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1. INTRODUCTION 

The heat dissipation of system components and successful design for maximum cooling has 

become increasingly important as system components have become smaller and the amount of 

heat generated by these devices has increased. New methods of heat load management and 

optimization processes are needed to solve the problem of maintaining the optimum 

performance of system equipment. The invention of the nanofluid compensated for the 

incapability of traditional fluids, such as water, in critical heat flux situations. Choi [1] was the 

first to propose the novel concept of mixing metallic and non-metallic nano-powders into a base 

fluid, which has several possible benefits, including increased heat transfer and smaller heat 

transfer systems. When studying the fundamental physical mechanisms of fluid flow and heat 

transfer, several factors are considered: sizing effect, rarity effects, surface roughness, viscous 

effect, axial heat conduction in the channel wall, surface geometry, and measurement errors. 

To use nanofluids in small-scale cooling techniques, the investigation of the flow and 

heat transfer of nanofluids in microstructures like microtubes and microchannels is imperatively 

needed. Published findings are not always consistent, and many questions about nanofluid 

properties and behavior in particular systems remain unanswered. One of these concerns is the 

proper modeling of nanofluids in CFD studies. The numerical analysis of heat convection 

transfer can be divided into single-phase and two-phase methods. The single-phase method 

considers the nanofluid to be homogeneous with zero relative velocity and thermal equilibrium 

between the particles and base liquid [2], [3], [4]. This model has been used to study the laminar 

and turbulent flow of Al2O3 with water base fluid and ethylene glycol nanofluids [5]. The 

authors reported a reasonable agreement between the numerical results and the experimental 

result with an error of less than 10%. P. K. Pattnaik et al. reported in [6] the magnetized 

micropolar nanofluid flow over a stretching surface in porous media. A detailed parametric 

study on stream function, velocity, microrotation, temperature, and nanoparticle concentration 

using a single-phase model was. Also, the laminar and steady flow of hybrid Al2O3-Cu water 

nanofluid was investigated using the single-phase method for 0–2%  volume fraction of solid 

nanoparticles in a double-layered microchannel with sinusoidal walls are investigated [7]. 

 The unique properties of the mixture, such as volume fraction, base fluid type, diameter, 

and shape of the nanoparticles, influence the nanofluid modeling [8-11]. Another important 

problem in the study of flow and heat transfer of nanofluids is the fluid rheology, recent 

experimental results have shown that the Newtonian model may not be accurate enough for 
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describing the behaviour of some nanofluids. Several studies have shown that nanofluids have 

non-Newtonian properties concerning the power law of shear-thinning performance[12-14]. 

They presented the non-Newtonian rheology in the power-law model with a flow index of less 

than 1. The relationship between shear stress and the rate has been experimentally documented 

by Putra et al. [15] for Al2O3-water nanofluid. Also, Chang et al. [16] conducted an experiment 

for investigating the rheology of Cu-water nanofluid, in which they observed a shear-thinning 

fluid behaviour. A similar phenomenon has been reported for CNT-water nanofluids with the 

discovery that increasing nanoparticle volume fraction makes shear-thinning behaviour 

increasingly remarkable [17]. Rahmati et al.[18] investigated the non-Newtonian slip flow of 

CMC-water nanofluid in a two-dimensional microtube using a single-phase method. They 

reported that the increase in volume fraction of nanoparticles and the slip length greatly 

influence the heat transfer rate. Z. Li et al. [12] studied power-law for non-Newtonian fluid flow 

with the two-phase method in a porous H-shaped cavity. It is reported that the application of 

the two-phase method with power-law indexes shows completely acceptable results. 

CFD simulations for nanofluids have concentrated on considering a two-phase flow. 

Only a few studies have compared the effects of single-phase and two-phase models. A. 

Mostafazadeh et al. [19] investigated the heat transfer and laminar flow of a copper-water 

nanofluid in a vertical channel using single-phase and two-phase methods. The authors reported 

that velocity values using both models are identical for PST (prescribed temperature) boundary 

condition but not with PHF (prescribed heat flux) boundary condition. Lotfi et al. [20] compared 

the predictions of the single-phase model with two-phase models for  Al2O3–water nanofluid 

with a 1% volume fraction. They compared the Nusselt number predictions to several 

correlations and experimental values obtained by Wen and Ding [21] and it was concluded that 

the Mixture model is more accurate than the other two models.  

 Also, Akbari et al. [22] reported that the two-phase approaches show better agreement 

with the experimental results for laminar mixed convection for low particle volume fraction 

with temperature-dependent density and viscosity. According to their findings, the two-phase 

models would predict unreasonably high heat transfer coefficients with moderate and large 

particle volume fractions. The rate of increase of the heat transfer coefficient with particle 

volume fraction predicted by two-phase models is significantly higher than the corresponding 

experimental values. 

A three-dimensional numerical study was given in [23] using the two-phase model for 

convective heat transfer through a micro concentric annulus governing non-uniform heat for 

Al2O3-water nanofluid. The authors reported a good agreement with the experimental results. 
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  Behzadmehr et al. [24] investigated the behavior of Cu–water nanofluid in a tube with 

a two-phase mixture model. The authors stated that the models which are based on the 

assumption that the base fluid and particles behave separately, produced more accurate results 

than the application of the single-phase method.  

2. METHODOLOGY 

I. CFD simulation using two types of single-phase models (Newtonian and non-

Newtonian) and three types of two-phase models (mixture, volume of fluid (VOF), 

Eulerian) and compared with experimental results obtained (Fig.1). By implementation 

of CFD method to solve fluids flow behaviour with various boundary conditions.  

II. Analytical solution using similarity method by transforming the governing nonlinear 

partial differential equations that describe the problems of fluids with various boundary 

conditions. 

III. Verification and validation by comparing the theoretical similarity solutions, the CFD 

results, and the existing measured data available in the literature.  

 

 

 

Figure1. Numerical methods applied for nanofluids 
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3. OBJECTIVES OF THE THESIS 

To achieve the overall aims, the objectives of the present study can be summarised as: 

• To establish a numerical methodology capable of incorporating the thermo-physical 

properties of nanofluids. 

• To conduct a systematic investigation of different geometry, to investigate two types of 

physical models and to carry out the first study using a theoretical (similarity method) 

and numerical method (CFD) for three different nanofluids. 

• To conduct the first study to investigate a temperature-dependent separation flow 

model.  

• To carry out a comprehensive literature review associated with the thermophysical 

properties of nanofluids particularly the effective viscosity and their expressed models. 

• To propose a new viscosity model for the effective viscosity of nanofluids with reliable 

implementation under a wider range of temperature and volume fractions. 

• To compare different CFD models for the flow of nanofluids and determine the accuracy 

of each model 

• Table 1.  Values of  𝑅𝑒
1

2 𝐶𝑓 for CFD and similarity methods 

 

4.  BLASIUS AND SAKIADIS FLOW (USING CONSTANT 

PROPERTIES) 

4.1 COMPARISON OF CFD AND SIMILAR SOLUTIONS FOR BLASIUS FLOW 

The skin friction coefficient Cf for Al2O3-water nanofluid against the Reynolds number for three 

volume fractions 𝜑 (0, 0.02, 0.04) have been obtained with CFD. An increase in 𝜑 causes 

elevation of the skin friction coefficient. The variation of Cf is exhibited in Fig.2. For three 

nanofluids (Al2O3, TiO2, and Fe3O4-water), the skin friction grows with the volume fraction as 

can be seen in Fig. 3. 

φ 
Al2O3 TiO2 Fe3O4 

similarity CFD % similarity CFD % similarity CFD % 

0.0 0.33205 0.309491 0.0679 0.33205 0.309491 0.06793 0.33205 0.309491 0.0679 

0.01 0.34123 0.320174 0.0617 0.34169 0.320899 0.0608 0.34323 0.325079 0.0528 

0.02 0.35055 0.329369 0.0604 0.35148 0.331960 0.05553 0.35454 0.340246 0.0403 

0.03 0.36004 0.338946 0.0585 0.36061 0.34271 0.04963 0.36600 0.355318 0.0291 

0.04 0.36969 0.348388 0.0576 0.37154 0.353414 0.04878 0.37762 0.370278 0.0194 
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The values of 𝑅𝑒1/2𝐶𝑓 are compared for the similarity solution of the Blasius problem and the 

CFD solutions for nanofluids in Table 1.  The result shows that the values obtained with CFD 

are always smaller than the analytic ones. A comparison of the CFD and similarity solutions in 

each nanofluid shows that the largest difference 6.7% occurred for φ = 0. The difference 

decreases with increasing φ. For φ = 0.04, the smallest differences are 5.7% (Al2O3), 3.5% 

(TiO2), and 1.9% (Fe3O4). 

We note that the similarity solutions obtained for Al2O3 show a very good agreement with those 

reported in [25]. Variation of 𝑅𝑒1/2𝐶𝑓 with φ is determined. We remark that no comparison 

with [25] is available. The reason is that in this work, the Prandtl number was fixed as Pr = 6.2, 

and in our calculations, the Prandtl number for the working fluid is Pr = 6.817.  

In Table 2, in contrast to Table 1, CFD gives a little bit higher value. The degree of deviation 

is slightly reduced at an increase in the volume fraction of nanoparticles. For water, it is 2.3%. 

The smallest value for Fe3O4 is 0.1% at 𝜑 = 4%. The calculations show that at higher volume 

concentrations, the effect on both the skin friction and the heat transfer coefficient is more 

significant. 

Table 2. Values of 𝑅𝑒−
1

2 𝑁u for both method 

  

Figure 2. Variation of Cf with φ and Re (Al2O3). Figure 3. Variation of skin friction Cf with φ. 

φ Al2O3 TiO2 Fe3O4 

 similarity CFD % similarity CFD % similarity CFD % 

0.0 0.64020 0.65529 0.02302 0.64020 0.65529 0.02302 0.64020 0.65529 0.00988 

0.01 0.65231 0.66616 0.02079 0.65079 0.66353 0.0192 0.65219 0.66234 0.00672 

0.02 0.66439 0.67777 0.01974 0.66130 0.67248 0.01662 0.66409 0.66987 0.00387 

0.03 0.67647 0.68919 0.01845 0.67177 0.68179 0.01469 0.67593 0.67695 0.00069 

0.04 0.68854 0.70120 0.01805 0.68220 0.69123 0.01306 0.68771 0.68512 0.00177 
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Both similarity analysis and CFD simulation were performed for investigating the impact of the 

nanoparticle material and the volume fraction of nanoparticles on a nanofluid flow over a steady 

sheet. The difference between the two types of models is discussed. In the application of the 

classical similarity method, when we take the usual Blasius neglects in the members of the 

Navier–Stokes equation, the governing equations are transformed to ordinary differential 

equations by the similarity method. For the CFD simulation solutions, the complete Navier–

Stokes equation is used. The impact of several parameters controlling the velocity and 

temperature distributions are calculated by both methods, and the two types of solutions are 

compared for water-based nanofluids with three types of nanoparticles (Al2O3, Fe3O4, and 

TiO2) and four volume fractions. Some important observations are listed below: 

The dimensionless velocity is greater if the volume fraction is larger. 

• The highest velocity is obtained for the nanofluid with Fe3O4 nanoparticles. As the 

volume fraction increases, the dimensionless temperature rises due to better heat 

transfer. 

• The skin friction grows with the increasing volume fraction. 

• The highest skin friction coefficient is found in the case of Fe3O4.  

• The Nusselt number increases with φ. 

• The Nusselt number is the biggest for Al2O3 nanoparticles and the smallest for TiO2. 

• We compared the change in the skin friction coefficient and local Nusselt number for 

the similarity and CFD methods. The differences depend on φ. The volume fraction 

enlarges the difference, but the maximum deviation in the studied φ range of is less than 

6.7% for the skin friction and less than 2.3%for the Nusselt number. 

• The calculated values were compared with the results obtained by Kuznetsov and Nield 

[25].  

4.2 COMPARISON OF CFD AND SIMILARITY SOLUTIONS FOR SAKIADIS FLOW 

The Sakiadis flow was investigated by determining the velocity and temperature of three types 

of nanofluids along a continuously moving sheet surface. The skin friction coefficient and the 

local Nusselt number were calculated. Two methods were used: one of them was analytically 

applying the traditional Blasius’ similarity transformation and solving the obtained coupled 

ordinary differential equations; the other solution was obtained using CFD simulations. We 

found that the solid volume fraction significantly influences the fluid flow and heat transfer 

properties. Comparing the three nanoparticles’ materials, we note that the Al2O3 has 
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significantly greater thermal conductivity. The larger velocity and temperature values are 

obtained in the boundary layer for alumina–water fluid than for the other two nanomaterials. 

Increasing the concentration of nanomaterials has produced a decrease in velocity and an 

increase in temperature in the momentum and thermal boundary layers, respectively. The skin 

friction decreases, and the Nusselt number increases with the Reynolds number. The values of 

𝐶𝑓 and Nu are depicted with the nanoparticle concentration and it was concluded that both 

linearly increase with φ. For Al2O3, the values of the skin friction coefficient are smaller than 

for titania (TiO2) and magnetite (Fe3O4); conversely, the Nusselt number values are greater than 

those for the other two materials. It was found that the type of the nanofluid is a key factor in 

improving heat transfer. The behaviour of the skin friction coefficient and the local Nusselt 

number is similar to that one described by Ahmad et al. [26] and Bachok et al.[27]. The 

simulation results obtained by CFD gave lightly bigger values for 𝑅𝑒𝑥
1/2

𝐶𝑓 and 𝑅𝑒𝑥
−1/2

𝑁𝑢, 

which indicates that the skin friction should be slightly higher in reality than the value 

calculated, according to boundary layer theory (see Tables 3, and Table 4). 

 

Table 3. Variation of 𝑅𝑒𝑥
1/2

𝐶𝑓 with φ 

 

Table 4. Variation of 𝑅𝑒𝑥
−1/2

𝑁𝑢 with φ 

 

φ 
Al2O3 TiO2 Fe3O4 

Similarity CFD % Similarity CFD % Similarity CFD % 

0.00 0.44455 0.45712 0.02749 0.44455 0.45712 0.02749 0.44455 0.45712 0.027498 

0.01 0.45682 0.46971 0.02744 0.45743 0.47035 0.027469 0.45947 0.47238 0.02733 

0.02 0.46929 0.48252 0.02741 0.47052 0.48361 0.027067 0.47458 0.48783 0.027161 

0.03 0.48198 0.49556 0.027403 0.48382 0.49741 0.027322 0.48988 0.50349 0.027031 

0.04 0.49490 0.50883 0.027376 0.49735 0.51129 0.027264 0.50540 0.51938 0.026917 

φ 
Al2O3 TiO2 Fe3O4 

Similarity CFD % Similarity CFD % Similarity CFD % 

0.00 1.36704 1.58199 0.135873 1.36704 1.58199 0.135873 1.36704 1.58199 0.135873 

 

0.01 1.38267 1.60408 0.138029 1.37974 1.60056 0.137964 1.38043 1.60221 0.138421 

0.02 1.39833 1.62624 0.140145 1.39426 1.61913 0.138883 1.39387 1.62240 0.140859 

0.03 1.41401 1.64942 0.142723 1.40520 1.63766 0.141946 1.40737 1.64264 0.143227 

0.04 1.42975 1.67068 0.144211 1.41798 1.65624 0.143856 1.42093 1.66293 0.145526 
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5. FLOW IN BACKWARD-FACING STEP CHANNEL USING DIFFERENT 

APPROACHES  

5.1    Using single-phase model  

The comparison with experimental results was analysed using a single-phase model for 

both Newtonian and non-Newtonian fluid behaviour in the Reynolds number range 280…470. 

Applying temperature-dependent modelling, the thermophysical properties of the nanofluids 

with different volume fractions (0-4%) of nanoparticles are considered. A comparison of the 

friction coefficient for Al2O3-water nanofluid with the experimental results at a concentration 

of 1% is reported in Fig. 4. The result of the Nusselt number along the lower wall using 

Newtonian (NSP) and non-Newtonian (Non-NSP) models with the experimental results are 

reported in Fig. 5. Both models show acceptable accuracy with comparing the experimental 

results of [28]. The result of applying the Non-NSP method underestimates the friction 

coefficient compared to the NSP method. The prediction of the Newtonian model was higher 

than the non-Newtonian model. 

The obtained result using the NSP method with different volume fractions shows that the 

temperature distribution is strongly affected by the addition of nanoparticles. The increase in 

the concentration shows a significant decrease in the temperature along the downstream wall. 

Additionally, the far we move from a downstream wall, the temperature values increase, 

demonstrating that higher heat transfer is achieved with the increase in the volume fraction.  

The results of the temperature profiles using both models showed a beneficial effect of 

increasing the nanoparticle concentration. Increasing the nanoparticle concentration results in 

improved thermophysical properties of the mixture. For Newtonian and non-Newtonian 

models, the results show an extraordinary increase after the step where the recirculation zone 

 
 

Figure 4. Comparison of the friction factors with experimental 

data using (NSP and Non-NSP) 

Figure 5. Comparison of Nu with experimental data using 

(NSP and Non-NSP)  
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is located. Then, the heat transfer coefficient (HTC) decreases along the downstream wall. The 

comparison between the two models shows a higher prediction for the heat transfer coefficient 

along the downstream wall for NSP than in the non-Newtonian model. However, the non- 

Newtonian model shows colder temperatures in the recirculation zone resulting in higher HTC 

values in the recirculation zone; a comparison at Re=280 with a variation of volume fraction 0-

4% for the average heat transfer (ℎ𝑎𝑣) along the downstream wall and the rate of ℎ𝑛𝑓/ℎ𝑏𝑓  are 

calculated for both models in Table 5. 

 

Table 5. Average heat transfer coefficient and the rate of ℎ𝑛𝑓/ℎ𝑏𝑓 for NSP and Non-NSP 

𝜑   NSP [𝒉𝒂𝒗] Non-NSP [𝒉𝒂𝒗] NSP [𝒉𝒏𝒇/𝒉𝒃𝒇] Non-NSP [𝒉𝒏𝒇/𝒉𝒃𝒇] 

0 1703.25 1686.14 1 1 

0.01 1787.87 1771.36 1.0496 1.0505 

0.02 1861.95 1845.97 1.0931 1.0947 

0.03 1940.64 1925.79 1.1393 1.1421 

0.04 2024.16 2010.64 1.1884 1.1924 

5.2 Comparison of single-phase and two-phase models 

In the numerical simulations both temperature-dependent and constant thermo-physical 

propersties are used to investigate the effect of the temperature dependence on the simulation 

results. 

5.2.1.  Temperature-dependent thermo-physical properties 

The numerical values for Nu obtained by the five models with the experimental data for 

Re=280 are compared for the CFD results with temperature-dependent fluid properties.  In 

comparison to pure water, all single-phase models predict a considerable increase in Nu number 

with the addition of nanoparticles. Comparing the NSP and the Non-NSP models with the 

experimental study, both underestimate the experimental Nusselt number, and the error 

decreases as the axial position increases. The underestimation of Nu can be due to the neglection 

of the slip mechanisms between ultrafine nanoparticles and the base fluid in the single-phase 

modelling. The error for using the non-Newtonian rheology is higher than for Newtonian 

rheology, the average errors are -10.77% and -10.21%, respectively (see Table 6), where the 

distances 𝑋𝑖 are measured from the step. It can be seen that the single-phase model gives 

significantly lower estimates than the experimental data for 𝜑 =0.01. 

 



 

THE IMPACT OF NANOPARTICLES ON THE FLUID FLOW PROPERTIES 

 

 

The local Nusselt number predictions using two-phase models are shown in Fig. 6. The 

Mixture and VOF overestimate the Nusselt number values, and the error decreases and 

increases as the axial position increases. Among all single or two-phase models, the Eulerian 

has the highest prediction accuracy along the duct for the Nusselt number.  

 

 At the peak of Nusselt number positions, where the highest transfer occurred, the 

predictions of the three two-phase models are essentially identical and closer to the 

experimental data. All the two-phase models reported smaller errors than the single-phase 

Newtonian or non-Newtonian models in the recirculation zone. The average error in the two-

phase models for estimating Nu using Mixture models is 13.506 % and for VOF the error is 

12.571 %. The most identical model is the Eulerian model with an average error of -1.0420 %.  

 

Table 6. The error in % at different positions of the channel using temperature dependent properties 

 
 

Figure 6. Comparison Nu temperature-dependent with 

experimental data 

Figure 7. Temperature profiles along the downstream 

wall   
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X1 -18.884 -18.388 -12.969 +5.965 +6.036 
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5.2.2. Constant thermo-physical properties  

The numerical values of the Nusselt number are obtained by the five models with temperature-

independent, constant (Cst) properties and compared with the experimental data in Fig.8. The 

single-phase models reported an increase in the Nusselt number using nanoparticles. The NSP 

and non-NSP models underestimate the Nusselt number. The neglection of temperature 

dependence and the slip mechanisms between nanoparticles and the base fluid are the reasons 

that single-phase modelling underestimated the Nusselt number. The error increases to -

13.84321% for non-Newtonian and to -13.60801 % for Newtonian cases (see Table 7). 

 

Table 7.  The error for  the Nusselt number with [28]  using constant properties 

 

The temperature profiles for the investigated models for constant properties are shown in 

Fig. 9. Temperature is highly dependent on 𝜑 for constant properties. The fluid temperature 

drops rapidly as the concentration rises, especially near the downstream wall; additionally, as 

𝑥 increases, the difference between the temperature of the base fluid and the nanofluid rises, 

suggesting that a higher heat transfer rate is achieved for nanofluid. The two-phase model 

produces lower temperatures than the single-phase model. Furthermore, the temperature 

difference between the base fluid and nanofluid is smaller for the single-phase model. For the 

Eulerian, the absence of the temperature dependent properties has affected the accuracy and the 

average error increases to -3.7506%.  

X4 -9.136 -9.918 0.610 +14.830 +15.625 

X5 -12.171 -13.003 +2.339 +10.669 +11.518 

X6 -4.064 -4.9982 -8.283 +16.651 +17.824 

X7 -9.574 -10.408 -1.932 +7.8855 +10.106 

Ave-Error -10.213 -10.779 1.0420 +12.571 +13.506 

Models 
NSP Non-NSP Eulerian Mixture VOF 

position 

X1 -20.759 -22.0992 -15.6696 +2.7785 +2.7648 

X2 -18.487 -18.5893 +10.6395 +7.32334 +7.3985 

X3 -5.265 -5.3665 -3.9881 +19.9723 +20.0297 

X4 -12.583 -12.6308 3.19662 +12.3466 +12.4741 

X5 -15.796 -15.8216 4.95797 +7.93882 +7.8766 

X6 -8.351 -8.3703 -5.2707 +13.7369 +13.6509 

X7 -14.012 -14.0243 -1.04989 +4.78896 +4.7507 

Ave-

Error 
-13.608 -13.843 -3.7506 +9.8408 +9.8493 
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6. A NEW VISCOSITY EQUATION FOR NANOFLUIDS 

We have proposed a new empirical relationship for the effective nanofluid viscosity. The new 

equation is normalized to the dynamic viscosity of the base fluid and developed from a large 

number of experimental data available in the literature. The effective viscosity of the nanofluid 

takes into consideration the base fluid, the volume fraction, the temperature, and the density of 

the nanoparticles. The new formula is compared with experimental data for various types of 

nanoparticles, such as Al2O3, CuO, Fe, Fe3O4, SiC, ZnO, AIN, TiO2, SWCNT, Zr, Ag, SiO2, 

CNT, Cu, hBN, CNT, MWCNT, DWCNT, SWCNT, Zr, graphite, CaCO3, when the size of 

nanoparticles varies between 2 nm and 300 nm in diameter and is suspended in base fluids, like 

water, propylene glycol, kerosene, etc. The new viscosity formula created is as follows  

 

𝜇𝑛𝑓

𝜇𝑏𝑓
= 1 +  9.4974 𝜑𝑒 +  77.811 𝜑𝑒

2 + 0.9514 𝜑𝑒
3  +  

√
18𝐾𝑏𝑇𝜌𝑝

𝜋

39.6231 √
𝜋

𝜑

3
 𝐶 √𝑑𝑝

,       (1) 

 

where 𝜑𝑒 =  𝜑 (1 +
ℎ

𝑟
)

3

, ℎ the thickness of a nanolayer,  𝑟 is the radius, 𝐾𝑏 is the Boltzmann 

constant. 

 
 

Figure 8. Comparison of Nu using constant 

properties with experimental data 

Figure 9. Profiles of the temperature along downstream 

wall for constant fluid properties 

0

2

4

6

8

10

12

14

0 0,025 0,05 0,075 0,1 0,125 0,15

N
u
[-

]

x[m]

Eulerian

Mixture

VOF

NSP

Non-NSP

293

294

295

296

297

298

299

300

301

302

303

0 0,025 0,05 0,075 0,1 0,125 0,15

T
[K

]

x[m]

Mixture VOF
NSP Non-NSP
Water Eulerian



 

THE IMPACT OF NANOPARTICLES ON THE FLUID FLOW PROPERTIES 

 

 

Some examples are shown for the agreement of the experimental results and (1) below: 

A comparison of the present method (PM) given by equation (1) and other viscosity models 

with the experimental results is shown in Fig. 10 at a temperature of 293.15 K and a particle 

size of 9.2 nm. The maximum error is less than 1%.  

Experimental determinations of the viscosity for Fe3O4-water  in the temperature range of 293K 

to 328 K for different volume fractions of 0.1%, 0.2%, 0.4%, 1%, 2%, and 3% are given in [30]. 

Comparing the experimental results with the proposed models showed that the current model 

has excellent accuracy with a maximum error of up to 2% (see Fig. 11). 

Turgut et al. [31] investigated the viscosity of TiO2 nanoparticles in deionized water up to 3% 

concentration. The nanoparticles had an average diameter of about 21 nm, and viscosity was 

  

Figure 10. CNT-water (9.2nm, 293.15K) [29] Figure 11. Fe3O4-water (25nm, 293K) [30] 

  

Figure 12. TiO2-water nanofluids (21 nm, 286K) [31]. Figure 13. Zr-water (15 nm, 303K) [32] 
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measured at 286, 296, 313, 328 K. A comparison of the proposed model and the results of [31] 

is shown in Fig.12 at a particle size of 286 K and 21 nm. The maximum error did not exceed 

4%. 

Figure 13 presents the measured data of the dynamic viscosity of Zr-water normalized to the 

viscosity of the water base as a function of volume fraction at a particle size of 10 nm at 303K 

[32] and calculated by the proposed model. The maximum error was below 4%. 

As the temperature increases, the viscosity of the base fluid decreases. Two parameters, the 

viscosity of the base fluid and the Brownian viscosity affect the viscosity of the nanofluid. The 

nanofluid viscosity of CuO-water was determined according to the method of [33] with a 

particle size of 11±3 nm at the following temperatures: 283.15, 288.15, 293.15, 298.15, 303.15, 

308.15, 313.15, and 323.15K. Figure 14 shows a comparison of CuO-water at different 

temperatures and concentrations, and the comparison shows a good agreement between the 

published measurement results and the proposed model. The maximum error was less than 5%. 

Nanofluids prepared by dispersing Al2O3 nanoparticles in ethylene glycol have been tested at 

various concentrations up to 25% in mass fraction [34] at temperatures between 283.15 K and 

323.15 K. The new experimental viscosity data values are more than twice that of the base fluid. 

A comparison of the experimental results of Al2O3-EG with a diameter of  𝑑𝑝 =  43 ±  23 nm 

is illustrated in Fig. 15. 

 
 

Figure 14.CuO-water 11±3 nm at different volume 

fractions [33] 

Figure 15. Al2O3-EG at different volume fractions 

[34] 
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The diameter of the nanoparticles has a significant effect on the viscosity of the 

nanofluid, which requires an examination of the accuracy of the model for predicting the 

viscosity ratio and viscosity of the nanofluid. Examining the accuracy of the proposed model 

for the viscosity of nanofluids of different diameters, containing Al2O3, CuO, Fe, Fe3O4, SiC, 

ZnO, AIN, TiO2, SWCNT, Ag, SiO2, MWCNT, DWCNT, SWCNT, CaCO3, hBN, MgO and 

graphite, our analyses show excellent agreement.  

Figure 16 presents the sensitivity of the model to nanoparticle’s size and is based on the 

experimental results of the two samples in [33]. According to the experimental result, the 

increase of the particle size significantly affects the viscosity of the nanofluid, and the viscosity 

decreases with the increase of the particle size. 

Pastoriza-Gallego et al. [34] reported experimental results for another Al2O3-EG test for 

two samples with diameters S1 = 8 ± 3 nm and S2 = 43 ± 23 nm. The effect of this change in 

diameter is shown in Fig. 17. A comparison with the proposed model shows an excellent 

agreement. 

 

 

 

 

  

Figure 16. Experimental viscosity (0.00589) CuO-water 

[33] 

Figure 17. Al2O3 -EG viscosity for different particle 

diameters [34] 
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7. APPLICATION OF THE NEW VISCOSITY MODEL IN NUMERICAL 

SIMULATION 

The two-dimensional flow geometry with BFS which presented in Figure 6.1. The 

applicability of the proposed equation is examined to verify how the accuracy of the proposed 

equation can affect the numerical solutions. The viscosity was modelled using the proposed 

viscosity equation in (1) as introduced in equation (1). Figure 18 presents the result comparison 

of the proposed equation with the experimental result. It can be seen that the proposed equation 

has a significantly more accurate viscosity value in comparison to Maiga et al. equation (𝜇𝑛𝑓 =

𝜇𝑏(1 + 7.3 𝜑 + 123 𝜑2)). 

 

Figure 18. The result of the viscosity proposed viscosity model for Al2O3 at 1% volume fraction 
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Figure 19. comparison of Nusselt number using the proposed viscosity model 

 

Figure 19 presents the result of using the proposed viscosity equation with the single-phase 

method. As it can be seen the viscosity model has improved the prediction of the Nu number 

and reduces the division between the experimental data and numerical solution. Table 8 presents 

quantitative between Maiga et al. viscosity model and the proposed equation. The error has 

dropped along the downstream wall and the average error in comparison with the Maiga et al. 

decrease to 7.88%. The reduction of the error using the single-phase model has reduced from 

10.213% to 7.88 % using the proposed viscosity equation.  

 

Table 8.  Comparison of Nusselt number using the proposed viscosity model 

Models NSP 

[Maiga et al.] 

NSP [PM] 

position 

X1 -18.884 -24.658 

X2 -15.847 -13.718 

X3 -1.8147 1.569 

X4 -9.136 -5.443 

X5 -12.171 -8.285 

X6 -4.064 0.389 

X7 -9.574 -5.0665 

Ave-Error -10.213 -7.8875 
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8. NEW SCIENTIFIC RESULTS – THESES 

The main contributions from the research can be summarised as follows: 

 

TH1. The comparison between solutions obtained by the similarity method and CFD is 

performed to determine the impact of neglect in the similarity procedure, the impact of the 

nanoparticle types, and volume fraction on the nanofluid flow properties. The results reported 

that the differences between the two solutions depending on the volume fraction. The simulation 

results obtained by CFD gave larger values for 𝑅𝑒𝑥
1/2

𝐶𝑓 and 𝑅𝑒𝑥
−1/2

𝑁𝑢, which indicates that 

the skin friction should be slightly higher in reality than the value calculated according to 

boundary layer theory. The difference became more significant when the volume fraction 

increases. For water, the difference is less than 2.3% and the minimum is obtained as 0.177% 

for Fe3O4-water of volume fraction 4% in the range 0<φ< 4%. The comparison of the Nusselt 

number shows the same relation where the maximum error is 6.7% for water, and the minimum 

difference is 1.9% for Fe3O4 -water at a 4% volume fraction [K10, K12]. 

 

TH2. In the Blasius and Sakiadis flow analysis with constant thermo-physical properties are 

considered. The study of thermal and hydrodynamic layers shows that the flow and heat transfer 

characteristics of the fluid are significantly affected by the volume fraction. My research 

reported that the dimensionless velocity, skin friction, Nusselt number, and dimensionless 

temperature increase with increasing volume fraction [K8]. 

 

TH3. For water-based nanofluids of Al2O3, Fe3O4, and TiO2, I investigated the effect of 

nanoparticle types on velocity, temperature distribution, Nusselt number, and skin friction in 

flow over a plane surface. For Blasius flow, flow over a steady surface, the highest velocity and 

skin friction are obtained for Fe3O4 water. The Nusselt number is highest for Al2O3 

nanoparticles and lowest for TiO2. For a Sakiadis flow, flow over a moving surface, the highest 

velocity and temperature values are obtained for Al2O3-water fluid, followed by Fe3O4 and 

TiO2. The skin friction coefficient for Al2O3 is lower than for TiO2 and Fe3O4. I found that the 

type of nanofluid is a critical factor in improving heat transfer, where the highest heat transfer 

improvement is reported for Al2O3, followed by Fe3O4 and TiO2 [K4, K5, K7]. 

 

TH4. I have investigated the application of Al2O3 and TiO2-water nanofluids in backward-

facing step geometry with heat flow for different volume fractions and Reynolds numbers using 
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the Performance Efficiency Index (PEI), and the PEI is approximated by the volume fraction 

as follows: 

𝑃𝐸𝐼(𝑇𝑖𝑂2) = 1240.7𝜙3 − 116.31𝜙2 + 1.6322𝜙 + 1.0017 with R2 = 0.9957 

PEI (Al2O3) = 1324.7𝜙3 − 119.76𝜙2 + 1.2082𝜙 + 1.0018 with R2 = 0.9972 

The comparison of Al2O3 and TiO2 shows that Al2O3 is more efficient than TiO2, and the 

greatest performance is obtained at a volume fraction of 1% [K3, K6, K9, K11]. 

 

TH5. I compared the simulation results for single-phase and two-phase models with constant 

and temperature-dependent thermophysical properties for the heat flux of the BFS problem. My 

results showed that the temperature-dependent models resulted in higher heat transfer 

coefficients and Nusselt numbers and lower temperatures in Al2O3-water nanofluids. In 

addition to higher Nusselt number predictions, the accuracy of the single-phase models 

increased when the results of these models underpredicted the Nusselt number compared to the 

experimental results. In turn, the accuracy was 3.395% for NSP, while it improved to 3.07% 

for non-NSP and to 2.708% for the Eulerian model. When using temperature-dependent 

formulae, the accuracy of the Euler model was significantly better than the other two-phase 

models, with an average error of 1.0420%. However, when the temperature-dependent formula 

was applied, the VOF and mixture models overestimated the Nusselt number, with an increase 

in an average error of more than 10% [K2]. 

 

TH6. I proposed a new viscosity equation (1) to determine the effective viscosity of a fluid 

containing homogeneously dispersed rigid and spherical nanoparticles. I used about 1300 

experimental viscosity values to test the new model, 87% of which are within the correlation 

coefficient of 0.9-0.99. The application of the new viscosity model has improved the prediction 

accuracy of nanofluid viscosity, and its use in numerical simulations increases the accuracy of 

the numerical simulation method results. The application of the proposed viscosity equation to 

the Newtonian single-phase model increased the accuracy by 2.32% when compared with the 

measured results of Al2O3-water nanofluid flow in BFS geometry [K1]. 
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