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Abstract 

In this paper numerical analysis is carried out to find out the heat transfer 

performance of 𝑨𝒍𝟐𝑶𝟑 𝑪𝒖⁄  nanofluid and 𝑨𝒍𝟐𝑶𝟑  nanofluid for different 

nanoparticle mixture ratios dispersed in water. The 𝑨𝒍𝟐𝑶𝟑 and 𝑨𝒍𝟐𝑶𝟑 𝑪𝒖⁄  are 

simulated to flow in between a plain linear pipe with rectangular cross section. 

The channel is uniformly heated under constant wall heat flux conditions. The 

computational model is validated with experimental results from a recent 

literature study for Nusselt number within 7.89 % error and friction factor 

within 8.55% error. The simulation studies are performed 

with  𝟎. 𝟓 %,  𝟏. 𝟎% and  𝟐. 𝟎% volume fraction of nano particle in the carrier 

fluid. The Reynolds number varies with the flow velocity, and ranges 

from 𝟐𝟎𝟎𝟎 to 𝟏𝟐𝟎𝟎𝟎 for the present study. The heat flux applied along the tube 

is ~𝟕𝟗𝟓𝟓 𝑾 𝒎𝟐⁄  and corresponds to realistic values obtained from literature 

review. The impacts of the flow Reynolds number, volume fraction and 

composition of nanofluids on heat transfer characteristics and friction factor 

are analysed for the hybrid nanofluid, and compared with the thermal 

performance of the chosen single-particle nanofluid. The validation of the 

numerical model has been performed with the published experimental results 

available in literature. The studies reveal that in comparison to water, the heat 

transfer coefficients of 𝑨𝒍𝟐𝑶𝟑  nanofluid are higher by 2.7%, 5.2%, and 10.9%, 

while those of 𝑨𝒍𝟐𝑶𝟑 𝑪𝒖 ⁄ nanofluid are higher by 4.1%, 8.0%, and 16.2%, 

respectively, for (nanoparticle) volume fractions of 0.5%, 1.0%, and 2.0%. As 

compared to other working fluids, 𝟐% 𝑨𝒍𝟐𝑶𝟑  shows the highest pressure drop. 

The thermal performance of the 𝑨𝒍𝟐𝑶𝟑 𝑪𝒖⁄  hybrid nanofluid is better to the 

single-particle 𝑨𝒍𝟐𝑶𝟑 nanofluid dispersed in water. The study shows that for 

any representative value of volume fraction for the single-particle or hybrid 

nanofluid, the wall-averaged Nusselt number and the pressure drop increases 

monotonically with the Reynolds number. 

Keywords: Forced convection; Heat transfer coefficient; Hybrid nanofluid; Single particle 

nanofluid; Volume fraction; 
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1. Introduction and Background 

To meet the ever-increasing demands of electronic devices, advanced cooling devices must be small and high-

performing in order to ensure stable system operation. [1]. However, inherently low thermal conductivity delimits the 

development of energy-effective heat transfer fluids that are needed for ultra-efficient cooling applications. Due to 

this limitation on further improvements in the thermophysical properties of traditional fluids, the R &D trends have 

progressively shifted to nanofluids applications in heat transfer systems [2, 3].In Modern days, nanotechnology can 

create metallic or non-metallic particles ~𝒏𝒎 dimensions, having identical optical, mechanical, electrical, magnetic, 

and thermal behavior. These nanoparticles (with average sizes ~𝟏𝟎𝟎 𝒏𝒎) may be suspended stably and dispersed 

uniformly in traditional heat transfer fluids like water, oil etc., by the use of suitable surfactants to prevent 

agglomeration. A good number of studies have found that effects of nanofluids on the heat transfer properties in 

thermal systems such as tubes. 
A brief survey of technical literature is presented in this context. A computational model by Hussein et al. [4] has been 

developed to assess the heat transfer enhancement and friction factor for the flow of various types of nanofluids via 

tubes of three distinct forms (geometries), and have validated the same with experimental data available in literature. 

Water-based nanofluid comprising of 𝑇𝑖𝑂2  nanoparticles with volume fractions 1%, 1.5%, 2% and 2.5% is used for 

three types (circular, elliptical and flat) of tubes. The results indicate heat transfer augmentation as the volume fraction 

increases. For this study, a CFD model based on FVM, has been used in FLUENT® environment. Experimental 

research on the forced convection heat transfer of TiO2/water nanofluids flowing through channels with different cross 

sections has been done by Salimpour and D-Parizi [5]. According to the findings, nanofluids enhance the heat transfer 

in conduits. Moreover, experimental studies also revealed that, circular cross section conduit perform greater than 

square and triangular cross sections conduits in terms of a heat transfer performance. Hwang et al. [6] have calculated 

the heat transfer coefficient and pressure reduction of water-based 𝐴𝑙2𝑂3 nanofluids passing through a circular duct, 

considering homogeneous wall heat flux under the laminar flow regime. As compared with water, the heat transfer 

enhancement is observed to be ~8% at a volume fraction of ~0.3 𝑣𝑜𝑙%. In contrast to the rise in thermal conductivity, 

the improvement in convective heat transfer coefficient outnumbers from a wide margin. Based on scale analysis and 

numerical simulations, the study describes how rapid changes in bulk properties like nanoparticle concentration, 

thermal conductivity, and viscosity may have caused a flattening of velocity profiles. The result is a significant 

increase in heat transfer coefficient. In the experimental study conducted by Heris et al. [7], flow of two different 

grades of single-particle nanofluid continuum through circular tubes have been investigated. The tubes are subjected 

to constant wall-temperature boundary conditions. The nanofluid medium comprises of 𝐶𝑢𝑂 and 𝐴𝑙2𝑂3 nanoparticles 

in water at various volume concentrations. The experiments emphasize that the popular Homogeneous Model (single-

phase correlation with nanofluids properties) is insufficient to calculate heat transfer improvement of nanofluids. The 

studies reveal that both nanofluid-systems result in Nusselt number enhancements with increasing nanoparticle 

volume fraction and the Peclet number. However, at higher values of volume fraction, the 𝐴𝑙2𝑂3 𝑤𝑎𝑡𝑒𝑟⁄  system has 

higher heat transfer enhancement than the 𝐶𝑢𝑂 𝑤𝑎𝑡𝑒𝑟⁄  system. 

Ghachem et al. [8] provides a 3-D Numerical analysis of CNT-𝐴𝑙2𝑂3-Water hybrid nanofluid improved heat 

transfer inside a wavy-channeled cross-flow micro heat exchanger. The finite element approach was used to do this 

numerical analysis with regard to several factors such as flow speed, wave number, and nanoparticle concentration. 

Almeshaal et al. [9] have performed 3-D computational analysis on natural convection in a T-shaped enclosure, which 

is filled with 𝐶𝑁𝑇 − 𝐴𝑙2𝑂3 hybrid nanofluid by stream function and vorticity method. The parameters are taken as 

enclosure dimension, volume percentage of nanoparticles, fraction of 𝐶𝑁𝑇 presents, and the Rayleigh number. 

Mehryan et al. [9] presents a numerical model on natural convection heat transfer inside a T-shaped cavity filled with 

magnetic hybrid nanofluid, heated from the lower end and cooled from the upper chamber walls, with two different 

porous layers forming the cavity. Wide-ranging governing parameters have been carried out to study the flow 

development and heat transfer of hybrid nanofluid within the enclosure. Aminian et al. [10] presents a numerical model 

on the magnetic effects of 𝐴𝑙2𝑂3 − 𝐶𝑢𝑂 −water nanofluid filled inside a partitioned cylinder within a porous medium 

under laminar regime, where the cylinder walls are exposed to a continuous heat flux. The computations were done 

for a wide variety of governing factors. The effects of the Darcy number, Hartmann number, and magnetic field on 

heat transmission and pressure drop were studied. The goal of this research is to compare heat transfer coefficients, 

Nusselt number, pressure drop, and friction factor as important heat transfer parameters for internal forced convection 

of water, 𝐴𝑙2𝑂3 and 𝐴𝑙2𝑂3 𝐶𝑢⁄ nanofluids through a plain, straight rectangular duct under symmetrical and uniform 

heat flux. The comparison is performed for different Reynolds numbers, volume fractions and compositions of 

nanoparticles. One of the principal objectives of this work is to analyze heat transfer characteristics of a hybrid 

nanofluid synthesized by combining two nanoparticles in varied proportions, one with better stability and lower 
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thermal conductivity (𝐴𝑙2𝑂3) and the other one with lesser stability and higher thermal conductivity (Cu). The results 

of this study could provide insights on the optimal mixing proportions of these nanoparticles in the (hybrid) nanofluid 

system, so as to achieve an effective balance between heat transfer enhancement on one hand, and rise in pressure 

drop on the other. 

The foregoing literature review presents a brief survey of analytical, experimental and/or simulation studies largely 

devoted to flow and heat transfer characteristics of single particle nanofluid systems. However, research literature 

based on heat transfer studies using hybrid nanofluid as working medium are relatively less in the field of rectangular 

pipe used in solar collector, heat exchanger etc. The current study compares heat transfer coefficient, Nusselt number, 

pressure drop, friction factor, as heat transfer characteristics for water, Al2O3, and Al2O3/Cu nanofluids in a straight 

tube. The investigation is performed on different values of the Reynolds number as well as volume fraction of single 

and hybrid nanofluid. The novelty of the current study is to summarize the impact on heat transmission properties of 

hybrid nanofluid by combining two nanoparticles, Al2O3 (higher stability and lower thermal conductivity) and other 

Cu (lower stability and higher thermal conductivity) for different volume fractions of nanoparticles. 

2. Nomenclature 

𝐶 Specific heat capacity [𝐽 𝑘𝑔𝐾⁄ ] 𝑉 Volume [𝑚3] 𝑏𝑓 Base fluid 

𝐷 Hydraulic Diameter [𝑚] 𝜌 Density [𝑘𝑔 𝑚3⁄ ] ℎ𝑛𝑓 Hybrid nanofluid 

𝑓 ̅ Friction factor 𝜇 Viscosity [𝑃𝑎. 𝑠] 𝑛𝑝1 Nano particle 1 

ℎ Convective heat transfer 

coefficient [𝑊 𝑚2𝐾⁄ ] 
𝜑 Volume fraction 𝑛𝑝2 Nano particle 2 

𝑘 Thermal conductivity [𝑊 𝑚𝐾⁄ ] Subscript   

𝑁𝑢 Nusselt number 𝑛𝑝 Nano particle   

𝑃 Pressure [𝑁 𝑚2⁄ ] 𝑛𝑓 Nanofluid   

3.  Thermophysical Properties Measurements 

Table 1 show the properties of the base fluid (water) and considered nanoparticles (𝐴𝑙2𝑂3, 𝐶𝑢). The nano particles 

have a spherical form with ~100 𝑛𝑚  size. Using the equations described in subsections 2.1 and 2.2, the 

thermophysical characteristics of single particle nanofluid and hybrid nanofluid systems are estimated. These 

equations are based on widely used models in the reviewed literature. The properties of 𝐴𝑙2𝑂3 are specified for a 

reference temperature of 300𝐾 (refer to Nomenclature list) [11, 12]. All of these properties have been modeled as 

temperature-independent [13]. 

 
  Table 1. Properties of water and various nanoparticles 

Property Water 𝐴𝑙2𝑂3 𝐶𝑢 

𝜌 998.2 3970 8300 

𝐶 4182 765 420 

𝑘 0.6 40 401 

𝜇 0.001 - - 

 

3.1 Single particle nanofluid properties 

To estimate the thermophysical properties of single particle and hybrid nanofluids, widely-used models in the open 

literature are employed [14, 15]. The volume fraction of nanoparticles in nanofluid is expressed as [14, 16]: 

∅ =
𝑉𝑛𝑝

𝑉𝑏𝑓+𝑉𝑛𝑝
         (1) 

Eq. (1) relates the volume fraction of nanoparticles in nanofluid, volume of base fluid, and the volume of 

nanoparticles (𝑉𝑛𝑝 = 𝑚𝑛𝑝 𝜌𝑛𝑝⁄ ). 𝑚𝑛𝑝 is the nano particle mass. 

The density of nanofluid is computed in terms of the volume fraction of nanoparticles, density of nanoparticles, 

and density of base fluid: 

𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑏𝑓 + 𝜙𝜌𝑛𝑝       (2) 

The specific heat of nanofluid can be described in terms of the specific heat of base fluid and the specific heat of 

nanoparticles: 

𝐶𝑃𝑛𝑓
=

(1−𝜙)𝜌𝑏𝑓𝐶𝑝,𝑏𝑓+𝜙𝜌𝑛𝑝 𝐶𝑝,𝑛𝑝

𝜌𝑛𝑓
       (3) 
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The effective thermal conductivity of the nanofluid is specified in terms of the thermal conductivity of base fluid 

and thermal conductivity of nanoparticle: 

𝑘𝑛𝑓 = 𝑘𝑏𝑓 [
(𝑘𝑛𝑝+2𝑘𝑏𝑓)−2𝜙(𝑘𝑏𝑓−𝑘𝑛𝑝)

(𝑘𝑛𝑝+2𝑘𝑏𝑓)+𝜙(𝑘𝑏𝑓−𝑘𝑛𝑝)
]      (4) 

The effective dynamic viscosity of the nanofluid can be expressed as a function of viscosity of base fluid the volume 

fraction of nanoparticles: 

µ𝑛𝑓 =
µ𝑏𝑓

(1−𝜙)2.5         (5) 

3.2 Hybrid nanofluid properties 

The volume fraction of the hybrid nanofluid is expressed as the sum of the volume fractions of the respective 

components [8, 15]: 

∅ℎ𝑛𝑓 = ∅𝑛𝑝1 + ∅𝑛𝑝2        (6) 

Once ∅ℎ𝑛𝑓 is calculated from Eq. (6), the density of the hybrid nanofluid can be evaluated from the volume fraction 

and density values of constituent nanoparticles and the base fluid density: 

𝜌𝑛𝑓 = ∅𝑛𝑝1𝜌𝑛𝑝1 + ∅𝑛𝑝2 𝜌𝑛𝑝2 + (1 − ∅ℎ𝑛𝑓)𝜌𝑏𝑓     (7) 

The specific heat of hybrid nanofluid can be expressed in terms of the specific heats of nanoparticles 1 and 2, and 

the specific heat of the base fluid:  

𝐶𝑝,ℎ𝑛𝑓 =
∅𝑛𝑝1𝜌𝑛𝑝1𝐶𝑝,𝑛𝑝1+∅𝑛𝑝2𝜌𝑛𝑝2𝐶𝑝,𝑛𝑝2+(1−∅ℎ𝑛𝑓)𝜌𝑏𝑓𝐶𝑝,𝑏𝑓

𝜌ℎ𝑛𝑓
    (8) 

The effective thermal conductivity of the hybrid nanofluid can now be calculated, in terms of the volume fractions 

and thermal conductivities of the constituent nanoparticles and the hybrid nanofluid: 

𝑘ℎ𝑛𝑓 =

∅𝑛𝑝1𝑘𝑛𝑝1+∅𝑛𝑝2𝑘𝑛𝑝2

∅ℎ𝑛𝑓
+2𝑘𝑏𝑓+2(∅𝑛𝑝1𝑘𝑛𝑝1+∅𝑛𝑝2𝑘𝑛𝑝2)−2∅ℎ𝑛𝑓𝑘𝑏𝑓

∅𝑛𝑝1𝑘𝑛𝑝1+∅𝑛𝑝2𝑘𝑛𝑝2

∅ℎ𝑛𝑓
2𝑘𝑏𝑓−2(∅𝑛𝑝1𝑘𝑛𝑝1+∅𝑛𝑝2𝑘𝑛𝑝2)+∅ℎ𝑛𝑓𝑘𝑏𝑓

   (9) 

Lastly, the effective viscosity of hybrid nanofluid is computed in terms of the viscosity of the base fluid, as well as 

the volume fractions of nanoparticles 1 and 2: 

𝜇ℎ𝑛𝑓 = 𝜇𝑏𝑓  
1

(1−∅𝑛𝑝1−∅𝑛𝑝2)2.5       (10) 

4. Problem Description & Mathematical Model 

The 3D computational region of the physical system is depicted in Fig. 1. The annular channel, made of copper, 

has a length is 1500 𝑚𝑚. The inner square has sides of 16 𝑚𝑚, and the outer square has side measuring 19 𝑚𝑚.. 

Considering constant wall heat-flux conditions, a copper conduit using water, single-particle, and hybrid nanofluids 

as working substance is explored using computational fluid dynamics (CFD) techniques [17-58]. The main objective 

of this study is to find out the fluid flow and heat transfer charecteristics in the channel. The uniform heat flux is 

symmetrically distributed on the surface of the tube [16]. The physical properties of copper considered for simulations 

are: 𝜌𝐶𝑢 = 8940 𝑘𝑔 𝑚3⁄ ; 𝐶𝑝,𝐶𝑢 = 376.8 𝐽 𝑘𝑔𝐾⁄ ; 𝑘𝑝,𝐶𝑢 = 401 𝑊 𝑚𝐾⁄  [16]. The heat flux input to the system is 

chosen in line with the experimental set up reported in [16]. In this study, a voltage regulator is installed in the test 

area, which supplies input power to the heater at a steady rate of 600 𝑊. Keeping the same heat input rate, the 

(calculated) value of heat flux for the present configuration is ≈ 7955 𝑊 𝑚2⁄ . 

 
Fig. 1: Configuration of 3D channel 

 

Considering flow of various working fluids, the conservation equations of mass, momentum and energy are solved 
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for the chosen channel configuration to simulate thermal and flow characteristics [59, 60]. 

Continuity Equation: 

𝛻. (𝜌𝑉⃗ ) = 0         (11) 

Momentum Equation: 

𝛻. (𝜌𝑉⃗ 𝑉⃗ ) = −𝛻𝑃 + 𝛻 ⋅ 𝝉̃       (12) 

Energy Equation: 

𝛻 ⋅ (𝜌𝑉⃗ ℎ) = 𝛻 ⋅ (𝑘𝛻𝑇) + 𝝉̃: 𝛻𝑉⃗        (13) 

The stress tensor 𝝉̃ (Eq. (12) and Eq. (13)) is expressed in terms of velocity field 𝑉⃗  (𝜹̃ is the Kronecker delta): 

𝝉̃ = 𝜇 [∇𝑉⃗ + (∇𝑉⃗ )
𝑇
−

2

3
𝜹̃(∇. 𝑉⃗ )]      (14) 

In Eqs. (11)-(14) 𝑃 is the  pressure field and ℎ the specific enthalpy. The 𝑘 − 𝜖 turbulence model has also been 

incorporated in the numerical analysis in line with [14]. Here 𝑘 & 𝜖 are turbulent kinetic energy and turbulent 

dissipation rate.  

The channel under continuous heat flux condition is simulated in the ANSYS® software environment to examine 

the flow and heat transfer characteristics of water and nanofluids.  The simulations are carried out using a solution 

based on the Finite Volume Method. The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm 

is adopted for the solution of the conservation equations, and the Power Law scheme is adopted for the discretization 

of convection-diffusion terms [61]. As already mentioned, the 𝑘 − 𝜖 model for turbulent viscosity has been used. 

Detailed information on the methodology implemented for numerical analysis in ANSYS® has been reviewed for 

implementation [62]. The convergence criteria for all the field equations have been set at ~10−8. 

The boundary conditions are uniform heat flux (≈ 7955 𝑊 𝑚2⁄ ) applied to walls of the channel with symmetrical 

distribution [18]. The inlet velocity, with different values of the Reynolds number for working fluids, and the pressure 

outlet conditions are provided. The Reynolds number has been varied from ≈ 2000 to ≈ 12000, and the inlet fluid 

temperature is  ≈ 298.15 K . The working fluids considered are water, single-particle  𝐴𝑙2𝑂3 −  nanofluid and 

hybrid 𝐴𝑙2𝑂3 𝐶𝑢⁄ − nanofluid. The thermal properties of the base fluid and the related nanoparticles are used to 

evaluate the thermophysical properties of single-particle and hybrid nanofluids. In the numerical analysis, three 

volume fractions of 0.5%, 1% and 2%  are used. Both nanoparticle compositions are combined in equal amounts in 

hybrid nanofluids. When solving equations with the specified boundary conditions, it is presumed that the flow is 

uniform, stable, and incompressible [15]. The analysis takes into account the laminar and conventional  𝑘 − 𝜀 

turbulence models. 

 

5. Evaluation of Heat Transfer and Fluid Flow Parameters 

The average heat transfer coefficient (= ℎ̅) is calculated considering the heat transfer rate (= 𝑄̇), the heat transfer 

area (= 𝐴), the average surface temperature of the wall (= 𝑇𝑠) and the bulk mean temperature of fluid (= 𝑇𝑏): [14, 

63] 

ℎ̅ = 𝑄̇ 𝐴(𝑇𝑠 − 𝑇𝑏)⁄         (15) 

Given the rate of mass flow  (= 𝑚𝑓̇ ) of fluid and the computed values of the fluid mean temperatures at the 

inlet (= 𝑇𝑏,𝑖) and the exit (= 𝑇𝑏,𝑜) sections, the heat transfer rate (= 𝑄̇) by the working fluid is evaluated as: 

𝑄̇ = 𝑚𝑓̇ 𝑐𝑝(𝑇𝑏,𝑜 − 𝑇𝑏,𝑖)        (16) 

The average Nusselt number  (= 𝑁𝑢̅̅ ̅̅ )  is calculated considering the hydraulic diameter  (= 𝐷)  of rectangular 

channel: 

𝑁𝑢̅̅ ̅̅ = ℎ̅𝐷 𝑘𝑓⁄          (17) 

The average friction factor (𝑓̅) is determined by the pressure drop (= ∆𝑃), length of the channel (= 𝐿), hydraulic 

diameter, fluid density and the average velocity (= 𝑈): 

𝑓̅ =
∆𝑃

(
𝐿

𝐷
)(

𝜌𝑈2

2
)
         (18) 

In Eq. (18), the pressure drop is expressed as the difference of the inlet and outlet fluid pressures: 

∆𝑃 = 𝑃𝑓,𝑖 − 𝑃𝑓,𝑜        (19) 
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Fig 1(a): Flow chart of numerical procedure 

 5.1 Grid independence test 

Grid independence has been performed in ANSYS® platform in order to obtain the appropriate size of mesh 

(consequently, optimum number of mesh elements). In this study, tetrahedral meshing is considered. Grid 

independence has been verified by five different numbers of mesh elements, ranging from 105 to 7𝑋105. Fig. 2 (a) 

and Fig. 2 (b) depict the variations of the Nusselt number and the friction factor, as the number of grid elements is 

increased. The variation trends show that the marginal change in the Nusselt number and the friction factor are in 

between  ±2% over the grid item quantity of 555291. Beyond this grid component number, the amount of elements 

used for computations has almost no effect on the simulation outcomes. For this reason a total of 555291 mesh 

elements is selected for the present study, as a trade-off between increased accuracy and increased computational costs. 
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6. Results and Discussion 

 

  
Fig. 3(a): Variation of average Nusselt number with Reynolds 

number 

 

Fig. 3(b): Variation of friction factor with Reynolds number 

 

 

6.1. Validation 

The validation of the numerical model based on CFD techniques has been conducted with the experimental results 

presented in [16] for circular tube configuration, for the same set of temperature and pressure boundary conditions. 

From the perspective of heat transfer study, the experimentally-evaluated and the numerically-calculated values of the 

average Nusselt number (Fig. 3(a)) and the friction factor (Fig. 3(b)) has been compared considering  varying values 

of the Reynolds number. For all Reynolds number variations investigated, the average variance between experimental 

and numerical values of Nusselt number is 7.89% and that of friction factor is 8.55%. 

6.2. Properties of Nanofluid 

The calculated values of nanofluid thermophysical properties (putting ∅ℎ𝑛𝑓 = 0.02; ∅𝑛𝑝1 = 0.01; ∅𝑛𝑝2 = 0.01 in 

Eq. (6) – Eq. (10)) are listed in Table 2. For the hybrid 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid, the nanoparticles are mixed in the same 

proportion (i.e. 50 50⁄ %). 

 

Table 2: Properties of Nanofluids [as calculated by Eq. (6) – Eq. (10)] 

Nanofluid Density 

(𝑘𝑔 𝑚3⁄ ) 

Specific Heat 

(𝐽 𝑘𝑔𝐾⁄ ) 

Thermal 

Conductivity 

(𝑊 𝑚𝐾⁄ ) 

Viscosity 

(𝑃𝑎. 𝑠) 

0.5% 𝐴𝑙2𝑂3 1013.059 4115.047 0.6086 0.001013 

0.5% 𝐴𝑙2𝑂3 𝐶𝑢⁄  1023.884 4072.637 0.612 0.001013 

1% 𝐴𝑙2𝑂3 1027.918 4050.029 0.617 0.001025 

1% 𝐴𝑙2𝑂3 𝐶𝑢⁄  1049.568 3968.626 0.624 0.001025 

2% 𝐴𝑙2𝑂3 1057.636 3925.475 0.635 0.001052 

2% 𝐴𝑙2𝑂3 𝐶𝑢⁄  1100.936 3775.164 0.649 0.001052 

 

6.3. Comparing the Heat Transfer Characteristics 

In the current section analyzes the heat transfer characteristics, which includes the thermal qualities of heat transfer 

coefficient and, consequently, the Nusselt number. The flow properties of pressure drop and friction factor are also 

discussed for the chosen 𝐴𝑙2𝑂3 and 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid systems. 

 

6.3.1 Heat Transfer Coefficient 

Figure 4(a) displays the heat transfer enhancement dependents on Reynolds number, considering various term of 

the nanoparticles volume percentage of in either of the chosen systems. It can be observed that the heat transfer 
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coefficients among all functioning liquids rise monotonically with the increments of Reynolds number [20] and the 

volume fraction of the nanoparticles. Additionally, given the same volume fraction, the heat transfer coefficient 

measured for the hybrid nanofluid is superior to the single-particle nanofluid. It is a result to the inclusion of 𝐶𝑢 

nanoparticles having better thermal conductivity in the former nanofluid grade. The heat transfer coefficients of 𝐴𝑙2𝑂3 

nanofluid are respectively higher by  ≈ 2.7% ,  ≈ 5.2%  and  ≈ 10.9% , and those of  𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid are 

respectively higher by ≈ 4.1%, ≈ 8.0% and ≈ 16.2%, for (nanoparticle) volume fractions of 0.5%, 1.0% and 2.0%, 

in contrast with water. The study reveals that 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid with 2.0% volume fraction indicates the greatest 

value of heat transfer coefficient across all the selected grades of working fluids. Once the Reynolds number rises 

from  2000 to 12000, it is observed that the heat transfer coefficient for  𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluids with  2.0% volume 

fraction increases by  ≈ 5.891 times. 

 
Fig. 4(a): Plots of average heat transfer coefficient versus the flow Reynolds number 

 

 

6.3.2 Nusselt Number 

Figure 4(a) illustrates that the Nusselt number changes as the Reynolds number rises for various working fluids 

(b). The Nusselt number is the dimensionless analogue of the heat transfer coefficient. The Nusselt number rises as 

the volume concentration and turbulence level rise. The hybrid-grade  𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid presents a better 

performance in heat transfer enhancement, as compared to 𝐴𝑙2𝑂3 nanofluid due to its higher thermal conductivity. It 

can be concluded that, in the presence of solid nanoparticles in water (base fluid) has improved thermal conductivity, 

which becomes better when more nanoparticles are spread throughout the medium. This results in monotonic rise in 

heat transfer coefficient as the volume percentage of nanoparticles rises. The average Nusselt numbers (= 𝑁𝑢̅̅ ̅̅ ) 

evaluated in this study are listed as follows:  𝑁𝑢̅̅ ̅̅ ≈ 207.71 for the base fluid (water);  𝑁𝑢̅̅ ̅̅  ≈  210.3;  212.36; 217.62 

respectively for  0.5%;  1%; 2% 𝐴𝑙2𝑂3  single-particle nanofluid; and   𝑁𝑢̅̅ ̅̅ ≈ 211.97; 215.59; 222.92 

for 0.5%;  1%; 2% 𝐴𝑙2𝑂3 𝐶𝑢⁄  hybrid nanofluid, all measured at Reynolds number  ≈ 12000 . The 2% 𝐴𝑙2𝑂3 𝐶𝑢⁄  

nanofluid exhibited better Nusselt number value across all Reynolds number in contrast with other working fluids. 

The wall-averaged Nusselt number of  2% 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid increases from  𝑁𝑢̅̅ ̅̅ ≈ 74  to 𝑁𝑢̅̅ ̅̅ ≈ 222.92 as the 

chosen range of Reynolds number.  
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Fig. 4(b): Plots of average wall Nusselt number versus the flow Reynolds number  

 

 

6.3.3 Pressure Drop 

The Fig.5 (a) shows the change in the pressure reduction of water, 𝐴𝑙2𝑂3 and 𝐴𝑙2𝑂3 𝐶𝑢⁄ with different volume 

percentage and Reynolds number. For all working fluids, As the Reynolds number rises, the pressure drop grows 

owing to rise in the turbulence intensity. Furthermore, the trend of variation of pressure drop with Reynolds number 

varies amongst the working fluids, which highlights the novelty of the present work. The exponential variation trend, 

as found in the present study, is confirmed by published open literature [64]. Figure 5(a) shows that the pressure drop 

rises monotonically with increasing values of the Reynolds number. This is expected, as the rise in Reynolds number 

is associated with the rise in (mean) flow velocity that causes enhanced values of the average wall shear stress. The 

pressure drop for single-particle and hybrid nanofluids are superior to water, owing to higher values of effective 

viscosity coefficients. In addition, the viscosity values of 𝐴𝑙2𝑂3  and 𝐴𝑙2𝑂3 𝐶𝑢⁄  raises at higher percentage 

nanoparticles because of larger quantities of nanoparticles are dispersed into the water. This contributes to higher 

pressure drop with greater volume fraction for 𝐴𝑙2𝑂3 and 𝐴𝑙2𝑂3 𝐶𝑢⁄ . For the chosen set of flow conditions,  2% 𝐴𝑙2𝑂3 

shows the highest pressure drop compared to others working fluids. As calculations show, the pressure drops 

of 2% 𝐴𝑙2𝑂3 nanofluid and 2% 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid are higher by ≈ 4.7% and ≈ 0.61% respectively. Furthermore 

up to 6000 Re number pressure drop is not creates any problem as volume fractions is increases. At higher Re number 

pressure drop raises significantly as volume fractions increases. As a result of that higher pumping power is required 

to flow the fluid.  

 

6.3.4 Friction factor 

The effect of different values of the volume concentration (of nanoparticles) on friction factor is shown in Fig. 5(b), 

in the selected range of 0.5% − 2% particle concentrate on. The results show that, for any value of (disperse particle) 

concentration, the friction factor decreases with rise in the Reynolds number [59, 63]. 
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Fig 5(a): Variations of pressure drop for water, single-particle and hybrid nanofluid systems with the Reynolds number 

 
Fig 5(b): Variations of friction factor for water, single-particle and hybrid nanofluid systems with Reynolds number 
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); this implies that the average friction factor varies 

directly as the pressure drop and inversely as the square of the Reynolds number (= 𝑅𝑒𝐿). As the Reynolds number 

increase, the rate at which 𝑓̅ decreases outweighs the rate of 𝑓 ̅rise with pressure drop (that happens for increasing 

values of the Reynolds number). The net effect is that 𝑓̅ decreases monotonically with increasing values of𝑅𝑒𝐿 

However, for any given value of the Reynolds number, single and hybrid nanofluid shows higher the friction factor 
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than water. This is because of the higher viscosity of nanofluid in contrast with water. Since hybrid nano fluid have a 

higher density compared to single particle nano fluid, effectively it leads to a lower velocity of hybrid nanofluid 

compared to single particle nanofluid. Therefore despite of lower pressure drop hybrid nanofluid shows a higher 

friction coefficient than single particle nanofluid. While comparing the wall-averaged friction factor values for hybrid 

and single particle nanofluids at 2% volume fraction, a greater rise of  𝑓 ̅(≈ 4%)  is observed. Although hybrid 

nanofluid with 2% volume fraction will enhance heat transfer rate (as compared to single particle nanofluid with 2% 

volume fraction) this comes adverse effect of increases friction loss. This is undesirable. This is due to lower energy 

density (
𝜌𝑈2

2
) obtained of hybrid nanofluid for a particular volume fraction. At 𝑅𝑒𝐿 ≈ 12000 the energy density of 

2% hybrid  𝐴𝑙2𝑂3 𝐶𝑢⁄   and single-particle  𝐴𝑙2𝑂3 are respectively evaluated as  ≈ 282.7 𝐽 𝑚3⁄  and  ≈ 294.3 𝐽 𝑚3⁄  

respectively. As the value of 𝑓̅ varies inversely with the energy density, one can observe that the friction factor for the 

hybrid grade increases significantly over its single-particle counterpart. This, in turn, implies higher frictional loss. 

However, at 0.5% and 1% volume fractions, the friction factor increases by about ≈ 1%  and ≈ 2.3%, respectively. 

The system is found to be cooled by hybrid nanofluid at low volume fractions without noticeable increase in frictional 

loss. 

7. Conclusion 

In this study, a CFD analysis has been conducted in ANSYS®/FLUENT® environment to investigate, respectively, 

the effects of single-particle 𝐴𝑙2𝑂3 − nanofluid flow and hybrid 𝐴𝑙2𝑂3 𝐶𝑢⁄ − nanofluid flow on heat transfer and 

pressure drop inside a rectangular tube. For the numerical analysis, 555291 number of mesh is considered throughout 

the computational domain, corresponding to a size of 2 mm. On the fluid domain, inflation layers are used to account 

for the effect of boundary layers. Numerical and experimental data published in the research paper have satisfactorily 

validated the CFD study [16]. The study shows that,  

(a) For single and hybrid nanofluids, the values of the average heat transfer coefficient (and, hence, the average 

Nusselt number) rise with the increase in Reynolds number and volume fraction of nanoparticles.  2.0 % 𝐴𝑙2𝑂3 

and 2.0 % 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluids have higher heat transfer coefficients than water by  ≈ 10% and  ≈ 16% 

respectively.  

(b) However, pressure drop and friction factor also improved against volume fraction, indicating larger 

requirement of pumping power to maintain flow. However, pressure drop exhibit growing trend and friction 

factor decreases by increasing Reynolds number.  2.0 % 𝐴𝑙2𝑂3  nanofluid and  2.0 % 𝐴𝑙2𝑂3 𝐶𝑢⁄  nanofluid 

have higher pressure drops than water  by ≈ 4.7%  and ≈ 0.61% respectively. 

(c) Although hybrid nanofluid with 2% volume fraction will enhance heat transfer rate (as compared to single 

particle nanofluid with 2% volume fraction) this comes adverse effect of increases friction loss. This is 

undesirable.  
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