at 4000 Re got the highest enhancement 
about 22.9% increase compared with ethylene glycol at same conditions followed by the hybrid 
5Sn85Fe2O3 by 19.4%. 
 

 
Fig. 22. PEC results for the flat microchannel 

 
PEC investigation of the face step microchannel has been presented in Figure 23. The results 

showed that the thermal performance criteria decreased with the increase of Reynolds number and 
increases with the increase in nanofluid volume concentration, the calculations showed that the PEC 
investigation got the highest value in 5% of 15Sn85Fe2O3 by 37.8% and 34.3% for the 5Sn95Fe2O3 hybrid 
nanofluid. 
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Fig. 23. PEC results for the face step microchannel 

 
The PEC evaluation for the Radial corrugated microchannel is presented in Figure 24 got the 

highest value compared with the flat and face step microchannels, the thermal performance has 
been increased by 104.3% with the 15Sn85Fe2O3 of 5% of volume concentration compared with the 
ethylene glycol in the flat microchannel. 
 

 
Fig. 24. PEC results for the radial corrugated 
microchannel 

 
The performance evaluation criteria value has increased by 82% from flat microchannel to radial 

microchannel at 5% of volume concentration of 15Sn85Fe2O3 hybrid nanofluid as shown in Figure 25. 
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Fig. 25. PEC results of 15Sn85Fe2O3 at 5% volume 
concentration for the three microchannel 

 
7. Conclusion 
 

The numerical investigation has been made of 2-D turbulent mixed convection fluid flow in flat, 
face step and radial corrugated microchannels, this study has studied the hybrid ferric oxide with tin 
oxide at (0, 5, 15%) with ethylene glycol as base fluid, with (1, 2, 3, 4, 5 %) of volume concentrations 
at Reynolds number range with (4000-7000) Re. The outcomes reveal that the Nusselt number and 
pressure drop values increased with the increase of volume concentration and Reynolds number. 

The results showed that Nusselt number results in ethylene glycol got higher than in water as well 
as in pressure drop. 

The Radial corrugated microchannel got the highest Nusselt number, pressure drop, and skin 
friction coefficient followed by the face step and then flat microchannels. 15Sn85Fe2O3 hybrid 
nanofluid suspended in ethylene glycol at 5% volume concentration got the highest Nusselt number, 
pressure drop, and skin friction coefficient followed by 5Sn95Fe2O3 hybrid nanofluid then the ferric 
oxide Fe2O3. 

Performance evaluation criteria (PEC) studied the heat transfer in all study steps and found that 
the 15Sn85Fe2O3 hybrid nanofluid in ethylene glycol at 5% volume concentration in radial corrugated 
microchannel increased 104% compared with ethylene glycol in the flat microchannel. The 
performance evaluation criteria value has increased by 82% from Flat microchannel to Radial 
microchannel at 5% of volume concentration of 15Sn85Fe2O3 hybrid nanofluid. 
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