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Abstract
Nanofluids offer challenging opportunities to enhance the existing thermal
processes by altering the fluid and flow characteristics. This paper aims to
investigate numerically the double-diffusive convection driven by horizontal
thermal and solutal gradients with no-slip wall conditions. The geometry is a
square cavity filled with a binary saturated nanofluid in which the vertical walls
are maintained at different but uniform and constant temperatures and
concentrations. The horizontal walls are assumed to be isolated and impermeable.
The system of coupled equations is solved numerically using Finite element code
COMSOL multiphysics. The simulation shows that four possible flow cases may
present, according to the solutal and thermal contribution on the buoyancy
(Adding or opposing buoyancies). The results show that the thermal Rayleigh
number promotes clockwise convective flow for the considered cavity
configuration. Solutal Rayleigh number promotes anti-clockwise convective
flow for opposing buoyancy. The overall flow direction is determined according
to the dominance of either thermal or solutal Rayleigh numbers. The convection
is more sensitive to the variation of the solutal Rayleigh number in Binary
nanofluids and took place at a lower thermal Rayleigh number for adding
buoyancies compared to that in ordinary fluids.
Keywords: Binary nanofluid, Comsol, Double diffusion. Heat transfer, Thermosolutal.
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1. Introduction
Due to the increase in energy prices and environmental considerations, heat transfer
control has become of great importance in most engineering applications. Extensive
researches were conducted to develop some techniques to enhance the rate and
performance of heat transfer in many industrial applications [1]. According to
Tabish Alam [2], those techniques are classified into two main categories: passive
and active. Passive methods involve using some fluid additives, geometry
improvement, and inserting internal devices to modify the flow patterns. A
comprehensive literature review on those passive devices and their wide use in
many industrial applications is found in the works of Maradiya et al. [3].
Meanwhile, active techniques employ external power sources such as electric
field
(Electrohydrodynamic
EHD),
acoustic
or
magnetic
field
(Magnetohydrodynamic MHD), fluid rotation and, fluid vibration to alter the fluid
flow characteristics to create the desirable enhancement [4]. Some researchers
combine active and passive methods to improve heat transfer performance; others
prefer to use passive methods due to their relatively low implementation costs.
Rashidi S. [5] published a paper about heat transfer enhancement by combining
passive methods, fluid suspensions, and inserts. Compared to the existing
techniques to improve heat transfer rates in conventional fluids used as a heat
transporting media such as mineral oil, synthetic oil, water, ethylene Glycol, etc.,
suspension of nanometer-sized particles (10-100 nm) in fluids is found to be a
potential in the enhancement of thermal heat conductivity of those named
nanofluids [6, 7].
The term nanofluid was first proposed by Choi [8], who claimed that heat
transfer could be enhanced by adding those suspended nanoparticles to a fluid.
Buongiorno [9] established a system of conservation equations to study the
nanofluids taking into account the Brownian and thermophoresis effects. Many
authors investigated the presence of nanoparticles in fluids and mixture of fluids.
When nanoparticles are added to a binary fluid mixture, it is called a binary
nanofluid, and it generates double-diffusive convection due to temperature and
concentration differences known as thermosolutal convection. Binary nanofluids
can offer significant potential to many engineering applications such as petroleum
recovery, electronic component cooling, geophysics, cancer therapy,
bioengineering, solar thermal applications, etc.
The presence of nanoparticles alters the flow characteristics and enhances the
heat transfer rates. Khanafer et al. [6] confirmed that adding suspended particles
enhances heat transfer rates for any value of Grashof number, and this enhancement
is proportional to the nanoparticles' volume fraction. Bachir et al. [10] studied the
natural convection in a Rayleigh Benard configuration. They showed that the
nanofluids volume fraction contributes significantly to the increase of natural
convection heat transfer up to 10% volume fraction. Mahmoud SH. [11] recently
investigated numerically the effect of nanoparticles volume fraction and
nanoparticles size on the conjugated combined convective heat transfer for Al2O3
used in a solar collector. He found that the performance is increased by 84.35%
with less pressure drop at 2% volume fraction and 25 µm nanoparticles size.
Hussein et al. [12] provided a detailed review of the capability of the nanofluid
in enhancing the performance of different types of solar stills. They showed that
the water - nanoparticle mixture increases the solar still productivity. Dhinesh et al.
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[13] reported that an addition of 25 ppm of Titanium dioxide TiO2 nanoparticles to
Methyl Ester-Diesel blends enhances the break thermal efficiency by 3.60% for a
direct injection diesel engine. This Titanium addition results in 14.20% and 17.40%
reductions in fuel consumption. Important results also were driven by Elumalai et
al. [14] when using a diesel biofuel blend with 150 ppm of Al2O3 to drive a direct
injection thermal barrier coating engine, the thermal efficiency and in-cylinder
pressure were increased. Meanwhile, the fuel consumption and smoke emissions
were decreased compared to conventional diesel fuel.
Putra et al. [15] published a study that presented experimental data of the natural
convection of Al2O3 water-based nanofluid filled in a horizontal cylinder heated
from one side and cooled from the other side. A seeming paradoxical result was
noticed. The heat transfer rate was declined. They reported that the presence of
Al2O3 in water base fluid decreases the heat transfer by convection when increasing
nanoparticles for a given Rayleigh number. Moreover, Putra et al. [15] showed that
natural convection heat transfer is inversely related to the volume fraction of
nanoparticles. Kim et al. [16] reported later that the Nusselt number increases by
increasing nanoparticles volume fraction for natural convection in nanofluids.
Those results are not consistently supported neither by the experimental results of
Putra et al. [15] nor by the results of the numerical study done by Elhajjar et al.
[17], who investigated the heat transfer numerically in three different nanofluids
using new expressions for heat capacity and thermal expansion coefficient in
accordance with thermodynamic law rather than those habitually used in literature.
In addition, Rabiei et al. [18] reported that binary nanofluids are eco-advocating
and suitable for refrigeration applications [19]. Thermosolutal convection in a
binary nanofluid layer in the porous medium was ﬁrst studied by Kuznetsov and
Nield [20]. The complex expression of the Rayleigh number was simplified after
that Yadava et al. [21] and Gupta et al.[22] investigated the thermosolutal
convection of a binary nanofluid, and they proposed some expressions of the
involved parameters used over a wide range of conditions.
It can be seen that there are some gaps in the research field of double convection
in binary nanofluids, such as the effect of the location of the reference species on
the hot or cold wall. The convection rolls direction and the contribution of thermal
and solutal Rayleigh in the overall convection process.
The present paper aims to investigate the onset of a steady-state thermosolutal
convection in binary nanofluid filled in a square cavity heated and soluted on
vertical sides and subjected to either adding or opposing solutal thermal buoyancy
forces. The effect of the positive or negative value of the concentration expansion
coefficient and the effect of the location of the considered reference species on the
fluid convective motion are studied. The non-dimensional coupled equations
describing the problem are solved numerically using the finite element software
Comsol Multiphysics.

2. Mathematical formulation
The physical model is a two-dimension square cavity of side length L, filled with a
binary nanofluid. The horizontal walls are adiabatic and impermeable. The vertical
walls are maintained at constant and different temperatures and concentrations to
generate fluid motion (T0 > T1, C0 > C1, and φ0 > φ1), as shown in Fig. 1.
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Fig. 1. Geometry of the studied cavity.
The binary nanofluid is assumed to be incompressible; the flow is laminar and
with no viscous dissipation. In addition, the Oberbeck–Boussinesq approximation
is supposed to be valid, i.e., all the thermophysical properties of the nanofluid are
constant except the density in the buoyancy term, which is expressed as a linear
function of temperature and concentration as:

ρf =ρr [1-βt (T-Tr )-βc(C-Cr ]

(1)

where 𝜌r is the reference density of the nanofluid at the reference temperature and
reference mass concentration Tr and Cr, respectively. βt and βc are the nanofluid
thermal expansion and concentration (solutal volumetric) expansion coefficients
expressed as follow:
1 𝜕𝜌

𝛽𝑡 = − 𝜌

(2)

𝑟 𝜕𝑇

1 𝜕𝜌

𝛽𝑐 = − 𝜌

(3)

𝑟 𝜕𝐶

It is worth noting that unlike βt, which is positive, 𝛽𝑐 maybe positive or negative
depending on the species choice (light or heavy, respectively). Under the
assumption that the nanofluid is stable, no agglomeration or deposition is present
(uniform suspension can be achieved by using surfactant or surface charge
technology [7]), and no chemical reaction is intended to occur within the system.
The governing conservation equations as formulated by Buongiorno [9] as follow:

∇.V=0

(4)

∂V

ρ [ ∂t +(V.∇)V]= -∇P+[ρp φ+(1-φ){ρf (1-βt (T-T1 )-βc (C-C1 ))}] g+μ∇2 V
(𝜌. 𝐶𝑝)𝑛𝑓 (

𝜕𝑇
𝜕𝑡

+ (𝑉. 𝛻)𝑇) = 𝜆𝛻 2 𝑇 + (𝜌. 𝐶𝑝)𝑝 [𝐷𝐵 𝛻𝜑𝛻𝑇 +

(𝜌. 𝐶𝑝)𝑛𝑓 𝐷𝑇𝐶 𝛻 2𝐶
∂C
∂t
𝜕𝑡

+ (𝑉. 𝛻)𝜑 = 𝐷𝐵 𝛻2 𝜑 +

𝑇1

𝛻𝑇𝛻𝑇] +
(6)

+(V.∇)C=Ds ∇2 C+DCT ∇2 T

𝜕𝜑

𝐷𝑇

(5)

𝐷𝑇
𝑇1

(7)
𝛻2𝑇

(8)

where T is the temperature, P is the pressure, V=(u,v) is the fluid velocity, φ is the
nanoparticles volume fraction, DS is the solutal diffusivity, DB is the Brownian
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diffusion coefficient, DT is the thermophoresis coefficient, DCT is the diffusivity of
Soret effect, DTC is the diffusivity of Dufour effect, µ is the fluid viscosity, λ is the
thermal conductivity, and Cp is the specific heat capacity. The subscript nf, p, and
f refer to nanofluid, nanoparticles, and base fluid, respectively.
To study the hydrodynamic behavior of the fluid, it is convenient to turn the
previous equations into a dimensionless form, using the following parameters:
(x, y)

x*, y*=

L

tα

t * = L2 ;

;

C-C1

𝑇−𝑇

C* = C

𝑇 ∗ = 𝑇 −𝑇1 ;
0

V * (u* , v * )=
0 -C1

1

V (u,v) L

𝑃∗ =

α

𝜇𝛼
𝐿2

(9)

φ-φ1

φ* = φ

;

0 -φ1

where α is thermal diffusivity given by α= λ/(ρ Cp)f.
By introducing these dimensionless variables into the system of equations (48), and after dropping the superscript asterisks for simplicity reasons, the equations’
system becomes:

∇.V=0

(10)

1 ∂V

Rs

[ +(V.∇)V] =-∇P+∇2 V+ [-Rm+Ra T-Rn φ+ C] ê y
Ls

Pr ∂t
∂T

N

[ +(V.∇)T] =∇2 T+ B ∇φ∇T+
∂t
Le
∂C
∂t

∂φ
∂t

NA NB
Le

∇T ∇T+NTC ∇2 C

1

+(V.∇)C= Ls ∇2 C+NCT ∇2 T

(12)
(13)

NA

1

(11)

+(V.∇)φ= Le ∇2 φ+ Le ∇2 T

(2)

The new terms appear in the dimensionless form of the governing equations are:
Prandtl number Pr=µ/(ρ.α); Lewis number Le=α/DB; Solutal Lewis number Ls=
α/Ds; Dufour parameter NTC=DTC ∆𝐶/(α ∆𝑇); Soret parameter NCT= DCT ∆𝑇/(α
(𝑇0 −𝑇1 )𝐿3

∆𝐶); Thermal Rayleigh number Ra = ρ g βt
= ρ g βC

(𝐶0 −𝐶1 )𝐿3
𝜇 𝐷𝑠

;

𝜇𝛼

;

Solutal Rayleigh number Rs

Density Rayleigh number Rm=[ρp φ0 +(1-φ0 )ρ] gL3 /(μ α);

Nanoparticles Rayleigh number Rn=( ρp -ρ) (𝜑0 -𝜑1 ) gL3 /(μ α) ; Modified
diffusivity ratio NA= DT (𝑇0 -𝑇1 )/(DB T1 (𝜑0 -𝜑1 )) and Modified particle density
increment NB= (ρ Cp)nf ∆φ/(ρ Cp)f.
The momentum equation (11) has been linearized by neglecting all high-order
terms involving the product of T, C, and 𝜑 . The linearization is valid only under
the assumption of a small temperature gradient in dilute nanofluid with small
volume fractions. The boundary conditions of the stated problem in a dimensionless
form are:
𝑢(0, 𝑦) = 𝑢(1, 𝑦) = 𝑢(𝑥, 0) = 𝑢(𝑥, 1) = 0
𝑣(0, 𝑦) = 𝑣(1, 𝑦) = 𝑣(𝑥, 0) = 𝑣(𝑥, 1) = 0
𝑇(0, 𝑦) = 1 ∀ 𝑦 ∈ [0 − 1]
𝑇(1, 𝑦) = 0 ∀ 𝑦 ∈ [0 − 1]
∂φ
∂x

∂T

+NA ∂x =0 at y=0 and y=1

(35)
(46)
(57)
(68)
(79)

A mesh sensitivity study was performed to determine the optimum mesh size
of the considered geometry. It was found that a mesh consisting of 1492 domain
elements and 116 boundary elements is suitable for the present study.
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3. Result and discussion.
The numerical solution of the governing equations in the present work is performed
using the numerical tool “Comsol Multiphysics” software, which is a crossplatform finite element analysis and solver that allows a fully coupled Multiphysics
and single-physics modeling capabilities. It allows conventional physics-based user
interfaces and coupled systems of partial differential equations (PDEs). COMSOL
provides an Integrated Development Environment (IDE) and unified workflow for
electrical, mechanical, fluid, acoustics, and chemical applications. Its Model
Builder includes all of the steps in the modeling workflow, from defining
geometries, material properties, and the physics that describe specific phenomena
to solving and postprocessing models for producing accurate results.
In the first part of this simulation, Comsol is used to treat the problem is treated
in the absence of nanoparticles φ = 0. Since the terms Rm and Rn will vanish, the
problem becomes a typical double diffusivity problem. The instability of the flow
and the onset of convection is related to the thermal Rayleigh number Ra and the
solute Rayleigh number Rs. Only those two parameters generate the buoyancy
forces. Since the solute Rayleigh Rs is positive or negative depending on the
fraction (heavy or light) choice and the position of this species (right or left wall),
four possible cases can be considered and illustrated in the schematic in Fig. 2.

Fig. 2. Studied cavity configurations.
The solutal forces may increase the buoyancy forces and become an added value
to the thermal buoyancy forces. By the way, they increase the convection heat
transfer and speed up the onset of the convection. This is observed in cases A and
C. In contrast, cases B and D, where the solutal buoyancy forces oppose the thermal
forces, delay the onset of convection, and stabilize the flow.

3.1. Model validation and verification.
To ensure the validation of the model and the accuracy of the calculations used to
solve the governing equations, obtained results are compared to available results
obtained by Béghein et al. [23]. Assume a Lewis number Ls= /Ds = 1, i.e., the
Journal of Engineering Science and Technology
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mass diffusion of the solute is equal to the thermal diffusion, the Soret and Dufour
effects are neglected. For a Prandtl number Pr = 0.7, the simulation of the four
cases yields the results shown below.
In Fig. 3. Only thermal buoyancy is considered, with a Ra = 2 × 104. At this
value, convection occurs, and the flow rolls are clockwise since high temperature
is situated on the right side. To better illustrate the effect of solutal Rayleigh number
Rs, the absolute values of solutal and thermal Rayleigh numbers are assumed to be
equal Rs = Ra = 104. The simulation results and those obtained by Béghein et al.
[21] for the possible four cases are presented below.
In Fig. 4, the light specie is taken as a reference for concentration; therefore, the
solutal Rayleigh number is positive, and since the concentration and temperature
gradients are in the same direction (from left to right), both solutal and thermal
buoyancy will contribute to the convection flow and in the same direction.

Fig. 3. Thermal contours for Ra = 2x104 and RS = 0.

Results obtained by the current model
Thermal contour (K)

Results obtained by Béghein et al.
Fig. 4. case A, Ra = 104 and Rs = 104 (increasing buoyancy).
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In Fig. 5, the heavy species are considered for concentration; therefore, the
solutal Rayleigh number is negative. Since the concentration and temperature
gradients are opposite, both solutal and thermal buoyancies will increase the
convection flow in the same direction.

Results obtained by the current model
Thermal contour (K)

Results obtained by Béghein et al
Fig. 5. case C, Ra = 104 and Rs = -104 (increasing buoyancy).
One can notice that the obtained results for cases A and C (Figs. 4 and 5) are
similar because they are undergoing the same buoyancy forces, which equal the
result of solutal and thermal buoyancy forces. This indeed is the same as that of
pure thermal convection illustrated in Fig. 3. with Ra = 2 × 104.
These situations are reported by Béghein et al. [23], using a fluid with Pr=0.7
and a pollutant concentration. They found the same thermal isopleths for equal
thermal and solutal Rayleigh numbers as used in the present simulation.
In Fig. 6, the light species is taken as the reference species for concentration;
therefore, the solutal Rayleigh number is positive. The concentration and
temperature gradients are in opposite directions. Solutal and thermal buoyancy will
contribute to the flow in opposite directions.
In Fig. 7, the heavy species are considered for concentration; therefore, the
solutal Rayleigh number is negative. The concentration and temperature gradients
are in the same direction, contributing to the flow in opposite directions. Cases B
and D presented in Figs. 6 and 7 are identical because the thermal and solutal
buoyancy forces are opposite. The resulting force has vanished as the Rs and Ra
are equal in absolute values. The flow is stable, and the obtained thermal and
concentration isopleths are vertical parallel lines.
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Results obtained by the current model
Thermal contour (K)

Results obtained by Béghein et al
Fig. 6. case B, Ra = 104 and Rs = 104 (opposing buoyancies).

Results obtained by the current model
Thermal contour (K)

Results obtained by Béghein et al
Fig. 7. case D, Ra = 104 and Rs = -104 (opposing buoyancies).
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The obtained results have the same patterns and are in good agreement with
results obtained by Béghein et al. [23] for the thermal contours. Béghein et al. did
not plot the results of the concentration Isopleths, but they stated that they would
be the same as isothermal contours since the absolute values of Ra and Rs are
assumed equal. The obtained results are also in agreement with those cited in the
literature and detailed by Koufi et al. [24] for normal fluid thermosolutal
convection.

3.2. Simulation of thermosolutal convection in binary nanofluids.
In the second part of the simulation, a series of parametric sweeps will be conducted
to determine the influence of the Rs parameter in the convection heat transfer.
During the simulation, the values of the nanofluid parameters are calculated using
available data published by Yadav et al. [21] and by Sharma et al.[25].
The dimensionless parameters used in equations (10-14) for the simulation of
double-diffusive convection in Alumina/water nanofluid are kept constant, as
mentioned below in Table 1.
Table 1. Double diffusive Alumina-Water Nanofluid parameters.
Parameter
Value
Lewis Number Ls
2
Nanofluid Lewis number Le
5x103
Dufour parameter NTC
0.03
Soret parameter NCT
2
Modified Diffusivity ratio NA
5
Modified Particle density increment NB
7.5 x 10-4
Nanoparticles Rayleigh number
0.122
For a constant Rayleigh number Ra = 500, the solutal Rayleigh Rs' influence is
investigated by varying its values as 0, 200, and 500. Notice that the simulations
were carried out as mentioned in configuration A; the binary nanofluid is heated
and soluted from the left side of the cavity. To better emphasize the influence of Rs
on convection, the temperatures across a vertical cutline that passes through the
coordinate x = 0.5 are plotted and compared. Below the arc length represents the y
axis, Fig. 8. illustrates the case for Rs = 0.
Figures 9 and 10 show that at y=0, the dimensionless temperature goes down as
the Rs increases. Meanwhile, at y=1, it goes up in S shape mode. This indicates that
the convection occurs, and a clockwise roll is formed even at a low thermal
Rayleigh number.
The studied cases show that the solutal Rayleigh Rs positively contribute to the
convective heat transfer as the curve becomes wider and the fluid becomes more
unstable. Concentration and temperature gradients are in the same direction (from
left to right), which causes an augmenting flow and increase in the buoyancy forces.
The opposing case is also studied where the gradient temperature is from left to
right in contrast to the concentration gradient. The investigation is limited to the
last case of Ra = 500 and Rs = 500.
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Fig. 8. Temperature line graph
(Ra = 500; Rs = 0).

Fig. 9. Temperature line graph
(Ra = 500; Rs = 200).

Fig. 10. Temperature line graph
(Ra=500; Rs=500) (Augmenting case).

Fig. 11. Temperature line graph
(Ra=500; Rs=500) (Opposite case).

A noticeable remark is that the temperature cutline represented in Fig. 11. is not
a straight line T = 0.5. The temperature contour in Fig. 12 and concentration in Fig.
13 are not stratified, showing that there is still a slight motion in the clockwise
direction for an opposing flow at low Ra. This is because Lewis number Ls = 2,
i.e., the buoyancy forces are not totally opposite. There is a contribution of Rn,
which belongs to the change in concentration and nanoparticles fraction.
A plot of the dimensionless velocity contours in Fig. 14 shows that the flow
occurs at very low velocities near the cavity walls. Five rolls are formed, one at the
center of the cavity where the fluid becomes stagnant. The remaining roles are
formed next to each wall side. The velocity reaches a maximum value and decreases
when going outside the rolls towards the cavity walls to satisfy nonslip conditions
at the wall surfaces.
Figure 15 is a representation of the velocity arrows. It indicates that the fluid flow
in the convection motion is in the clockwise direction as it consolidates the results of
isopleths of temperature and concentration shown in Figs. 12 and 13, respectively.
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Fig. 12. Temperature isopleths
(Ra = 500; Rs = 500).

Fig. 13. Concentration isopleths
(Ra = 500; Rs = 500).

Fig. 14. Velocity contour
(Ra = 500; Rs = 500).

Fig. 15. Velocity direction arrows
(Ra = 500; Rs = 500).

The simulation of other parameters shows that their contribution is not
significant in augmenting heat transfer by convection. However, according to the
results of linear stability analysis, they still have a considerable role in the delay or
speed up of the onset of convection [25].

4. Conclusion
The finite element method (Comsol) is used to investigate the thermosolutal
convection in a square cavity filled with a binary nanofluid. A series of simulations
were conducted dealing with the problem of convection in the absence of
nanoparticles. Lewis number of the species in question equals unity; the thermal
buoyancy is kept constant while varying the solutal buoyancy forces.
The second series of simulations on binary nanofluid is performed by varying
the solutal Rayleigh number Rs. The main conclusions driven from these
simulations are:
• The solutal effect increases the buoyancy forces (augmenting flow) when:

a. The concentration and thermal gradients are in the same direction, and
Rs is positive (light species is considered).
b. The solutal gradient opposites thermal gradient and Rs is negative (heavier
species is considered).
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In other possible cases, the solutal effect will decrease the buoyancy (opposing
flow) and stabilize the flow.
• In opposing flow, the dominance of thermal buoyancy or solutal buoyancy
determines the direction of the flow. Thermal buoyancy promotes a clockwise
flow, while solutal buoyancy promotes anti-clockwise flow.
• In a soluted and heated cavity from left with βc>0 (lighter species is
considered), the convection occurs at a relatively low thermal Rayleigh
number compared to that in ordinary fluids.
• Convection in a binary nanofluid is more sensitive to the solutal Rayleigh
number Rs than other parameters.

Nomenclatures
C
Dimensionless concentration
Cp
Specific heat, J. kg-1. K-1
DB
Brownian diffusion coefficient, m2.s-1
DS
Solutal diffusion coefficient, m2.s-1
DT
Thermophoretic diffusion coefficient, m2.s-1
DCT
Diffusivity of Soret type, m2.s-1
DTC
Diffusivity of Dufour type, m2.s-1
G
Gravitational acceleration, m.s-2
L
Length of the cavity, m
Le
Thermal nanofluid Lewis number.
Ls
Solutal Lewis number.
NA
Modified diffusivity ration
NB
Modified particles density increment
NCT
Soret parameter
NTC
Dufour parameter
P
Dimensionless pressure
Pr
Prandtl number.
Ra
Thermal Rayleigh number.
Rm
Density Rayleigh number
Rn
Nanoparticles Rayleigh number
Rs
Solutal Rayleigh number.
T
dimensionless temperature
T
Dimensionless time
V
Dimensionless velocity
x,y
Coordinate horizontal and vertical directions
Greek symbols


t
c
φ
υ
µ
ρ
λ
Subscripts

Thermal diffusivity, m2. s-1
Thermal expansion coefficient, K-1
Solute volumetric coefficient,
Nanoparticles volume fraction
Kinematic viscosity m2.s2
Dynamic viscosity, kg. m-1.s-1
Density kg.m-3
Thermal conductivity, W.m-1.K-1
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P
F
Nf

Nanoparticle
Base-fluid
Nanofluid
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