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Three Dimensional Numerical investigation of hybrid nanofluids in chain 

microchannel under electrohydrodynamic actuator 

Abstract 

Energy efficiency enhancement methods have received considerable attention within the industry 

and scientific community, owing to the rising concern of global energy sustainability. The present 

paper attempts to scrutinize the effects of electrohydrodynamics and nanofluids on the rate of heat 

transfer and fluid flow in the 3D chain microchannels. Improved heat exchangers (e.g., chain 

microchannel) would have a key role in increasing of the performance of such systems since they 

provide efficient thermal management needed for more robust computational power. To date, 

analysis of electrohydrodynamics and nanofluids in the chain microchannel was not 

comprehensively discussed. Here, steady-state, laminar and three-dimensional chain microchannel 

are numerically modeled based on a control volume method in Fluent. Results show that by 

increasing the volume fraction of nanoparticles, the viscosity of the nanofluid increases leading to 

an increase in pressure drops. Moreover, Nusselt at Re = 125, 250, 500 and 1000 for hybrid 

nanofluid (∅𝐴𝐿2𝑂3 = ∅𝐶𝑢𝑂 = 4 %) is 1.206, 1.541, 2.075 and 2.707, respectively which, in turn, 

depicts surging by 22.94%, 24.17%, 24.70% and 24.707% in comparison to water, respectively. 

In addition, at low Reynolds number (0.416 ≤ 𝑅𝑒 ≤ 4.166), the lower Reynolds results in 

decreasing of percentage of pressure drop. Meanwhile, imposing electrohydrodynamic (V=30 KV) 

at Re= 125, 250, 500 and 1000 leads to increasing by 23%, 22%, 20% and 18% of Nusselt number 

in comparison to absence of electric field, respectively. It means that the considered effect of the 

increasing the Nusselt number at lower Reynolds number is more effective. Moreover, heat 

transfer rises with augmentation of supplied voltage and Reynolds number. 
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1. Introduction 

Multiple techniques can be used to achieve higher heat transfer rates in microchannels, which leads 

to considerable energy savings owing to smaller designed systems and more efficient equipment 

for assembling governing loads [1]. Systems with higher efficiency need to be developed to 

manage the heat excess issue and decrease material consumption. In this regard heat exchangers 

are among the main systems commonplace in numerous industries. Heat exchangers are being used 

in nuclear power generation and thermoelectric[2-7], pharmaceutical drug development [8], food 

preparation [9], refrigeration [10], building energy technology [11] agriculture [12], transportation 

[13], material processing [14, 15], petrochemical processing [16], bulk materials manufacturing 

[17, 18], and many more. Moreover, it is possible to manufacture a heat exchanger of a smaller 

size with the same performance (as an equivalent heat transfer) to cut material costs and increase 

volumetric power density at the same time. Improved heat exchangers would have a key role in 

heightening the performance of such systems since they provide efficient thermal management 

needed for more robust computational power. The heat transfer efficiency can be enhanced in heat 

exchangers using several methods., e.g., using extended surfaces, applying vibration to the heat 

transfer surfaces, and using microchannels [19]. Particularly, microchannels are reliable solutions 

in many micro-scale applications since they are capable of absorbing or dissipating vast heat 

quantities[20-22]. 

Heat transfer can be enhanced for internal single-phase flows using three techniques, namely 

active, passive, and a combination of active and passive. Passive methods can operate without 

needing external input such as mechanical actuation or electrical power[23]. Given the available 

heat exchanger technologies, such methods are highly common for heat transfer enhancement 

because of their low integration penalty. Passive techniques have been founded on raising thermal 

conductivity (with the use of nanoparticles) or changing the geometry of the heat transfer 

component (e.g., tube) through inserts addition or changing the walls of the tubing. Among these 

techniques, one can highlight dimples, tape inserts, and wire inserts. On the contrary, external input 

is required for active methods to be able to operate. Generally, active methods have more 

complexity and costs and have not been used as broadly as passive methods. However, heat 

transfer enhancement can be controlled by active methods. Our paper aims to use a combination 

of active and passive techniques, i.e., nanoparticles addition as the passive technique and using 

electrohydrodynamic (EHD) as the active enhancement.  

As a great active method for heat transfer improvement, EHD employs an electric field for 

disturbing the boundary layer of a dielectric fluid. In other words, radial fluid motion is induced 

by electric fields, which causes the anticipated disturbance in the boundary layer. In this regard, 

Kasayapanand et al. [24]studied the effect of various electrode arrangements on heat transfer, 

concluding that ionic wind elevated the temperature gradient. Sheikholeslami et al. [25]reported 

the impact of electric field on nanofluid convective heat transfer. Also, Sheikholeslami and 

Chamkha [26]investigated the electric field impact on Fe3O4 – H2O free convection behavior, 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


concluding flow style can be changed by Coulomb forces. The electro viscous effect was 

investigated by Jing and Pan [27] investigated on convective heat transfer in a tube, showing that 

a higher decrease in Nusselt number can be observed due to the slip effect on surface charge. 

Electric field can also use inside the geometry of drying [28-30]. The electric field impact on 

nanofluid forced convection was studied by Sheikholeslami and Ellahi [31]. Results depicted that 

the flow shape was changed by supplied voltage. Many studies have been carried out [32-35] or 

numerically [36-39] , mainly on the turbulent flow approach. Experimental studies concerning flow 

velocity measurements chiefly benefit from three main techniques, including Particle Image 

Velocimetry (PIV), Hot Wire Anemometry, and Laser Doppler Anemometry (LDA), which have 

shown some uncertainties because of the electric field impact on the measurement process. 

Accordingly, numerical simulation of the EHD cases should be crucially addressed and, in turn, it 

is substantially required to adopt robust approaches for the induced flow dynamic behavior. A 

direct numerical simulation (DNS) was conducted by Soldati and Banerjee [36] for the flow field 

in a wire-channel based on superimposition of the turbulence induced by electric field excitations 

and hydrodynamic turbulence of the main flow. They illustrated that even hydrodynamically 

laminar flow tended towards turbulent instabilities close to the excited areas when affected by 

corona winds [40] Working fluid’s thermal conductivity can be increased to improve heat transfer. 

Compared to the thermal conductivity of solids, heat transfer fluids that have been commonly used 

(such as water, engine oil, and ethylene glycol) have relatively low thermal [41]. Thus, small solid 

particles can be added to the fluid to increase its thermal conductivity. Several researchers have 

studied the possibility of using such suspensions of solid particles (with sizes on the order of 2 mm 

or micrometers), where serious drawbacks were observed [42]. Nanofluid is defined as a uniform 

and stable suspension with solid nanoparticles, typically with a size of 1–100 nm in size [43]. 

Nanofluid has been highly addressed over the past decade in the heat transfer community. Given 

its capability to improve the thermal proprieties of the original fluid, several studies have applied 

single-phase heat transfer enhancement in recent years [44-46]. As per the material of 

nanoparticles, nanofluids can be categorized into metal oxides (e.g., Al2O3, ZnO, SiO2, TiO2, 

Fe2O3), stable metals (e.g., silver, gold, and copper), and different forms of carbon and carbon 

oxides (e.g., graphite. diamond, and nanotubes). Various kinds of nanoparticles have been 

employed for different applications. Boussoufi and Sabeur studied flow characteristics of natural 

convective nanofluid with Brownian motion effect inside an annular space within confocal elliptic 

cylinders [47]. Sheikholeslami and Ganji [26, 48] used nanofluid as a passive approach and 

proposed innovative numerical and analytical methods. Results found that the Nusselt number is 

a diminishing function of Hartmann number. Bouhalleb and Abbassi [49] investigated the effect 

of the tilted angle on the velocity and temperature profiles, revealing that the temperature gradient 

was augmented by increasing nanofluid volume fraction. Rotating nanofluid flow that was induced 

by an exponentially stretching plate was investigated by Ahmad and Mustafa [50], revealing that 

the temperature gradient was reduced by increasing angular velocity. Bouhalleb and Abbassi [51] 

examined the heat transfer of CuO-water nanofluid in a titled cavity, showing changing aspect 

ratio was more influential at higher buoyancy forces.  
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Hybrid nanofluids contain different types of nanoparticle materials (more than one), which have 

been considered to enhance heat transfer a subcategory of coupled methods. Much attention has 

been directed toward hybrid nanofluids due to their capability to improve thermal characteristics, 

outperforming normal nanofluids [44, 52, 53]. Nonetheless, obtained results have revealed that it 

is very challenging to select suitable hybrid nanoparticles to prepare stable nanofluids [54, 55]. 

Also, the majority of the current studies on hybrid nanofluids have focused on single-phase heat 

transfer enhancement. 

In this paper, heat transfer enhancement effects that combine presence of nanofluid and EHD 

methods is considered. Several researchers utilized a combined method for heat transfer 

improvement [56-61] To obtain a numerical model and optimize the nanofluid-based chain 

microchannel, firstly, different types of nanofluid including Al2O3-water, CuO-water and hybrid 

nanofluid should be defined. Then, a suitable type of nanofluid can be obtained using distribution 

of pressure and Nusselt number. Next, the numerical simulation on different value of volume 

fraction of hybrid nanofluid is conducted, and by applying 0% up to 4% of volume fraction for 

hybrid nanofluid, the model is derived. After obtaining the model, the behaviour of the nanofluid-

based chain microchannel affected by EHD can be estimated, and the effect of hybrid nanofluid at 

low Reynold numbers of the chain microchannel can be presented. Finally, using both EHD and 

hybrid nanofluid optimization, the optimum value of the voltage of EHD can be calculated.  

 

2. Modeling 

Figure 1 shows the geometry of a three-dimensional passive microchannel. Although this type of 

microchannel can be used as a micromixer on the basis of split and recombination (SAR), in this 

paper it is used as a microchannel.  The main operating principle of this sort of microchannel is to 

rotate a flow 90 degrees and fold the stream to increase the microchannel's efficiency. During the 

microchannel, this process is continued until the appropriate degree of parameters is achieved. 

After each vertical section, the new part has a diameter of 0.6 mm and is expanded by 0.2 mm 

rather than the outflow of the vertical section (0.4mm), as shown in Fig.1. The diameter of the 

segment outlet is 0.4 mm, like the vertical section. The maximum and minimum width of the 

microchannel is 0.6 mm and 0.4 mm, respectively. As seen in the chain microchannel in Fig.1, 

flows enter at the entrance of the microchannel and move along the entrance section until they 

meet the vertical section. At the end of the vertical part the stream attains the first chain element. 
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2.1 Modeling for thermo-physical properties of nanofluids 

Nanofluids' thermo-physical properties are crucial for predicting the behavior of their heat transfer. 

It is extremely momentous in terms of the energy saving and industrial perspectives. Nanoparticles 

have superb potential to enhance the thermal transport properties in comparison to conventional 

particles such as fluids suspension, micrometer and millimeter sized particles. In the recent 

decades, nanofluids have received significant attention because of their enhanced thermal 

properties [19]. Experimental investigations illustrate that nanofluids’ thermal conductivity 

depends on many parameters such as particle material, particle volume fraction, particle shape, 

particle size, temperature and base fluid material. Types and amount of acidity and additives of the 

nanofluid were also depicted to be affective in enhancement of the thermal conductivity [19]. The 

equations applied for the density, specific heat, viscosity and thermal conductivity estimation have 

been summarized as follows. 

Density is described as follows [62, 63]: 
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ρnf = (1 − ∅s)ρbf + ∅sρs (1) 

 

where ∅s and 𝜌 refer to the volume fraction of particles and density, respectively. The subscripts 

denote base-fluid, nanofluid, and nanoparticle i.e. bf, nf and s, respectively. 

Specific heat of nanofluid is determined from [64, 65]:  

(ρCp)nf = (1 − ∅s)(ρCp)bf + ∅s(ρCp)s   (2) 

     

Dynamic viscosity is described by [66]:  

μnf =
μbf

(1 − ∅s)2.5
    

(3) 

 

Thermal conductivity can be specified as [67]:  

knf

kbf
=

ks + 2kbf − 2∅s(kbf − ks)

ks + 2kbf + ∅s(kbf − ks)
 

(4) 

                              

Maxwell’s formula depicts that the nanofluids’ effective thermal conductivity depends on the base 

fluid, the thermal conductivity of the particle and the volume fraction of the solid particles. 

 

2.2 Modeling of thermo-physical properties of hybrid nanofluid 

The thermo-physical characteristics of nanofluids have been determined using classical models. 

These models, however, do not provide the accurate values of thermophysical properties for the 

hybrid nanofluid. Nevertheless, different experimental results allow us to adopt more precise 

model for describing thermos-physical properties of hybrid nanofluid. The density of hybrid 

nanofluid is expressed by Eq. (5): 

ρhnf = ∅Al2O3
ρAl2O3

+ ∅CuOρCuO + (1 − ∅)ρbf (5) 

where ∅ is the overall volume concentration of two different types of nanoparticles dispersed in a 

base fluid in the hybrid nanofluid and is achieved as follows:  

∅ = ∅Al2O3
+ ∅CUO (6) 
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According to Eq. (2), the heat capacity of hybrid nanofluid is obtained by following calculation: 

Chnf =
∅Al2O3

ρAl2O3
CAl2O3

+ ∅CuOρCuOCCuO + (1 − ∅)ρbfCbf

ρhnf
 

(7) 

Equation (8) was suggested by Hamilton and Crosser [68], where n is the empirical shape factor 

that accounts for the impact of shape of particles and can range from 0.5 to 6.0. The shape factor 

n is equal to 
3

φ
, where φ is the particle sphericity, which is defined as the ratio of sphere’s surface 

area to the particle’s surface area. For spherical nanoparticle n is equal to 3. The Hamilton and 

Crosser model (n = 3) is identical to the Maxwell model (Eq. (4))   

                                                                       

knf

kbf
=

ks + (n − 1)kbf − (n − 1)∅s(kbf − ks)

ks + (n − 1)kbf + ∅s(kbf − ks)
 

(8) 

                                      

The thermal conductivity of Al2O3–CUO/water (hybrid nanofluid) is defined using the Maxwell 

model (Eq. (4)), which is a general equation for determining the thermal conductivity of a mixture 

including a base fluid and dispersed solid particles. As a result, Eq. (9) derived from Maxwell 

equation, will be used for khnf. 

khnf

kbf
=

(∅Al2O3
kAl2O3

+ ∅CUOkCUO)
∅

+ 2kbf + 2(∅Al2O3
kAl2O3

+ ∅CUOkCUO) − 2∅kbf

(∅Al2O3
kAl2O3

+ ∅CUOkCUO)

∅
+ 2kbf − (∅Al2O3

kAl2O3
+ ∅CUOkCUO) + ∅kbf

 

(9) 

2.3 Governing equations 

The following are the governing equations for the electric field and micropolar fluid. The 

simplified assumptions for the governing equations are as follows: 

1. The field of electrical and velocity is laminar and steady. 

2. Flow is incompressible and Three-dimensional. 

3. Fluid is Newtonian and isentropic. 

4. Viscous dissipation is negligible. 

5. The magnetic field is neglected. 

6. Buoyancy force and free convection are neglected. 

7. The nanoparticles are uniformly dissolved throughout the mixture and considered as a 

single phase.Therefore, the speed of slip is zero and its effects are not considered. 
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2.3.1 Modeling for electric field  

The EHD enhancement method results from the electric force density (body force) acting on the 

molecules of a dielectric fluid in the presence of an electric field, which comprised of three terms. 

Fe
⃗⃗⃗⃗ = ρcE⃗⃗ −

1

2
E⃗⃗ 2∇εs +

1

2
∇ [E⃗⃗ 2ρ(

∂εs

∂ρ
)] 

(10) 

 

Where E⃗⃗   and ρc refer to electric field strength vector (V/s) and charge density (C/m3), respectively. 

εs is dielectric permittivity (F/m). The first term represents the impact of the electric field on free 

charges, namely the electrophoresis or Coulomb force. The second and the third terms depict 

dielectrophoresis and electrostriction force densities, which are referred to as polarization forces 

induced in the field [69]. Due to the constant electric permittivity, the second and third terms on 

the right side of Eq. (10) become neglectable. As a result, the electrohydrodynamic force is limited 

to Coulomb force (ρcE⃗⃗ ) which is used as a source term in the momentum equation. The 

electrohydrodynamic governing equations were calculated as follows [40]. 

Poisson’s equation expressed as: 

∇2V = −
ρc

εs
 

(11) 

V refers to electric potential (V). 

The electric field has been formulated as: 

E⃗⃗ = −∇V (12) 

 

The current continuity equation is: 

∇. j = 0 (13) 

Where j is the electric current density (A/m2) as its shown: 

j = ρ(ρcβE⃗⃗ + ρcu⃗ + De∇ρc) (14) 

 

β and u⃗  are ion mobility (m2/(V·s)) and velocity vector (m/s), respectively. De specifies diffusion 

coefficient of ions (m2 /s). Three variables on the right side of Eq. (14) depict drift, convection and 

diffusion of electric charges, respectively. It should be noted that the diffusion of electric charges 

(De∇ρc) is very negligible in micro-scale ionic flows and can be ignored. For air, the charge 
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convection term in Eq. (14) (ρcu⃗ ) is about two orders of magnitude smaller than ions’ drifting term 

(ρcβE⃗⃗ ), whilst it is not appropriate assumption for liquids. Because ion mobility is very low in 

liquids, whereas in air and other gases it is high and 
u

βE
 is order of 0.1 or less than 0.1. So, mentioned 

term (ρcu⃗ ) is considered owing to used fluids (water and nanofluids) in this paper.  

According to these assumptions, the electric current density has been reformulated as follows: 

∇. (ρc𝐮 − ρcβ∇V) = 0 (15) 

 

Therefore, Eqs, (11) and (15) are the main equations governing electrohydrodynamic effect. In 

order to analyse the electrical body force, these equations must be simultaneously solved. 

 

2.3.2 Modeling of micropolar fluid  

The governing equations of the micropolar fluid model by assuming three-dimensional, a steady 

state, incompressible flow and laminar affected by EHD-induced force, is affirmed as: 

Continuity: 

div(u⃗ ) = 0 (16) 

 

Momentum: 

It is assumed that viscosity buoyancy force and dissipation are neglected. 

∇(ρ𝑛𝑓/ℎ𝑛𝑓u⃗ . u⃗ ) = ∇. μ𝑛𝑓/ℎ𝑛𝑓∇u⃗ − ∇P + ρ𝑛𝑓/ℎ𝑛𝑓g⃗ + ρcE (17) 

𝑛𝑓𝑜𝑟 ℎ𝑛𝑓 refers to thermo-physical properties of nanofluid or hybrid nanofluid. 

Energy: 

∇ (ρcp𝑛𝑓/ℎ𝑛𝑓
u⃗ T) = ∇. (k𝑛𝑓/ℎ𝑛𝑓∇T) + J . E⃗⃗            (18) 

 

2.4 Modeling of UDF, UDS and UDM  

As the state of the art of CFD methodology, the commercial software FLUENT is a powerful 

computational package which is widely used in the industrial and academic field to simulate heat 

transfer and fluid flow. However, it does not have a default module to assist users in analyzing 
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electrohydrodynamic phenomena. In this paper, simulation of chain microchannel in FLUENT 

based on its UDF (User Defined Function), UDM (User define Memory) and UDS (User Defined 

Scalar) has been developed. 

The electric current density and Poisson’s equations (Eqs, (11) and (15)) are defined by the user 

defined scalar (UDS) to obtain ρc and V.  

Solving the transport equations for an arbitrary is useful for both single phase and multiphase flow. 

Used fluids in this paper have been considered single phase flow by using thermo-physical 

properties of nanofluids and hybrid nanofluid. So, UDS for single phase flow will be elaborated in 

line with the procedure outlined below.  

For an arbitrary scalar ζk, ANSYS FLUENT solves the equation 

∂ρζk

∂t
+

∂

∂xi
(ρuiζk − Γk

∂ζk

∂xi
) = Sζk

   k=1,..., N 
(19) 

 

Where Sζk
 and Γk refer to the source term and diffusion coefficient supplied for each of the N scalar 

equations. Γk is described as a tensor in order to an isotropic diffusivity. The diffusion term is thus 

∇. (Γk. ζk). Γk , for isotropic diffusivity, could be inscribed as ΓkI where I refer to the identity matrix. 

Depending on the approach used to determine the convective flux, one of the three following 

equations will be solved by ANSYS FLUENT for the steady-state state: 

1. Without computing convective flux, following equation will be solved by Fluent: 

−
∂

∂xi
(Γk

∂ζk

∂xi
) = Sζk   k=1,..., N (20) 

 

2. With computing convective flux with mass flow rate, following equation will be solved 

by Fluent: 

∂

∂xi
(ρuiζk − Γk

∂ζk

∂xi
) = Sζk

   k=1,..., N 
(21) 

To add Eqs. (11) and (15) in Fluent, cases 1 and 2 have been used, respectively. Then, UDM is 

written to achieve E from Eq. (12). Then, UDF is used to solve source term. 

 

2.5 Boundary conditions 
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The boundary conditions are divided into two parts including flow field and electric field. The flow 

and electric boundary conditions are explained in table1.  

Table1. flow and electric boundary conditions 

Electric charge Electric potential Temperature Flow Border 

∂ρc

∂n
= 0 

∂V

∂n
= 0 

80 (℃) Velocity inlet 

(𝒖 = 𝑢∞) 

Flow inlet 

∂ρc

∂n
= 0 

∂V

∂n
= 0 

27 (℃) Pressure outlet Flow outlet 

ρc=ρ𝑐0
 0V=V 𝜕𝑇

𝜕𝑛
= 0 

𝒖 = 0 

(No Slip) 

Electrode 

∂ρc

∂n
= 0 

V=0 27 (℃) 𝒖 = 0 

(No Slip) 

Surface electrode 

∂ρc

∂n
= 0 

∂V

∂n
= 0 

27 (℃) 𝒖 = 0 

(No Slip) 

Other surfaces 

 

3. Evaluation of numerical model 

ANSYS Fluent 2021 R1 was utilized to estimate properties like flow pattern for the examined 

microchannel. Fluids enter through two inputs, mix inside the channel and then exit from the 

microchannel’s output. In the present calculation, the different properties were specified for the 

fluids. The value of Reynolds numbers was determined as one of the preliminary parameters for 

this investigation and is specified as: 

𝑅𝑒 =
𝜌𝑢𝑑

𝜇
 

(22) 

Where 𝑢 is the fluid velocity, 𝜌 and 𝜇 are the fluid density and dynamic viscosity, respectively, 

and 𝑑 is the characteristic length. 

 

3.1 Grid Independence 

Figure 2 depicts the geometry of chain microchannel and its mesh. For meshing the created model, 

all the edges were meshed in order to increase the accuracy of calculations. After that, all the faces 

and volumes were meshed. In the case of meshing, Tet/Hybrid elements and TGrid type was used 
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to generate cells suitable for the complex geometry used in computational fluid dynamics (CFD) 

simulations. 

 

Fig 2. Geometry and its meshing 

A high-quality mesh was necessary to avoid errors because of numerical diffusion. Therefore, 

mesh-independent solutions were checked for microchannel for different grids. So, to examine the 

independence of the results from the grid size, the variation of the pressure drop and Nusselt versus 

different nodes are shown in Fig 3. As it can be seen, the results of 150000 and 300000 grids are 

different from other grids (600000, 900000 and 1200000). Even though the 600000, 900000 and 

1200,000 consequences are approximately the same, in order to lower computational cost, the 

600,000 nodes have been opted.  
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Fig 3. Grid independency for a) Pressure drop at Re= 4.166 and b) Nusselt for hybrid nano fluid when ∅𝑨𝑳𝟐𝑶𝟑 =

∅𝑪𝒖𝑶 = 𝟎. 𝟓 % at Re=250 

 

a) 

b) 
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3.2 Model Validation 

Figure 4. shows  predicted variation of the pressure drop in comparison to the results of Victorov 

and Nimafar [70]Victorov and Nimafar investigated different types of micromixer including T, O, 

tear-drop and chain micromixers experimentally and numerically. In their experimental study, they 

used water as a fluid with different colors, so that the value of the 𝜌 and 𝜇 were 998 (𝑘𝑔 𝑚−3) and 

0.000 89 (𝑘𝑔 𝑚−1𝑠−1), respectively. Also some assumptions such as steady-state flow, no-slip 

conditions and incompressible fluid were proposed in their numerical part. In addition, 

experimental tests were performed using a microscope with high speed image acquisition. Colored 

waters were used as the mixing species in all tests; specifically, blue and yellow solutions were 

produced by blending 1g powder in 0.5lg water. Table 2 illustrates flow rate, Reynolds and velocity 

values during their experimental and numerical study. As it can be seen in Fig 4. good agreement 

was achieved between the experimental and the numerical results data taken from the studies by 

Victorov and Nimafar.   

 

Table 2. Flow rate, Re and velocity values during experimental and numerical investigation of Victorov 

and Nimafar [70] 

𝑄𝑣(𝑚𝑙 𝑚𝑖𝑛−1) 𝑄𝑚(𝑘𝑔 𝑠−1) 𝑉 (𝑚𝑚 𝑠−1) 𝑅𝑒 

0.001 1.66 ×  10−8 0.1 0.083 

0.005 8.31 × 10−8 0.5 0.416 

0.01 1.66 ×  10−7 1 0.832 

0.02 3.32 ×  10−7 2 1.666 

0.05 8.32 ×  10−7 5.2 4.166 
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Fig 4.  Pressure drop comparison of experimental and numerical model [61] and current simulation 

 

4. Results and discussion 

4.1 Effect of different types of nano fluids 

The mushrooming developments of nanotechnology and thermal management techniques for 

enhancing cooling technology for electronic devices with high heat generation have made possible 

production of efficient and compact cooling modules to provide reliable system operation.  In this 

section, the flow characteristics of various nanofluids with different nanoparticles has been 

investigated. Table 3 indicates thermo-physical properties of nanoparticles and nanofluids at 

 ∅Al2O3
= 4%  𝑎𝑛𝑑 ∅CuO = 4%. 

Table 3 Thermo-physical properties of nanoparticles and nanofluids at  ∅Al2O3
= 4%  𝑎𝑛𝑑 ∅CuO = 4% 

Material Density, 𝜌 (
𝑘𝑔

𝑚3) Specific heat, 𝐶𝑝 (
𝐽

𝑘𝑔.𝐾
) Thermal conductivity, 𝑘 (

𝑊

𝑚.𝐾
) 

CuO 6400 531 76.5 

Al2O3 3600 765 36 

Al2O3/Water 1086 3735.17 0.719 
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CuO/Water 1198 3407.5 0.721 

Hybrid  1302.796 3091.74 0.8046 

 

Figure 5 shows contour of static pressure for different nanofluids at Re= 416 when ∅𝑨𝑳𝟐𝑶𝟑 =

∅𝑪𝒖𝑶 = 𝟒 %. It can be found that at Re=416, pressure drop for water is 48633 Pascal, whilst 

pressure drop for CuO-water, Al2O3-water and hybrid nanofluid have been faced with an 

increasing of 0.46%, 10.82% and 14.36% in comparison to poor water. At Re=416, there is 

considerable increase of pressure drop for Al2O3-water and hybrid nanofluid compared to poor 

water. The drawbacks of increasing pressure drop can not be addressed unless wide range of 

Reynolds number applies. To find the appropriate value for Reynold Number, the effect of 

Reynolds number on pressure drop for different nanofluid is illustrated in Fig 6. Having studied 

the data, it can be understood that pressure drop for water at Re= 0.416, 4.16, 41.6, 208 and 416 is 

5.36, 55.03, 952.93, 13733.15 and 48633.13 Pascal, respectively, while CuO-water nanofluid has 

been associated with an augmentation of about 0.46% of pressure drop for aforementioned 

Reynolds numbers. In addition, pressure drop for Al2O3-water nanofluid at Re= 0.416, 4.16, 41.6, 

208 and 416 is 5.94, 60.98, 1056.03, 15218.89, 53895.54 Pascal, respectively. Pressure drop for 

hybrid nanofluid has been accosted an increasing of about 3.3% in comparison to pressure drop of 

Al2O3-water nanofluid. So, in low Reynold number, the pressure drop will be decreased. 

 

Fig 5. Contour of static pressure for different nanofluids at Re= 416 when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 % 
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Fig 6. Pressure drop comparison at different Re for base fluid and different nano fluids when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 % 

 

4.2 Effect of nano fluid concentration 

Nanofluids' thermal conductivity is an important thermo-physical property that determines their 

thermal efficiency. It is influenced by a number of parameters, including the concentration of 

nanoparticles, shape, size and thermal conductivity, stabilization methods, base fluid properties 

and thermal conductivity measurement techniques. In order to realize the trends of thermal 

conductivity of nanofluids, the individual or combined effects of these parameters are essential to 

consider. The thermal conductivity of nanofluids as a function of base fluid properties and 

nanoparticle concentration (φ) is summarized in this section. Thermo-physical properties of poor 

water and hybrid nanofluid has been calculated for different volumetric concentration and is shown 

in Table 4. The addition of nanoparticles enhances heat transfer by increasing the thermal 

conductivity of the base fluid, which optimizes the heat transfer capability and heat penetration of 

the fluid. This enhancement in heat transfer has been considered desirable from the standpoint of 

pure heat transfer, but it is undesirable since adding nanoparticles rises the viscosity and density 

of the base fluid, which result in increasing in pressure drop. This elucidates the need to investigate 

the effect of nanoparticles on the pressure drop. Figure 7 shows the pressure for hybrid nanofluid 

with different volume fraction at Re= 250. As can be seen, increasing volume fraction of 

nanoparticles, the pressure drop has also increased, so that pressure drop for poor water, ∅AL2O3 =
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∅CuO = 0.5, 1, 2, 3 and 4 % is 19100, 19296, 19535, 20129, 20893 and 21883 Pascal. This is 

because by increasing the volume fraction of nanoparticles, the viscosity of the nanofluid 

increases. Therefore, the cohesion force between particles of the nanofluid increases leading to 

increase of pressure drops. 

Table 4 Thermo-physical properties of water and hybrid nano fluid at different volume fraction 

μ 

(
𝑘𝑔

𝑚. 𝑠
) 

K 

(
𝑤

𝑚.𝐾
) 

𝐶𝑝 

 (
𝑗

𝑘𝑔. 𝐾
) 

ρ 

(
𝑘𝑔

𝑚3
) 

 

∅𝐶𝑢𝑂  (%)  

 

∅𝐴𝐿2𝑂3  (%)  

 

Type of Fluid 

0.0006 0.643 4189 981.3 - - Water 

0.0006153 0.6618 4014.07 1021.487 0.5 0.5  

0.0006311 0.681 3853.06 1061.487 1 1  

0.0006645 0.721 3563.15 1142.048 2 2 Hybrid nano fluid 

0.0007004 0.762 3311.95 1222.422 3 3  

0.00074 0.8046 3091.74 1302.796 4 4  

 
Fig 7. Contour of static pressure for hybrid nanofluid with different volume fraction at Re= 250 
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Figure 8 depicts the influences of Reynolds number and volume fraction of hybrid nanofluid on 

local Nusselt on Face1. It can be seen vividly that either augmenting Reynolds number from 125 

up to 1000 or increasing volume fraction of hybrid nanofluid leads to rising trend of local Nusselt 

number. This subject matter can be enucleated by increasing the thermal conductivity through 

using different volume fraction of hybrid nanofluid with respect to water. Moreover, 𝜌𝐶𝑝 of hybrid 

nanofluid compared to water amplifies; therefore more energy is required to enhance the bulk 

temperature with respect to water. So, the difference between bulk and wall temperature decreases 

in comparison to pure water, leading to growth in heat transfer characteristics. In addition, having 

studied the data from Fig 8, it can be considered that Nusselt for water at Re = 125, 250, 500 and 

1000 is 0.98, 1.241, 1.664 and 2.18, respectively, whilst Nusselt for mentioned Reynolds numbers 

is 1.128, 1.427, 1.914 and 2.507, respectively when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝐶𝑢𝑂 = 0.5 %. Moreover, Nusselt 

number at aforementioned Reynolds numbers for ∅𝐴𝐿2𝑂3 = ∅𝐶𝑢𝑂 = 4 % is 1.206, 1.541, 2.075 

and 2.707,which, in turn, depicts surging of 22.94%, 24.17%, 24.70% and 24.707% in comparison 

to water, respectively. At Re=1000, the local Nusselt for ∅AL2O3 = ∅CuO = 1, 2, 3 and 4 % is 

2.557, 2.606, 2.655 and 2.707, which results in increasing of 1.99%, 3.95%,  5.9% and 7.98 

compared to ∅AL2O3 = ∅CuO = 0.5%, respectively. 

 
Fig 8.  Nusselt versus Reynolds number for different volume fraction of hybrid nanofluid 
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4.3 Effect of electrode 

Another approach to improve heat transfer performance is to use an electric field, which circulates 

and aligns the fluid towards the electrode. A graphical view of the computational domain has been 

depicted in Fig. 9. After validation of simulation with the geometry of Voctorov and Nimafar, the 

number of chains decreases. When the purpose of chain microchannel is to mix fluids, the number 

of chains in micromixer will be important. But, in this section, two chains have been considered 

due to obtaining results with better quality and taking into account the goal of this study is not to 

investigate mixing of fluids. The spot of emitter electrode is distinguished, whilst the plate 

electrode is fixed. The adjacent cells of the wire electrode and the walls of the microchannel are 

smaller, where it is expected more representative gradients will occur, as shown in Fig. 9b. To 

generate EHD flow, a configuration with discharge electrode and collector electrode (ground) were 

employed. A wire of 0.01 𝑚𝑚 diameter was used as a discharge electrode. The emitter wire 

electrode is fixed at 7mm from the channel inlets. In addition, local Nusselt has been investigated 

on faces1 and 2, so that these faces are distinguished in Fig.9a. 
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Fig 9. Electrode in chain microchannel, a) geometry, b) meshing 

 

4.3.1 Effect of Hybrid Nano Fluid at low Reynolds 

To obtain the desired performance, the shape of microchannels is an important design variable. 

The usage of chain microchannels as a micromixer is one of its applications and micromixers are 

important elements of microfluidic technology. The difficulty of mixing performance on the 

microscales depends on the small size of the micromixers. At high Reynolds numbers (typically > 

2400), two fluids can easily be mixed by turbulence. It will be difficult to achieve in microchannel 

with less than one millimeter of cross-sections. The Reynolds numbers of liquids flowing through 

these microchannels are very small (typically <10). At a low Reynolds number, turbulent mixing 

does not happen and the solution is homogenized only through diffusion processes. At a low 

Reynolds number, flow in micromixers is intrinsically a diffusion-dominated laminar flow due to 

the microscale. Because of geometrical effects, it is evident that separating the layers of a mixture 

and recombining them results in quick mixing at low Reynolds numbers. A straight laminar flow 

arises when the Reynolds number is low, i.e. when there is no inertia in the flow. Even in bends, 

the path lines of flow follow the channel curvature as the number of flow layers and the contact 

surface area between the mixing fluids increases. Diffusion and convection are the basic 

mechanisms of fluid mixing in mixers. So, at the micro scale, molecular diffusion overcomes 

whilst convection is limited; consequently, mixing by diffusion at low Reynolds numbers needs 

too much time and a very long channel. Therefore, to accelerate the process, the contact area 

between the fluids to be mixed must be increased, and the fluids must be stretched, split and 
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recombined. Low energy requirements and high mixing efficiency are two keys characteristics of 

mixers. The cost of production would be reduced if the device's pressure drop was reduced. Mixing 

is ensured at low Reynolds numbers by generating multiple fluid lamellae. As the Reynolds 

number rises, vortexes emerge within the flow, eventually resulting in chaotic mixing. In fact, most 

micromixers can operate satisfactorily at either high or low Reynolds numbers – and chain 

micromixer has high energy requirements due to their complex structure. Therefore, the 

improvement of high-performance devices working in a wide range of Reynolds numbers with an 

acceptable pressure drop is presently a major focus of this section. Figures 10 and 11 illustrated 

the counter of pressure for poor water and hybrid nanofluid at low Reynolds number (0.416 ≤

𝑅𝑒 ≤ 4.166). Pressure drop for poor water at Re = 0.416, 1.666, 2.499 and 4.166 is 1.05, 4.16, 

6.25 and 10.45 Pascal, respectively, whilst it has been obtained 1.18, 4.75, 7.15 and 12 Pascal for 

hybrid nanofluid at aforementioned Reynolds, respectively. On the other word, using hybrid 

nanofluid, in aforementioned Reynolds number, leads to increase of 12.38%, 14.18%, 14.40% and 

14.83% of pressure drop, respectively. It can be found that at low Reynolds range, the lower 

Reynolds results in decreasing of percentage of pressure drop. 

 

Fig 10. Static Pressure (Pascal) for different Re for water  
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Fig 11. Static pressure (Pascal) for different Re for hybrid nano fluid when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 % 

 

4.3.2 Effect of EHD 

The enhancing impact of strong electric field (EHD enhancement) on heat transfer rate has been 

very well known over many decades. Most of the research was focused on single-phase flows, but 

in recent years, EHD has proven to be very useful in improving heat transfer in two-phase flows. 

Keeping this discussion mind, the main goal of present paper is to simulate the impact of Coulomb 

forces on hybrid nanofluid hydrothermal treatment.  Figures 12 and 13 depict the results of the 

electric potential and charge density. The figures illustrate that there were applied electric 

potentials at the surface of the discharge wire. Also, the charges were transported from the 

discharge wire along the electric field, which was formed by the divergence of electric potential. 

It is clear that the electrical potential and charge becomes stronger near the emitters. 
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Fig 12. Electrical potential contour at voltage 30 KV 
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Fig 13. Electric charge contour at voltage 30 KV 
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To investigate the effect of using EHD, heat transfer enhancement and distribution of pressure 

drop should be considered together. Figure 14 depicts contour of pressure in the presence and 

absence of electrical field. Results show that pressure drop for non-use of EHD and using EHD 

is 12 Pascal and 21.3 Pascal at Re=4.166. So, the drawbacks of increasing pressure drop in the 

presence of electric field should be noted. 

 

Fig 14. Contour of static pressure at Re= 4.166 when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 %, a) with EHD at 30 KV, b) without 

EHD  

 

Local Nusselt number for faces 1 and 2 (Fig 9a) are defined as follows: 

𝑁𝑢 =
ℎ𝑑

𝑘𝑓
=

𝑞′′.𝑑

𝑘𝑓.(𝑇𝑏𝑢𝑙𝑘−𝑇𝑤𝑎𝑙𝑙)
     (23) 

Where 𝑑 is the characteristic length and 𝑘𝑓 is thermal conductivity depends of used nanofluid. In 

Fluent, 𝑞′′ and 𝑇𝑏𝑢𝑙𝑘 will be obtained from area-weighted average and mass-weighted average, 

respectively. 

Figures 15 and 16 show local Nusselt number versus Reynolds number for faces 1 and 2.  For 

face1, it can be seen that in the absence of electrical field, the Nusselt for Re= 125, 250, 500 and 

1000 is 1.1, 1.4, 1.77 and 2.25, respectively, while Nusselt in the presence of voltage 30 (KV) for 

aforementioned Reynolds number is 1.353, 1.708, 2.124 and 2.655, respectively. On the other 

word, imposing voltage (30 KV) leads to increasing of 23%, 22%, 20% and 18% of Nusselt 

number, respectively. It denotes that rising the Nusselt number in lower Reynolds number is more 

efficient. 
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For face 2, Nusselt number is 0.74, 0.84, 1.18 and 1.56 for aforementioned Reynolds numbers, so 

that it has been faced with augment of 20%, 18%, 17% and 16%, respectively, in the presence of 

30 KV voltage. These observations confirm that the impact of electric field is more marked for 

lower Reynolds number. 

Figure 17 demonstrates average Nusselt number versus Reynolds number when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 =

𝟒 % and V= 30 KV. Average Nusselt number without electrical field is 0.95, 1.15, 1.505 and 1.935 

for aforesaid Reynolds number, respectively, whilst average Nusselt number is 1.1605, 1.3896, 

1.7923 and 2.2723 for above-mentioned Reynolds number, respectively. To more elaborate, a 

strong rotating vortex results from the presence of EHD induced flow, which, in turn, causes quick 

mixing between the core and wall flow especially at low Reynolds number. 

 

 

Fig 15. Local Nusselt number versus Re when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 % and V= 30 KV at Face1  
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Fig 16. Local Nusselt number versus Re when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 % and V= 30 KV at Face2  

 

Fig 17. Average Nusselt number versus Re when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 = 𝟒 % and V= 30 KV  
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4.3.3 Effect of different voltages 

As the voltage has been increased, the ions move faster because of the higher intensity of the 

electric field, leads to more ionization and collision. In addition, faster ions have larger momentum, 

leads to drag the fluid particles, which, in turn, causes higher heat transfer enhancement. Moreover, 

in Low-Reynolds number cases (laminar flow), the ions are more efficacious in conveying 

momentum to slow-moving particles. However, as the fluid momentum rises with Reynolds 

number, the ions' ability to generate secondary motion and extra momentum reduces, so the level 

of enhancement is decreased. The enhancement provided by corona wind in Low-Reynolds 

(laminar) flows is now much more pronounced. This means that, the corona wind is not only 

overshadowed by turbulence, but also it is less effective at higher values of Re. Increasing of 

Reynolds number resulting in rising Nusselt number because of a decrease in thermal boundary 

layer thickness. Increasing supplied voltage causes the isotherms more distorted. Higher values of 

applied voltage leads to maximize the local Nusselt number owing to presence of thermal plumes. 

Nusselt number is a rising function of applied voltage. In the absence of electric field, Nusselt 

number for face1 at Re = 125, 250, 500 and 1000 is 1.1, 1.4, 1.77 and 2.25. Having perused the 

data from Fig. 18 for Re=125, 250, 500 and 1000, it can be understood that at the voltage of 10 

(KV), Nusselt number has been faced with an increasing of 16.82%, 15.93%, 14.01% and 12.09%, 

respectively, whilst this rising is 19.27%, 18.36%, 17% and 14.44% in comparison to absence of 

electrical field. Moreover, nusselt increased 23%, 22%, 20% and 18% at 30 (KV) and 25.45%, 

24.43%, 22.37% and 20.36% for aforementioned Reynolds number, respectively, compared to 

non-use of electrical field. 
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Fig 18. Effects of Reynolds number and applied voltages on local Nusselt number at face1 when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 =

𝟒 % 

For face 2, at V=10 (KV) for Re=125, 250, 500 and 1000, Nusselt number raised 14%, 12.10%, 

11.19% and 10.26%, at 20 (KV), it shows increasing of 16.41%, 14.46%, 13.56% and 12.56% in 

comparison to 0 (KV). In addition, increasing of 20%, 18%, 17% and 16% have been obtained at 

30 (KV), and, for 40 (KV), this values are 22.41%, 20.36%, 19.49% and 18.59%, respectively, 

compared to non-use of electrical filed. So, the enhancement caused by corona wind in lower-Re 

flows is now much more pronounced. 

Figure 20 displays the effects of Reynolds number and applied voltages on average Nusselt number 

when ∅𝐴𝐿2𝑂3 = ∅𝐶𝑢𝑂=4 %. It can be seen that average Nusselt number at 10 (KV) is 1.0943, 

1.3223, 1.695 and 2.151, while it is 1.1729, 1.4065, 1.818 and 2.3091 at 40 (KV) for forenamed 

Reynolds number. 
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Fig 19. Effects of Reynolds number and applied voltages on local Nusselt number at face2 when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶 
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Fig 20. Effects of Reynolds number and applied voltages on average Nusselt number when ∅𝑨𝑳𝟐𝑶𝟑 = ∅𝑪𝒖𝑶=4 % 
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5. Conclusion 

In this work, a nanofluid-based chain microchannel integrated with EHD using a steady, laminar 

and three-dimensional model was numerically simulated. Thermo-physical properties of nanofluid 

and hybrid nanofluid were applied to predict the behavior of the system. Al2O3 and CUO 

nanoparticles were dispersed into working fluid to improve their thermal behavior. To optimize 

the chain microchannel using nanofluids, effect of nano fluid concentration was analyzed. 

Eventually, this nanofluid-based chain microchannel system integrated with EHD was optimized 

regarding hybrid nanofluid at low Reynolds according to selecting different voltages for the 

proposed system performance. Results indicate that the influence of Coulomb force is more useful 

for low values of Reynolds number. Results also show that by increasing the volume fraction of 

nanoparticles, the viscosity of the nanofluid increases leading to an increase in pressure drops. 

Meanwhile, imposing electrohydrodynamic force leads to increasing the Nusselt number in 

comparison to absence of electric field. It means that the considered effect of the increasing the 

Nusselt number at lower Reynolds number is more effective. Moreover, heat transfer rises with 

augmentation of supplied voltage and Reynolds number. 

The details of contributed results can be summarized as follow: 

 Lowest increasing of pressure drop belongs to CuO-water at Re=416, so that pressure drop 

for CuO-water, Al2O3-water and hybrid nanofluid have been faced with rising of 0.46%, 

10.82% and 14.36% in comparison to poor water.  

 Pressure drop for hybrid nanofluid has been accosted an increasing of about 3.3% in 

comparison to pressure drop of Al2O3- water nanofluid. 

 Increasing volume fraction of nanoparticles leads to rising the pressure drop. 

 Nusselt at Re = 125, 250, 500 and 1000 for hybrid nanofluid (∅𝐴𝐿2𝑂3 = ∅𝐶𝑢𝑂 = 4 %) is 

1.206, 1.541, 2.075 and 2.707,which, in turn, depicts surging of 22.94%, 24.17%, 24.70% 

and 24.707% in comparison to poor water, respectively.  

 At Re=1000, local Nusslet for ∅AL2O3 = ∅CuO = 1, 2, 3 and 4 % is 2.557, 2.606, 2.655 and 

2.707, which results in increasing of 1.99%, 3.95%,  5.9% and 7.98 compared to ∅AL2O3 =

∅CuO = 0.5%, respectively. 

 At Re = 0.416, 1.666, 2.499 and 4.166, using hybrid nanofluid leads to increase of 12.38%, 

14.18%, 14.40% and 14.83% of pressure drop, respectively. In other words, the lower 

Reynolds results in decreasing of percentage of pressure drop. 

 For face 1, imposing EHD (V=30 KV) leads to increasing of 23%, 22%, 20% and 18% of 

Nusselt number compared to the absence of electrical filed, respectively.  

 For face 2, Nusselt number is 0.74, 0.84, 1.18 and 1.56 for aforementioned Reynolds 

number, so that it has been faced with augment of 20%, 18%, 17% and 16%, respectively, 

in the presence of 30 KV of voltage. 
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 At the voltage of 10 (KV), Nusselt number has been faced with an increasing of 16.82%, 

15.93%, 14.01% and 12.09%, respectively, whilst this rising is 19.27%, 18.36%, 17% and 

14.44% in comparison to absence of electrical field. 

 Nusselt increased 23%, 22%, 20% and 18% at 30 (KV) and 25.45%, 24.43%, 22.37% and 

20.36% for aforementioned Reynolds number, respectively, compared to non-use of 

electrical field. 

 For face 2, at V=10 (KV) for Re=125, 250, 500 and 1000, Nusselt number raised 14%, 

12.10%, 11.19% and 10.26%.  

 At 20 (KV), it has been faced with an increasing of 16.41%, 14.46%, 13.56% and 12.56% 

in comparison to 0 (KV).  

 Increasing of 20%, 18%, 17% and 16% have been obtained at 30 (KV), and, for 40 (KV), 

this values are 22.41%, 20.36%, 19.49% and 18.59%, respectively, compared to non-use 

of electrical filed.  

 The enhancement caused by corona wind in lower-Re flows is now much more 

pronounced. 
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   Nomenclature 

 Greek Symbols Specific heat capacity (J.kg-1K-1) Cp 

)3harge density (C/mC ρc Electric field strength vector (V/s) E⃗⃗  

)3ensity (kg/mD 𝜌 Electric current density (A/m2) j 

Overall volume concentration ∅ Thermal conductivity coefficient 𝑘 

Volume fraction of particles ∅s Temperature (0C) T 

/(V·s))2on mobility (mI β Velocity vector (m/s) u⃗  

Dynamic viscosity 

(𝑘𝑔.𝑚−1. 𝑠−1) 

𝜇 Electric potential (V) V 

Source term Sζk  Subscript 

Diffusion coefficient Γk Nano fluid 𝑛 

  Hybrid Nano fluid ℎ𝑛𝑓 
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