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Abstract 14 

The forced convective heat transfer and friction factor of nanofluids flow over a backward-15 

facing step (BFS) in a channel with the base wall dissipating a uniform heat flux are 16 

experimentally investigated in this paper. Nanoparticles such as CuO and MgO dispersed in 17 

pure ethylene glycol (EG) with average diameters of 40 nm and volume concentrations of 0 18 

(pure EG), 1, 3, and 5% are considered as the working nanofluids. Properties of the nanofluids 19 

are measured experimentally prior to the measurements of the temperatures and pressures in 20 

the BFS channel. The results indicate that the heat transfer rate increases as the volume 21 

concentration of nanoparticles increases. The Nusselt number is enhanced up to 11% compared 22 

to pure EG at a volume concentration of nanoparticles equal to 0.05. However, for the BFS 23 

system studied here, there is a slight decrease in the Nusselt number at a volume concentration 24 

of 0.01. The friction factor increases up to approximately 15% at a Reynold number of 5000 25 

and volume concentrations of 0.01 and 0.03, and decreases, as expected, as the Reynold number 26 

increases. The results indicate that the maximum value reached by the performance evaluation 27 

criterion in a BFS channel is 1.5 for the CuO-EG nanofluid and 1.2 for the MgO-EG nanofluid, 28 

and these maxima occurs at a volume concentration equal to 0.03 and the largest Reynolds 29 

number analysed, Re = 20,000. 30 

Keywords 31 

CuO nanoparticles; Forced convection; Backward facing step; Experimental Nusselt number.   32 

1



1. Introduction33 

The development of technology and thermal science leads to a severe energy shortage. That 34 

circumstance brings the need for developing new cooling techniques able to fulfil the industry 35 

requirements and to enhance the efficiency of the temperature controlling of devices such as 36 

electronic components, cooling systems, combustors, heat exchangers, and automobiles. 37 

Conventional heat transfer fluids such as water, ethylene glycol, engine oil, and glycerine play 38 

important roles in many industrial applications. However, due to the limitation of the thermal 39 

conductivity in conventional heat transfer fluids, nanofluids have been an active area of 40 

research due to their enhanced thermal properties over conventional fluids. Nanofluids 41 

constitute a new type of working fluids that was originally introduced by Choi and Eastman 42 

[1]. Nanofluids are engineered colloidal suspensions of nanoparticles (1-100 nm) in the base 43 

fluid. Nanoparticles are usually made of chemically stable metals, metal oxides or carbon in 44 

various forms. The size of the nanoparticles gives these fluids some unique characteristics, 45 

including the ability to improve energy, momentum and mass transfer, as well as the reduced 46 

tendency to sedimentation and erosion of the surfaces containing the nanoparticles [2]–[5]. In 47 

the last two decades, many researchers have investigated the nanofluid heat transfer 48 

characteristics. The investigations have revealed that the nanofluid characteristics such as 49 

thermal conductivity, viscosity, and density play an essential role in the enhancement of heat 50 

transfer rate due to the interaction that happens between the base fluid and the nanoparticles, 51 

which affects heat transfer and pressure drop. Thus it is important to investigate the 52 

characteristics of nanofluid [6]–[13]. 53 

The majority of reported studies on nanofluids are mostly focused on metal and metal oxide 54 

nanoparticles such as Ag, Al2O3, Cu, CuO, and TiO2 suspended in a different based fluid such 55 

as water, oil, and ethylene glycol. The thermal physical properties of these nanoparticles 56 

present a significant effect on fluid flow and heat transfer coefficient. Sezer et al., [10] 57 

performed a comprehensive review on the thermal physical properties of nanofluids. They 58 

showed that nanofluids containing CuO, Au, and MWCNTs nanoparticles have the highest 59 

thermal conductivity rate. Zhang et al., [15] experimentally studied the physical properties, 60 

heat transfer rate and pressure difference of SiO2-Water nanofluids. Their results revealed a 61 

significant difference in the physical properties between pure water and SiO2-water nanofluid. 62 

The nanofluid enhanced the heat transfer rate and slightly increased the friction factor for 63 

laminar flow and tended to be almost independent of the Reynolds number for a turbulent flow. 64 

Naghash et al., [9] experimentally studied the convective heat transfer coefficient of graphene 65 

2



nanofluid at volume concentration from 0.025 to 0.1 wt%. Their results showed that with 66 

maximum nanoparticle concentration in the nanofluid, about 34% improvement could be 67 

achieved in the heat transfer coefficient. Ting and Hou [15] studied 𝐴𝑙2𝑂3-water nanofluids, 68 

whereas Saidi and Karimi [16] studied the Copper-water nanofluids and they found an increase 69 

in the heat transfer as the nanoparticle concentration increased. Maheshwary et al., [17] 70 

experimentally investigated the effect of volume concentration and particle size on the thermal 71 

conductivity of Titanium Oxide-water nanofluid. Their results indicated an enhancement in the 72 

thermal conductivity reaching up to 69.43% at a volume concentration of 2.5 wt% compared 73 

to the base fluid. Moreover, they found that the thermal conductivity increased when the 74 

particle size was reduced. Several studies have investigated the effect of non-metal nanofluid 75 

on fluid flow and heat transfer. For example, Akhavan-Zanjani et al., [18] experimentally 76 

investigated the laminar convective heat transfer of graphene-water nanofluid over a circular 77 

pipe. Their results revealed that for 0.02 volume fraction of nanoparticles in the nanofluid, the 78 

convective heat transfer coefficient and the thermal conductivity were enhanced by 14.2% and 79 

10.3% respectively compared to the base fluid.  80 

The study of heat and mass transfer in separated flows can be encountered in several 81 

engineering applications since a long time ago. Backward-facing step (BFS) channels are used 82 

as a benchmark problem to study the fluid flow behavior that appears in several applications 83 

with separation flows. Nanofluids are one of the techniques to enhance heat transfer through 84 

BFS channels. Several researchers have investigated the effect of different nanofluid over BFS. 85 

For instance, Abu Nada [19] numerically investigated for the first time the effect of a nanofluid 86 

on fluid flow and heat transfer through a BFS. Al-Aswadi et al., [20] numerically investigated 87 

the laminar flow of different nanofluids through BFS. Their results showed that the 88 

recirculation region in the nanofluid was developed after the step, and the reattachment point 89 

moved far from the step as the Reynolds number increases (Re). Besides, the nanofluid of SiO2 90 

nanoparticles had the highest velocity among other nanofluids, while Au nanoparticles had the 91 

lowest velocity. Mohammed et al., [21] numerically investigated the effect of eight different 92 

nanofluids on the fluid flow and heat transfer over a horizontal BFS channel. It was found that 93 

there was a recirculation zone after the step for all nanofluids. The skin friction coefficient 94 

increased as the Re decreases. Moreover, 𝑆𝑖𝑂2 nanofluid had the highest Nusselt number (Nu) 95 

downstream of the primary recirculation zone, while Diamond nanofluid had the highest Nu in 96 

the primary recirculation zone. The influence of nanofluid on the fluid flow and heat transfer 97 

through micro BFC channel was experimentally and numerically investigated by Kherbeet et 98 
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al., [22], [23]. Their result revealed that the Nu increased as the volume fraction of 99 

nanoparticles increased. They observed that the 𝑆𝑖𝑂2-water nanofluid had the highest Nu and100 

lowest friction factor compared to 𝐴𝑙2𝑂2-water nanofluid. Amiri et al., [24] investigated the101 

convective heat transfer through BFS channel using a nanofluid consisting of graphene 102 

nanoplates suspended in water-ethylene glycol. They numerical studied the heat transfer in the 103 

turbulent regime at a different volume concentrations of nanoparticles. They observed that 104 

increasing the volume concentration leaded to a greater value of the thermal conductivity and 105 

the heat transfer coefficient and that enhanced heat transfer over BFS channel. 106 

107 

However, aside from [22] and [23], there is a limited number of experimental studies on 108 

separated flows of nanofluids through channels. Therefore, there is a lack of experimental 109 

results concerning the effect of nanofluids on fluid flow and heat transfer, which needs further 110 

investigations.Recently Lv et al., [25] experimentally studied the turbulent flow characteristics 111 

of 𝑆𝑖𝑂2-water nanofluids through BFS. The results indicated that the vortexes number, the 112 

turbulent kinetic energy, and vorticity for the same Re experienced an increase when the 113 

volume concentration increased. Additionally, as the volume fraction of nanoparticles was 114 

increased, the flow characteristics were constantly changing and the turbulence became more 115 

intense. At a volume fraction of nanoparticles of 3% in the nanofluid, the vortexes number 116 

increased by 3 times, the turbulent kinetic energy increased by 368%, and the average vorticity 117 

increased by 22.1% compared to pure water at Re = 5,000. Heat transfer was not considered in 118 

this study. Nath et al., [26] numerically investigated the heat and mass transfer of a mixed 119 

convective flow over a BFS with Cu-water nanofluid. Several volume fractions (0, 0.05, 0.1, 120 

0.2), Prandtl numbers (1.76 and 6.2), and buoyancy ratii (-10 to 10) at Re = 200 were studied. 121 

The results showed that the average Nu increased by 77% as the volume fraction increased 122 

from 0 to 0.2 for a buoyancy ratio of -10. Furthermore, the reattachment length moved far from 123 

the step when the volume fraction and the buoyancy ratio were increased. 124 

The above literature review, as well as other comprehensive review papers on the effect of 125 

nanofluids on heat transfer enhancement for many applications [27][28], reveals that there is 126 

no experimental study on the implementation of CuO-EG or MgO-EG nanofluids on the fluid 127 

flow and heat transfer through a BFS channel. The copper-oxide and Magnesium-oxide 128 

nanoparticle have been used by several researchers to prepare nanofluids because of the 129 

favorable balance between the price of these nanoparticles and the increment of thermal 130 
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conductivity they can produce, see for example [2] and [10]. However, as far as the authors are 131 

concerned, there is no experimental study on the application of CuO-EG or MgO-EG 132 

nanofluids on the fluid flow and heat transfer. Thus, it motivates the present work. The current 133 

experimental study considers nanoparticles of CuO and MgO, both with average diameter of 134 

40 nm, and EG as the base fluid to prepare the nanofluid at different volume concentrations 135 

(0% to 5%). The studied Reynolds numbers are in the range of 5,000, representing incipient 136 

turbulent conditions, to 20,000, fully turbulent conditions at the maximum testing velocity of 137 

the experimental setup. The studied BFS channel has a common expansion ratio of ER=2. The 138 

outcoming results of this study will contribute to further understanding heat transfer and fluid 139 

flow in BFS, and analogous separated flows, with CuO-EG and MgO-EG nanofluid as a 140 

working fluid. 141 

 142 

2. Experiments and test procedure 143 

2.1.  Experimental setup and apparatus details    144 

Figure 1(a) shows a schematic diagram of the experimental setup used in the present study. It 145 

contains a test section, a flow meter, a differential pressure gauge, a data logger, a multimeter, 146 

a plate heater, K-type thermocouples, a power regulator, and an industrial water chiller, which 147 

consists of a compressor unit, a pump, and a working fluid tank.   148 

The test section walls were fabricated from high purity acrylic material except for the bottom 149 

wall, which is made of high purity aluminum. As seen in Figure 1(b), the inlet height is 10 150 

mm, the width is 50 mm, the outlet height is 20 mm, the upstream and the downstream were 151 

𝐿1 = 200 mm and 𝐿2 = 300 mm and the exiting section 𝐿3= 100 mm, respectively. All the 152 

test section is covered with an insulation fibreglass layer to reduce heat transfer with the 153 

environment. An electrical heater plate was fabricated to provide a constant heat flux along the 154 

bottom wall of the test section with a maximum heating capacity of 350 W. The heater plate is 155 

connected to a power source, which has a voltage regulator to control the input current and 156 

voltage. A digital multimeter (BK PRECISION, 2831E) was linked to the electrical circuit of 157 

the heater to calculate the voltage and the current supplied to the heater with basic V dc 158 

accuracy up to 0.03%. 159 

The working fluid enters the test channel at ambient temperature and passes over the BFS 160 

bottom wall, which is dissipating to the flow a uniform heat flux. This increases the working 161 
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fluid temperature. To ensure steady-state conditions in a closed-loop, an industrial water chiller 162 

(SPH20N with Temperature Accuracy of ±0.2°C) is used to return the working fluid 163 

temperature to the ambient temperature, i.e.25°C, before sending it to a tank of 8L capacity 164 

inside the water chiller. Then the working fluid is pumped by a 0.5 H pump from the tank to 165 

the inlet of the test channel, and the process is repeated. The chiller has a cooling capacity of 166 

2,400 kcal/hr and adjusts the temperature of the working fluid so that it always enters the test 167 

section at 25°C. A flow meter (FC-SD70-R50, TOFCO) is connected between the water chiller 168 

and the inlet of the test section to measure the fluid flow rate, which can be controlled through 169 

two valves in the chiller. The flow meter accuracy is ± 0.5% FS with a measurement range of 170 

4-50 LPM. A differential pressure gauge is connected to the two ends of the test section to171 

measure the pressure drop through the channel. 172 

To measure the evolution of the fluid temperature in the channel, a data logger (SIMEX, CMC-173 

99 MultiCon) was connected to eight thermocouples (type-K) placed along the length of the 174 

test section. Two of these thermocouples were located at the inlet and outlet of the test section 175 

to measure the inlet and outlet temperature of the working fluid. The other thermocouples were 176 

passed through six holes, drilled along the center of the heater and the downstream wall, to 177 

reach the working fluid inside the test section. These holes have 1 mm diameter and the 178 

thermocouples were fixed to the holes using thermal epoxy. When the flow reached a steady-179 

state condition at any measurement point, the flow rate, pressure drop, the wall temperature as 180 

well as the fluid temperature, were recorded. 181 

182 

(a) 
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183 

Figure.1. (a) Schematic representation of the experimental setup, (b) configuration of the test 184 

BFS channel. 185 

2.2.  Preparation of nanofluid 186 

Nanofluids can be prepared with two different methods: one step and two-step methods. When 187 

both the synthesized nanoparticles and the mixture of nanofluid are produced in a joint process, 188 

this is named a one-step method [29], [30]. In a two-step method [31], the nanoparticles are 189 

prepared first and then suspended in the base fluid using an ultrasonic device or high shear. 190 

The two-step method has attracted researchers because it is cheaper and can be produced on a 191 

large scale. Besides, it is very good for oxide nanoparticles. However, due to the high surface 192 

energy, nanoparticles tend to agglomerate. Therefore, to avoid clustering and aggregation of 193 

nanoparticles in the two-step method, sonication, as well as pH adjustment or addition of a 194 

stabilizer, may be required [2]. 195 

In the current study, the two-step method is considered for preparing the nanofluid by 196 

dissolving a known amount of nanoparticles in a base fluid. CuO and MgO nanoparticles with 197 

an average diameter of 40 nm were used in this study. Figure 2 shows an SEM image of the 198 

CuO nanoparticles. Ethelyn glycol produced by Evacaely Enterprise (Reg no: 002002396-W) 199 

is adopted as a base fluid to prepare nanofluid. A compassionate balance (Sartorius, M-pact 200 

AX224) with 0.1 mg resolution is used to weight the nanoparticles. The law of mixture [32] as 201 

written in (Eq.1) is used to estimate the unknown mass of the nanoparticles based on the known 202 

percentage of the nanoparticle’s concentration. The weight of nanoparticles dispersed in EG is 203 

tabulated in Table 1. After making the proper weight of nanoparticles and base fluid, the 204 

mixture was stirred for 30 min using the magnetic hotplate stirring and then sonicated for one 205 

hour using ultrasonic device Power-Sonic 410. This device is used to make stable suspension 206 

and break the large agglomerates of nanoparticles in the base fluid. No surfactant was used to 207 

avoid its effect on the thermal conductivity of nanofluids. 208 

(b) 
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𝜑 =
(

𝑊𝑝

𝜌𝑝
)

(
𝑊𝑝

𝜌𝑝
+

𝑊𝑓

𝜌𝑓
)

× 100          (1) 209 

Where 𝜑 is the volume concentration, 𝑊𝑝 is the weight of the nanoparticles, 𝑊𝑓 is the weight 210 

of the base fluid, while 𝜌𝑓 and 𝜌𝑝 are the density of the base fluid and the nanoparticles, 211 

respectively.  212 

Table 1 213 

Weight of nanoparticles according to their volume concentration. 214 

Volume concentration of 
nanoparticles (%) Nanoparticles weight (𝒈) 

 CuO MgO 

1 6.559 3.541 

3 20 12.361 

5 34 20.125 

 215 

 216 

Figure. 2. SEM image of CuO nanoparticles. 217 

 218 

 219 
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2.3.  Measurement of thermophysical properties of nanofluid 220 

The thermophysical properties of the nanofluid were experimentally measured for different 221 

nanoparticles volume fractions, i.e. 1%, 3%, and 5%. As mentioned before the average 222 

diameter of the nanoparticles was 40 nm. The viscosity of the nanofluid mixtures was measured 223 

using a Brookfield DV-II+ Viscometer with an accuracy of ±0.1% FS. The spindle was 224 

measured, and the rotating speed was in the range of 1 to 250 rpm. A chilled water bath was 225 

used to control the temperature of the fluid at ambient temperature. The density was calculated 226 

by weighing a known volume of the nanofluid. The thermal conductivity of the nanofluid was 227 

measured using a KD2 thermal properties analyzer. This device has a sensor with an accuracy 228 

of ±5% W/(m.K) over a thermal conductivity range of 0.2-2 W/(m.K). The specific heat was 229 

measured using a different scanning calorimeter (DSC) with an accuracy of ±2% over a 230 

temperature range of -100℃ to + 450℃. Time average values of the measured properties were 231 

taken to improve the accuracy of the results. The measurement results of the thermophysical 232 

properties of the nanofluids are presented in Tables 2 and 3. 233 

Table 2 234 

Measured properties of CuO-EG nanofluid.  235 

Properties 
Ethylene 

glycol 

CuO-EG 

1% 

CuO-EG 

3% 

CuO-EG 

5% 

Density (𝑘𝑔 𝑚3⁄ ) 1114.14 1169.53 1279.14 1384.95 

Viscosity (𝑃𝑎. 𝑠) 0.01573 0.01761 0.02236 0.03061 

Thermal conductivity (𝑊 𝑚. 𝐾⁄ ) 0.252 0.289 0.308 0.324 

Specific heat (𝐽 𝑘𝑔.⁄  𝐾) 2415 2313.56 2128.25 1973.57 

 236 

Table 3 237 

Measured properties of MgO-EG nanofluid. 238 
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Properties  Ethylene 

glycol 

MgO-EG 

1% 

MgO-EG 

3% 

MgO-EG 

5% 

Density (𝑘𝑔 𝑚3⁄ ) 1114.1 1138.96 1187.85 1237.25 

Viscosity (𝑃𝑎 𝑠) 0.0157 0.0178 0.2051 0.0262 

Thermal conductivity (𝑊 𝑚 𝐾⁄ ) 0.0252 0.2845 0.2981 0.3134 

Specific heat (𝐽 𝑘𝑔.⁄  𝐾) 2415 2370.125 2284.213 2204.985 

 239 

 240 

3. Data reduction and uncertainty analysis 241 

 242 

The CuO-EG and MgO-EG nanofluids with volume concentrations of 0% (𝜑 = 0, pure base 243 

fluid) to 5% (𝜑 = 0.05) were used to study the turbulent convection heat transfer and friction 244 

factor of the nanofluid over a backward-facing step channel. The equations used for the analysis 245 

of heat transfer and the friction factor are described below. 246 

3.1. Friction factor  247 

The pressure drop across the channel, ∆𝑃 is calculated [33] by 248 

∆𝑃 = ∆𝑃𝑖𝑛,𝑜𝑢𝑡 − 𝑃𝑑         (2) 249 

𝑃𝑑 = 1.18𝜌𝑢𝑎𝑣𝑒
2           (3) 250 

𝑢𝑎𝑣𝑒 =
�̇�

𝜌.𝐴𝑐
           (4) 251 

𝑅𝑒 =
𝑢𝑎𝑣𝑒.𝐷ℎ

𝑣
           (5) 252 

𝐷ℎ =
4𝐴

𝑝
          (6) 253 

Where 𝐷ℎ  is the channel hydraulic diameter, P is the wetted channel perimeter, and A is the 254 

channel cross-sectional area. 255 
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𝑓 =
2𝐷ℎ∆𝑃

𝐿𝜌𝑢𝑎𝑣𝑒
2  

          (7) 256 

Where 𝑢𝑎𝑣𝑒 is the average velocity, ∆𝑃𝑖𝑛,𝑜𝑢𝑡 is inlet and outlet pressure, 𝑃𝑑 total pressure loss 257 

and  𝑓 is the friction factor. 258 

3.2.  Heat transfer  259 

The power supply added to the downstream channel wall can be calculated from the following 260 

equation [34], [33]: 261 

Փ = U.I            (8) 262 

𝑄 = �̇�𝑐𝑝∆𝑇             (9) 263 

𝑞 =
𝑄

𝐴𝑤
           (10) 264 

Where Փ (W) is the power supplied by the electrical DC power. 𝑄 (W) is the heat transfer rate. 265 

𝑞 (W/m2) is the heat flux applied to the downstream wall.  266 

The local heat transfer coefficient ℎ𝑥 
and Nusselt number Nu can be obtained from equations: 267 

ℎ𝑥 =
𝑞.𝐿𝑥 𝐿⁄

∆𝑇𝑥
          (11) 268 

𝑁𝑢𝑥 =
ℎ𝑥.𝐷ℎ

𝑘
=  

𝑞.𝐿𝑥 𝐿⁄ .𝐷ℎ 

∆𝑇𝑥.𝑘
=  

�̇�𝑐𝑝∆𝑇 .  𝐿𝑥 𝐿 ⁄ .  𝐷ℎ 

𝐴𝑤.∆𝑇𝑥.𝑘
       (12) 269 

ℎ𝑎𝑣 =
�̇�𝑐𝑝∆𝑇

𝐴𝑤(𝑇𝑤.𝑎𝑣−𝑇𝑏.𝑎𝑣)
         (13)  270 

𝑁𝑢𝑎𝑣 =
ℎ𝑎𝑣.𝐷ℎ

𝑘
          (14) 271 

∆𝑇𝑥 = 𝑇𝑤𝑥 − 𝑇𝑏,𝑥,𝑖𝑛         (15) 272 

∆𝑇𝑥 is the wall-to-bulk temperature difference along the X-direction (K). 𝑇𝑤𝑥 is wall 273 

temperature along X-direction (K). 274 

3.3.  Uncertainty analysis 275 
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The experimental uncertainties of the obtained parameters from the data reduction section, such 276 

as the Reynolds number, Re, the friction factor, f, and the Nusselt number, Nu, are calculated 277 

as in [35]. 278 

𝑅 = 𝑅(𝑋1, 𝑋2, … . . 𝑋𝑛)          (16) 279 

Where 𝑅 is a dependent parameter, while 𝑋1,  𝑋2, and 𝑋𝑛 are independent parameters. 280 

Consequently, the uncertainty of R can be calculated as follows: 281 

𝑊𝑅 = ±√(
𝜕𝑅

𝜕𝑋
𝑊𝑋1

)
2

+ (
𝜕𝑅

𝜕𝑋2
𝑊𝑋2

)
2

. . … (
𝜕𝑅

𝜕𝑋𝑖
𝑊𝑋𝑖

)
2

     (17) 282 

Where 𝑊𝑋𝑖
 is the uncertainty of parameter 𝑋𝑖.  283 

The uncertainty analysis for the velocity, Nusselt number Nu, and friction factor f, were 4.5,284 

6.6, and 7.3, respectively. Table 4 presents the measurement of uncertainty. 285 

Table 4 286 

Measurement uncertainty. 287 

No.  Variable  Uncertainty 
% 

1 Channel inlet height, 
h 

±0.1 

2 Channel outlet 
height, H 

±0.1 

3 Channel width, W ±0.1 
4 Channel length, L ±0.1 
5 Inlet bulk 

temperature,  
±0.2 ºC 

6 Outlet bulk 
temperature,  

±0.2 ºC 

7 Wall temperature 𝑇𝑤 ±0.2 ºC 
8 Thermal 

conductivity  
±5 

9 Velocity  4.5 
10 Nusselt number  6.6 
11 Friction factor  7.3 

 288 
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4. Results and Discussion  289 

4.1.  heat transfer  290 

To validate the reliability of the experiment setup, the average Nusselt number was calculated 291 

at different Reynolds numbers and compared with the numerical results of fluid flow and heat 292 

transfer over a backward-facing step reported by Hilo et al.,[36], and there was a good 293 

agreement between the experiment and numerical results as shown in Figure 3. The working 294 

fluid used in the validation was pure water.  295 

 296 

Figure. 3. Comparison of the numerical and experimental average Nusselt numbers in the 297 

BFS channel. 298 

 299 

The measured average Nusselt number for different base fluids such as distilled water, and pure 300 

EG through a backward-facing step are presented in Figure 4. The experimental results show 301 

that the overall trend is that the average Nusselt number increases as the Reynold number 302 

increases. Moreover, the ethylene glycol shows a higher Nusselt number due to the higher 303 

thermal properties of EG such as thermal conductivity and density [23][41].  304 
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 305 

 Figure Error! No text of specified style in document. Experimental average Nusselt number 306 

as a function of the Reynolds number of different base fluids in the BFS channel. 307 

 308 

Figure 5 shows the experimental results of the local Nusselt number of CuO-EG nanofluid 309 

with different volume concentrations along the x-axial direction at Reynolds number equal to 310 

5,000. As can be seen in the figure, there is an enhancement in the value of Nu at volume 311 

concentrations 0.03 and 0.05 compared to that of pure EG because the increase of the volume 312 

fraction leads to higher thermal conductivity [38]. However, there is a slight decrease in the 313 

local Nusselt number at a volume concentration of 0.01 with regards to pure EG. That could 314 

be due to the increase of viscosity, which leads to an increase in the boundary layer thickness 315 

[37]. In other words, the enhancement in the thermal conductivity of the nanofluid at volume 316 

concentration 0.01 is less than the increment in the viscosity. Moreover, the maximum values 317 

of the local Nusselt number and the heat transfer coefficient were obtained near the step where 318 

the prime recirculation region is located. After the reattachment point, the value of the local 319 

Nusselt number starts to progressively decrease toward the channel exit [19].  320 

 321 
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 322 

Figure. 5. Experimental local Nusselt number as a function of the horizontal position for 323 

different volume fractions of nanoparticles in the BFS channel: 𝜑 =324 

0 (Pure EG), 0.01, 0.03, and 0.05. Results for Re = 5,000. 325 

  326 

 327 

Figure 6 presents the experimental average Nusselt number as a function of Reynolds number 328 

at different volume concentrations of CuO-EG nanofluid. As seen in Figure 6 A, the average 329 

Nusselt number increases as the Reynolds number increases. The results show the effect of the 330 

volume fraction on the average Nusselt number.As the figure indicates, the average Nusselt 331 

number increases at volume fraction 0.03 and 0.05. This is due to the enhancing the thermal 332 

conductivity and the reduction of the thermal resistance between the nanofluid and the inner 333 

wall surface of the channel. However, at the lower volume fraction 0.01, there was a reduction 334 

in the heat transfer. As indicated previously, when the volume fraction of nanoparticles is 0.01, 335 

there is a reduction in heat transter compared to pure EG because the increase in the viscosity 336 

is higher than the enhancement in the thermal conductivity [38]. Moreover, the stirring 337 

character of the flow turbulence at high Reynolds numbers and the recirculation in the 338 

separation area of the backward-facing step channel, have a significant effect on preventing 339 
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nanoparticle agglomeration, especially at high volume fraction. The average enhancement on 340 

the Nusselt number was 11% at volume concentration 0.05 compared to the base fluid. 341 

According to the experimental results shown in Figure 6 (B and C), the increment of the  342 

average Nusselt number by using MgO-EG nanofluid was very slight compared to the CuO-343 

EG nanofluid. This is sobecause CuO nanoparticles provided a higher enhancement in thermal 344 

conductivity than the MgO nanoparticles. However, the increment in viscosity by using MgO 345 

nanoparticles in slightly lower compared to CuO nanoparticles and that results in enhancing 346 

the heat transfer by using MgO nanoparticles at lower volume fractions. Figure 6 (C) shows a 347 

comparison between the experimental average Nusselt number for CuO-EG and MgO-EG 348 

nanofluids at a volume concentration of 0.05%. The CuO-EG nanofluid has a higher Nusselt 349 

number than the MgO-EG nanofluid. This variation in the Nusselt number values by using 350 

different materials is due to the variation in the thermal conductivity and densities of these 351 

particle materials, where the nanoparticles material with the lowest density leads to the highest 352 

Nusselt number [40].  353 

 354 
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 355 

 356 

Figure 6 Experimental average Nusselt number as a function of the Reynolds number for 357 

different volume fractions of nanoparticles in the BFS channel: (A) CuO nanofluid, (B) MgO 358 

nanofluid, (C) CuO and MgO nanofluid for 𝝋 = 𝟎. 𝟎𝟓. 359 

 360 
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4.2. Friction factor 361 

The friction factor of the nanofluid flow over the backward-facing step channel is calculated 362 

according to Eqs (2-7). The average temperature of the inlet and outlet of all experiment tests 363 

are considered as the reference temperature for the calculation of the thermal properties of the 364 

flow. Figure 7 compared the experiment results of the friction factor of different base fluids at 365 

different Reynolds numbers. The figure shows that there is no significant increase in the friction 366 

factor between the ethylene glycol and distilled water, and that reveals that the friction factor 367 

does not affect the base fluid significantly. 368 

Figure 8 shows the experimental friction factor of the nanofluids at different volume 369 

concentrations as a function of the Reynolds number. The overall trend shows that the friction 370 

factor is higher at lower Re, as expected, and there is a noticeable increment in the friction 371 

factor value as the volume fraction of nanoparticles increases. However, this increment in the 372 

friction factor value with the volume fraction is less significant with an increase of the Reynolds 373 

number. Figure 8 (A) shows that at a Reynolds number equal to 5,000 the increment of friction 374 

factor of CuO-EG nanofluid is 25% for a volume fraction equal to 0.05 compared to pure EG. 375 

Howeverthe friction factor is almost the same for volume fractions 0.01 and 0.03, with a value 376 

up to 15% higher compared to the base fluid. Figure 8 (B) shows that the increment of the 377 

friction factor at Reynolds number equal to 5,000 reaches 11.3% using the MgO-EG nanofluid, 378 

and it is slightly lower than that of CuO-EG, as shown in Figure 8 (C) for volume fractions of 379 

0.05. Nevertheless, the trend of volume fraction increment with increasing the volume 380 

concentration is almost the same for both types of nanofluid, as shown in Figure 8 (A and B). 381 

In other words, adding a small amount of nanoparticles, i.e. volume fractions 0.01 and 0.03, 382 

gives almost the same friction factor value. However, this value starts to increase for volume 383 

fractions above 0.03. 384 
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 386 

 Figure 7. Experimental friction factor of different base fluids in the BFS channel. 387 
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 390 

Figure 8. Experimental friction factor as a function of the Reynolds number for different 391 

volume fractions of nanoparticles in the BFS channel: (A) CuO-EG nanofluid, (B) MgO-EG 392 

nanofluid, (C) CuO-EG and MgO-EG nanofluids for 𝝋 = 𝟎. 𝟎𝟓. 393 

 394 

4.3.  Performance evaluation criterion 395 

As presented above, using nanofluids as a working fluid in a backward-facing step channel 396 

leads to an enhancement in heat transfer accompanied by a slight increase in the friction factor 397 

as the volume fraction percentage of nanoparticles is increased. This increase in the friction 398 

factor can limit the utilization of nanofluids in practical applications. Therefore, a performance 399 

evaluation criterion (PEC), shown in equation (18), has been applied to the outcoming results 400 

to find the optimum value [39]:  401 

𝑃𝐸𝐶 =
(𝑁𝑢 𝑁𝑢𝑜)⁄

(𝑓 𝑓0)⁄ 1 3⁄
         (18) 402 

Where 𝑁𝑢 and f are the Nusselt number and the friction factor, respectively, of the original 403 

case (pure EG), while Nuo and fo correspond to the Nusselt number and friction factor for the 404 

analysed cases of different volume fractions.   405 
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According to equation (18), higher amounts of PEC lead to a higher heat transfer rate. 406 

Moreover, a PEC value larger than 1 implies that the heat transfer rate was higher than the rise 407 

in the friction factor [39]. 408 

Figure 9 shows the PEC of different volume concentrations of the CuO nanofluid as a function 409 

of the Reynolds number. The maximum value of PEC of the CuO-EG nanofluid was 1.5 at Re 410 

= 20,000 and volume concentration 0.03, followed by the value for volume concentration 0.01, 411 

as Figure 9 (A) indicates. Even though the volume concentration 0.05 has the highest Nusselt 412 

number value, the resulting PEC value was lower than 1 for that case, which demonstrates that 413 

the increase in friction factor is higher than the augmentation in the Nusselt number. Figure 9 414 

(B) illustrates that the same trend is observed in the case of the MgO-EG nanofluid, where the 415 

highest PEC value is obtained for the volume concentration 0.03, followed by 0.01 and 0.05. 416 

Moreover, Figure 9 (C) shows that the PEC at volume concentration of 0.03 for CuO-EG 417 

nanofluid is higher than that of the MgO-EG nanofluid and this outcome is due to the highest 418 

enhancement of the Nusselt number in the case of the CuO-EG nanofluid.  419 

 420 

 421 
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422 

423 

Figure 9. Performance evaluation criterion obtained from the experiments as a function of 424 

the Reynolds number for different nanofluids in the BFS channel; (A) CuO-EG nanofluid, 425 

(B) MgO-EG nanofluid, (C) CuO-EG and MgO-EG nanofluids for 𝜑 = 0.03.426 

427 
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5. Conclusions 428 

The present paper analyzed the heat transfer and the friction factor of the CuO-EG and MgO-429 

EG nanofluids with different volume concentrations of in a BFS channel. The expansion ratio 430 

of the studied channel was equal to 2. The thermal properties of the nanofluid needed to 431 

calculate the Nusselt number and friction factor were experimentally measured. Measurements 432 

of differential pressure and temperature of the nanofluid in the channel were done for fully 433 

developed turbulent flow conditions after achieving the steady-state condition. The Reynolds 434 

number ranged from 5,000 to 20,000 and the volume fractions of nanoparticles analyzed were 435 

0 (Pure EG), 0.01, 0.03 and 0.05. According to the experimental results, the local Nusselt 436 

number of the CuO-EG nanofluid is enhanced as the volume fraction increases. However, for 437 

the studied system, there is a slight decrease in the local Nusselt number at the lowest volume 438 

concentration of nanoparticles (i.e., 0.01) because of the enhancement in the thermal 439 

conductivity of the nanofluid at volume concentration 0.01 is less than the increment in the 440 

viscosity. In all the cases, the friction factor tends to increase as the volume fraction of 441 

nanoparticles increases. As expected, the friction factor decreases remarkably as the Reynolds 442 

number increases regardless of the volume concentration of nanoparticles.  443 

The experimental results revealed that the PEC at volume concentration of 0.03 for the CuO-444 

EG nanofluid is higher than that of MgO-EG nanofluid, especially at Re = 20,000. The PEC of 445 

the CuO-EG nanofluid reaches 1.5, while the PEC of MgO-EG reached 1.2 at the same 446 

conditions because the enhancement of the Nusselt number in the case of the CuO-EG 447 

nanofluid is higher than in the case of the MgO-EG nanofluid. These novel results provide new 448 

insights into the effects of the nanoparticles on the Nusselt number and friction factor and the 449 

ability of nanofluids to enhance heat transfer in BFS channels, with applications to liquid 450 

cooling of electronic devices and other systems thermally controlled by channel flows. The 451 

effect of various types of nanofluid and base fluid on the thermal performance of BFS channels 452 

can be considered for future work. 453 

 454 
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