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Experiments and numerical simulation of natural convection heat transfer with nanosuspensions are

presented in this work. The investigations are carried out for three different types of nanosuspen-

sions: namely, spherical-based (alumina/water), tubular-based (multi-walled carbon nanotube/water),

and flake-based (graphene/water). A comparison with in-house experiments is made for all the

three nanosuspensions at different volume fractions and for the Rayleigh numbers in the range of

7 × 105–1 × 107. Different models such as single component homogeneous, single component non-

homogeneous, and multicomponent non-homogeneous are used in the present study. From the present

numerical investigation, it is observed that for lower volume fractions (∼0.1%) of nanosuspensions

considered, single component models are in close agreement with the experimental results. Single

component models which are based on the effective properties of the nanosuspensions alone can predict

heat transfer characteristics very well within the experimental uncertainty. Whereas for higher volume

fractions (∼0.5%), the multi-component model predicts closer results to the experimental observation

as it incorporates drag-based slip force which becomes prominent. The enhancement observed at

lower volume fractions for non-spherical particles is attributed to the percolation chain formation,

which perturbs the boundary layer and thereby increases the local Nusselt number values. Published

by AIP Publishing. https://doi.org/10.1063/1.4996824

I. INTRODUCTION

In recent times, convective heat transfer in nanosuspen-

sions has become a very active field of research. Anomalously

high thermal conductivity, less pressure drop, and stability in

suspension are some of the interesting properties of nanosus-

pensions (nanofluids) over conventional slurries.1–5 The surge

in the power density of electronic equipment due to miniatur-

ization cannot suffice the need by conventional coolants alone.

In addition to increase in thermal conductivity, researchers

had also observed high heat transfer coefficient in the forced

convection studies. However, experimental studies on nat-

ural convection using nanofluids are relatively scarce.6–13

It is seen from the available literature6,7,9,11–13 that addition

of the nanoparticles in a basefluid deteriorates the heat trans-

fer. Also, there have been great discrepancies in the numerical

results when compared with the experiments in natural con-

vection studies with nanofluids. Mohamad14 examined the

effect of nanofluid on heat transfer during forced and nat-

ural convection using the theories of classical physics and

fluid mechanics. Mohamad14 pointed out that it is not always

true that nanofluid will enhance the heat transfer. Khanafer

et al.15 were the first to study buoyancy induced convective

heat transfer for nanofluids numerically. They used a homoge-

neous model for predicting the heat transfer characteristic of

the Cu/water nanofluids in the vertical square enclosure. They

found that the Nusselt number (ratio of total heat transfer to

convective heat transfer) increases by increasing the Grashof

a)Author to whom correspondence should be addressed: pallab@iitm.ac.in

number (ratio of buoyancy force to viscous force). Also this

increase in heat transfer was greater for higher volume frac-

tions (φ). Kim et al.16 studied the convective instability driven

by the buoyant force and heat transfer in nanofluids. They

reported that convection in nanofluids was easily set up and

the heat transfer coefficient enhances by all parameters con-

sidered during the investigation. Ho et al.17 investigated the

effect of using different models for effective thermal con-

ductivity and dynamic viscosity in natural convection heat

transfer. They concluded that using two different models

in their numerical investigation lead to contradictory results

while calculating convective heat transfer. Santra et al.18

studied buoyancy induced heat transfer using Cu/water

nanofluids with a varying volume fraction of 0 ≤ φ ≤ 5.0%

and a Rayleigh number of 104
≤ Ra ≤ 107. They assumed

nanofluids as non-Newtonian and used the Ostwald-de Waele

model for calculating shear stress. They observed consider-

able deterioration in the heat transfer with an increase in the

volume fraction of nanoparticles.

Hwang et al.19 investigated buoyancy induced convective

heat transfer in a rectangular cavity heated from below with

Al2O3/water nanosuspension. They studied the effect of vari-

ance of volume fraction, particle diameter, and average tem-

perature difference on the natural convection instability and

heat transfer characteristics of nanofluids. They reported that

the instability of Al2O3/water nanofluid with increase in vol-

ume fraction, decrease in particle size, and increase in average

temperature becomes less than the corresponding basefluid.

Deterioration in heat transfer coefficient was observed with the

increase in size of nanoparticles and decrease in the average
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temperature. Tzou20 studied the thermal instabilities in nat-

ural convection by performing the non-dimensional analysis.

He obtained the close form of an equation from the method of

eigenfunction expansion and weighted residual. He concluded

that the critical Rayleigh number for nanofluids was one or

two orders of magnitude lower than the basefluid owing to the

Brownian and thermophoresis effects. Celli21 investigated side

heated 2D square cavity filled with nanofluids. For studying

the behavior of nanofluids, a non-homogeneous model was

taken into account. Numerical solution to the problem was

obtained by means of a Galerkin finite element method. The

thermophysical properties of the nanofluids were taken to be a

function of the average volume fraction of nanoparticles dis-

persed inside the cavity. The average Nusselt number at the

vertical walls was found to be sensitive for both the average

volume fractions of the nanoparticles and also to the manner

by which thermophysical properties were defined. They con-

cluded that at optimal loading of nanoparticles the heat transfer

performance shows peak which further increases with the mag-

nification of their chosen controlling parameters. Avramenko

et al.22 studied the transport of heat, momentum, and concen-

tration in a boundary layer of a nanofluid near a flat wall using

Buongiorno’s model. They concluded that with increases in

the concentration of a nanofluid heat and momentum transfer

intensifies. Also, they observed that neglecting local distribu-

tion of nanoparticle concentration had no effect on prediction

of flow parameters. Choi et al.23 investigated the effect of

CuO/water nanofluids in laminar natural convection with both

homogeneous and non-homogeneous models. They showed

that both models predict the deterioration in the Nusselt num-

ber with volume fractions. They attributed the contradicting

results between the experimental and numerical studies to the

manner in which the Nusselt number was defined. Savithiri

et al.24 performed a numerical study by lattice Boltzmann

study using a single component non-homogeneous model

(SCNHM) for Al2O3/water nanofluid. They considered Brow-

nian and thermophoresis as the important slip mechanisms and

found that the heat transfer decreases with increase in volume

fraction. They obtained a close agreement with the experimen-

tal values at higher volume fractions and proposed that the slip

mechanism such as drag should also be considered for predict-

ing the Nusselt number. They also concluded that inclusion of

Brownian and thermophoretic diffusion results in increasing

thermal diffusion which reduces the convective transport of

heat.

Qi et al.25 developed a two-phase Lattice Boltzmann

model for natural convection in nanofluids for Ra = 103 and

Ra = 105. They considered all the interactive forces (gravity

and buoyancy force, drag force, interaction potential force,

and Brownian force) existing between the nanoparticles and

the basefluid. The effects of different nanoparticle volume

fractions and Rayleigh numbers which are products of the

Grashof and Prandtl numbers (the Prandtl number is a ratio of

momentum diffusivity to thermal diffusivity) on natural con-

vection heat transfer of prepared from Al2O3 nanoparticles

were investigated. They have seen that the average Nusselt

number of the enclosure increases with increasing volume

fraction of the nanoparticles and this rate is even higher at

high Ra. They also found that Brownian, interaction potential,

and gravity-buoyancy force had incremental effects on natural

convective heat transfer, while drag force had a decremental

effect. Besides, the effects of various forces on nanoparticle

volume fraction distribution in the square enclosure were also

studied. They reported that the driving force because of the

temperature difference has the highest effect on the volume

fraction distribution of nanoparticles. Savithiri et al.26 stud-

ied the multi-component non-homogeneous model (MCNHM)

using lattice Boltzmann simulation. They performed the scal-

ing analysis to confirm the dominance of various forces in

capturing the flow physics and heat transfer in natural convec-

tion. The effect of all slip forces was studied individually and it

was concluded that drag is the most important slip mechanism

for accurately predicting the heat transfer at higher volume

fractions.

Most of the experimental studies pertaining to buoyancy

induced convective heat transfer are performed using spherical

type of nanoparticles and all of them have reported deteri-

oration in the Nusselt number. To the best of the author’s

knowledge, this is the first effort in which experiments and

numerical modeling have been performed for non-spherical

nanoparticles such as MWCNT (Multi-Walled Carbon Nan-

otube) (tubular shape) and graphene (flake shape) and com-

pared it with the spherical nanoparticles (Al2O3). In order

to study the heat transfer characteristics and to investigate

the role of slip mechanisms in natural convection, a thor-

ough numerical study is conducted. A numerical investi-

gation is done at various Rayleigh numbers and volume

fractions using three models, namely, SCHM (Single Com-

ponent Homogeneous Model), SCNHM (Single Component

Non-Homogeneous Model), and MCNHM (Multi-Component

Non-Homogeneous Model). SCHM and SCNHM are mod-

eled using the OpenFOAM (Open source Field Operation And

Manipulation) code, while for implementation of MCNHM,

Ansys-Fluent is used as a computational fluid dynamics (CFD)

tool. Comparison of the numerical and experimental results is

done for above mentioned nanofluids. Finally, drawbacks and

applicability of each of the model are explained based on the

comparison.

II. EXPERIMENTAL METHODOLOGY

A. Nanofluids preparation

A two-step method is used for preparing the Al2O3/water

and MWCNT/water nanofluids. Al2O3 nanoparticles

(Nanoshel, high purity 99.5%, 80 nm) of density of 3950 kg/m3

are mixed in required quantity with distilled water to prepare

Al2O3/water nanofluids. Similarly, MWCNT nanoparticles

(Nanoshel, OD 10–20 nm, length 3–8 µm) with density of

2000 kg/m3 are used for preparing the MWCNT/water

nanofluids. A probe sonicator (QSonica) is used to sonicate

the mixtures for 15 min. A small quantity of SDS (Sodium

Dodecyl Sulphate) is added with the nanofluids to increase the

stability of the suspension. Prepared nanofluids were stable

for about two days. A single-step process is used to prepare

the graphene/water nanofluids. First, Hummer’s method is

used to prepare the graphene-oxide suspension and then the

sulphonation method is carried out to extract graphene from
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graphene-oxide. More details about the nanofluid preparation

can be found in Ref. 13.

B. Experimental results and discussion

The present section shows the experimental results of the

natural convection in a differentially heated cavity filled with

three types of nanosuspensions at different volume fractions.

Nusselt numbers plotted in all the figures are averaged Nusselt

numbers. Some of the important results from the experimental

investigation are plotted in Fig. 1. The values of the normal-

ized Nusselt number which is the ratio of non-dimensional

temperature gradient of nanofluid to non-dimensional

temperature gradient of basefluid (Nunorm = Nunf /Nubf )

for all three nanofluids at volume fractions of 0.1% and

0.5% are shown in Fig. 1, respectively. Here, subscripts

“bf ” and “nf ” indicate properties related to basefluid and

nanofluid, respectively. It can be seen from Fig. 1 that alu-

mina/water nanosuspensions show deterioration in heat trans-

fer at all the volume fractions and it further deteriorates with

increase in volume fraction. For a Rayleigh number (Ra) of

1 × 106, with MWCNT/water nanofluid, an enhancement of

about 35%–20% is observed at the volume fraction of 0.1%

and 0.3%, respectively. However, further increasing the vol-

ume fraction to 0.5% has shown deterioration. Similar to

MWCNT/water nanosuspensions, graphene/water nanosus-

pensions show enhancement at a volume fraction of 0.1%

which is about 20%. But for the volume fractions of 0.3%

and above, graphene/water nanosuspension shows reduction

in the Nusselt number (Nu). At a volume fraction of 0.5%

and a Rayleigh number of 1 × 106 as seen in Fig. 1, dete-

rioration of about 6%, 4%, and 15% is observed for alu-

mina/water, MWCNT/water, and graphene/water nanosuspen-

sions, respectively. The detailed description of the experimen-

tal setup, methodology, and results is given in the work of Joshi

and Pattamatta.13

Therefore, it can be inferred from the experimental results

that there is enhancement in heat transfer for non-spherical

FIG. 1. Variation of the normalized Nusselt number with the Rayleigh number

at 0.1% and 0.5% of volume fractions.

particles at lower volume fractions, while deterioration in the

Nusselt number is observed at higher volume fractions for

all types of nanosuspensions. The underlying physics for the

enhancement or deterioration observed experimentally can-

not be simply attributed to relative changes in the thermo-

physical properties alone. It seems that slip mechanisms play

a vital role, and to capture the exact effect of slip mecha-

nisms, a numerical study is conducted. Numerical investiga-

tion is performed using three different models, namely, SCHM,

SCNHM, and MCNHM with different volume fractions and

Rayleigh numbers.

C. Models for thermophysical properties

Thermophysical properties of nanofluids such as effective

viscosity [µ (Pa s)] and thermal conductivity [k (W/mK)] are

measured in-house. Thermal conductivity is measured with

the KD2 pro Decagon thermal analyzer based on the princi-

ple of the transient hot wire method. The uncertainty in the

measurement of thermal conductivity is about 1.2%. Ther-

mal conductivity of MWCNT (Multi-Walled Carbon Nan-

otube)/water and graphene/water nanofluids is measured for

the given temperature and volume fractions. Figure 2(a)

shows the trend line of effective thermal conductivity of

nanofluids with varying volume fractions. Dynamic viscos-

ity of the nanofluids is measured with an automated micro-

viscometer (Anton Paar GmbH, Austria) using the rolling

ball method and the uncertainty in the measurement is about

1.0%. Similarly, the dynamic viscosity of MWCNT/water

nanofluid and graphene/water is measured for the given tem-

perature and volume fractions. It is observed from Fig. 2(b)

that the dynamic viscosity of MWCNT/water is the high-

est while it is lowest for alumina/water nanofluid. All the

thermophysical properties mentioned in Fig. 1 are averaged

properties.

The quadratic equation obtained from curve fitting the

data for thermal conductivity and viscosity from the experi-

mental measurement for the considered nanofluids is stated in

the following equations:

1. Alumina/water nanofluid:

knf = kbf (1 + 2.136φ + 45.021φ2), (1)

µnf = µbf (1 + 4.363φ + 308.81φ2). (2)

2. MWCNT/water nanofluid:

knf = kbf (1 + 43.43φ − 1702φ2), (3)

µnf = µbf (1 + 113.4φ + 7735φ2). (4)

3. Graphene/water nanofluid:

knf = kbf (1 + 48.45φ + 3896.2φ2), (5)

µnf = µbf (1 + 31.44φ + 10992.4φ2). (6)

In order to investigate the rheological properties for each

of the prepared nanosuspensions, a test using the rotational

type rheometer is performed at three different volume frac-

tions (φ = 0.1%, 0.3%, and 0.5%). It can be clearly seen

from Fig. 2(c) that at a given range of volume fraction

and shear rate, alumina/water and MWCNT/water nanoflu-

ids impart Newtonian behavior as viscosity is constant for
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FIG. 2. Variation of (a) effective thermal conductivity, (b) effective dynamic viscosity, (c) dependence of dynamic viscosity to shear rate, and (d) effective

density of nanofluids at different volume fractions.

the given range of shear rate. Whereas, graphene/water

nanofluid starts showing slight shear thinning from a volume

fraction of 0.3% and therefore maximum volume fractions

is restricted to 0.5% for both experimental and numerical

analyses.

Other thermo-physical properties such as specific heat

[cp (J/kgK)] formulated by Ref. 27 and the density [ρ (kg/m3)]

and volumetric thermal expansion coefficient [β (1/K)] cal-

culated based on the Maxwellian equation are, respectively,

given by

ρnf cp,nf = φ · ρnp · cp,np + (1 − φ) · ρbf · cp,bf , (7)

ρnf = φ · ρnp + (1 − φ) · ρbf , (8)

βnf = φ · βnp + (1 − φ) · βbf , (9)

where subscript “np” indicates properties related to nanopar-

ticles. The specific heat, density, and volumetric thermal

expansion of the alumina, MWCNT, and graphene nanopar-

ticles are obtained from the literature28–31 and are shown in

Table I. The values of effective density for the nanofluids are

compared in Fig. 2(d).
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TABLE I. Thermophysical properties of nanofluid.

Types of Specific heat Density Volumetric thermal

nanoparticles capacity (J/kg K) (kg/m3) expansion coefficient (1/K)

Alumina 765 3950 8.5 × 10☞4

MWCNT 710 2000 2.1 × 10☞5

Graphene 710 1100 ☞5.0 × 10☞6

III. PROBLEM DEFINITION AND NUMERICAL
METHODOLOGY

The computational domain used in the present study is

shown in Fig. 3. The left-side wall is maintained at a higher

temperature and the right-side wall is maintained at a lower

temperature. The top and bottom walls are maintained at

the adiabatic boundary condition. Numerical studies are per-

formed using three different models: SCHM, SCNHM, and

MCNHM.

A. Single component homogeneous model (SCHM)

Single component homogeneous models consider base-

fluid (de-ionized water) and nanoparticles as an effective

matrix and thus effective properties are directly plugged into

the governing equations. The concentration of nanoparticles

is uniform throughout the domain and also remains constant

with time.

The governing equations for the specified natural con-

vection problem are as follows: Continuity equation for the

nanofluid:

▽·u = 0. (10)

Momentum equation for the nanofluid:

ρnf

(

∂u

∂t
+ u ·▽u

)

= −▽p + ▽·
(

µnf

[

▽u + ▽ut
] )

+ ρnf gβnf △T ,

(11)

where ▽ut is the transpose of ▽u and the energy equation for

nanofluids is
(

∂T

∂t
+ u ·▽T

)

= αnf ▽
2 T , (12)

FIG. 3. Schematic of computational domain.

where

αnf =
knf

(ρcp)nf

, Nuloc = −
∂θ

∂y
, θ =

T − Tc

Th − Tc

,

where subscripts “c” and “h” indicate properties pertaining to

cold and hot wall, respectively. The average Nusselt number

is given by

Nuavg =
1

H

∫ H

0

Nulocdx, (13)

where “H” is the characteristic dimension in meters and “T”

is the temperature in Kelvin. The boundary condition for the

specified problem in the mathematical form is represented as

follows:

u = v = T = 0 for t = 0, (14)

u = v =
∂T

∂y
= 0 at y = 0, H and 0 ≤ x ≤ L, (15)

T = Th, u = v = 0 at x = 0, 0 ≤ y ≤ H, (16)

T = Tc, u = v = 0 at x = L, 0 ≤ y ≤ H. (17)

The following assumptions are made while solving the gov-

erning equations:

• The fluid is incompressible, Newtonian, and laminar.

• The Boussinesq approximation is valid.

• Basefluid molecule and nanoparticles are in thermal

equilibrium and there is no slip between them.

The effective properties such as specific heat, density, and

thermal expansion coefficient are calculated from Eqs. (7)–(9)

at a given temperature and volume fraction. The quadratic

equation for the thermal conductivity and the viscosity for

specific nanofluids given in Eqs. (1)–(6) are incorporated into

the present model.

The governing equations with the specified boundary

conditions are solved using the finite volume method. Open-

FOAM, an open source computational fluid dynamics tool,

is used for simulating this model.32 The PIMPLE algo-

rithm, which is a blend of PISO (Pressure Implicit with Split

Operator) and SIMPLE (Semi-Implicit Method for Pressure

Linked Equation) algorithms, is used for solving the governing

equations.

B. Single component non-homogeneous
model (SCNHM)

The assumptions made while solving the governing equa-

tions for the single component non-homogeneous model are

same as that of the homogeneous model with an exception

that the Brownian and thermophoresis are considered as the

prominent slip mechanisms.

The governing equations for SCNHM are referred from

Buongiorno’s33 model. In this model along with the momen-

tum equation for the nanosuspensions, a separate diffusion

equation for the nanoparticles is also solved. The energy equa-

tion is modified by including Brownian and thermophoretic

diffusion terms. The conservation equation for continuity and

momentum is identical to that of SCHM, while the diffu-

sion and modified energy equation for the nanosuspensions

are given as follows:



122001-6 Joshi, Mahapatra, and Pattamatta Phys. Fluids 29, 122001 (2017)

The advective diffusion equation for the nanoparticles is

∂φ

∂t
+ u ·▽φ = ▽ ·

(

DB ▽ φ + DT

▽T

T

)

, (18)

where DB and DT are Brownian and thermophoretic diffusion

terms and are given by

DB =
KBT

3πµnf dp

, (19)

DT = 0.26
kbf

2kbf + kp

µnf

ρnf

φ, (20)

and the energy equation for nanofluids is

(ρCp)nf

(

∂T

∂t
+ u ·▽T

)

= ▽ ·(k ▽ T )

+ ρpCpp

(

DB ▽ φ ·▽T + DT

▽T ·▽T

T

)

.

(21)

For specifying the volume fraction at the wall, the zero flux

boundary condition is imposed at the wall given by
(

[

−ρpDB ▽ φ − ρpDT

▽T

T

]

·~n

)

w

= 0. (22)

The fluxes due to Brownian and thermophoretic coefficient

diffusion are determined by the following equation:

jlocB
= −

ρnf Cpp

knf

(

DB

∂φ

∂y

)

, (23)

jlocT
= −

ρnf Cpp

knf

(

DT

∂φ

∂y

)

. (24)

The average fluxes are calculated as

javgB
=

1

H

∫ H

0

jlocB
dx, (25)

javgT
=

1

H

∫ H

0

jlocT
dx. (26)

Thus the local non-dimensional temperature gradient is repre-

sented as

Nuloc = −
∂θ

∂y
−

(

jlocB
+ jlocT

)

. (27)

In SCNHM, the flow physics is affected by the Brownian

and thermophoretic diffusion and it changes the flow field

thereby changing the heat transfer characteristics. This

model is also implemented in OpenFOAM by modifying

the volume fraction boundary condition as stated above.

In the case of SCNHM, all the effective properties are calcu-

lated based on the given volume fraction and they alter as the

solution progresses depending on the concentration gradient

and thus cause non-uniformity.

C. Multi-component non-homogeneous
model (MCNHM)

In this model, all the slip mechanisms are taken into con-

sideration and are based on the Lagrangian approach. The slip

forces taken into consideration are Brownian, thermophore-

sis, drag, lift, rotational, magnus, and gravity. MCNHM is

modeled using the finite volume method, and Ansys-Fluent

is used as the computational tool. In the Ansys-Fluent, DPM

(Discrete Phase Model)34 which is based on the Lagrangian

method is adapted for the present simulations. Particle trajec-

tory is predicted by integrating all the forces and equating it

with the particle inertia. The equation for motion of the particle

is written as

dup

dx
= FD(u − up) +

gx(ρp − ρ)

ρp

+
∑

Fx, (28)

where “u” is the velocity of the fluid phase and “up” is the

velocity of the particle. The other forces in force balance “Fx”

are as follows:
∑

Fx = FB + FT + FM + FL + FR. (29)

Equation for the basefluid by including the source term is

given by

ρnf

(

∂u

∂t
+ u ·▽u

)

= − ▽ p + ▽ ·
(

µnf

[

▽u + ▽ut
] )

+ ρnf gβnf △ T − Snp, (30)

where “Snp” is the source term which incorporates the effects

due to the presence of all slip mechanisms. FB is the Brownian

force generated by the random motion of the nanoparticles

within the basefluid. FT is the thermophoretic force gener-

ated on the suspended nanoparticles due to the temperature

gradient. FM is the force caused due to the Magnus effect.

FL is the lift force generated on free rotating particle in a

shear flow. FR is a force experienced by the particle due to

rotational motion about the fixed axis. A detailed explana-

tion for each of the slip force is mentioned in the literature.26

For the present study, particles are injected from the interior

surface of the cavity uniformly. The number of particles to

be injected is calculated based on the volume fraction of the

nanoparticles and the diameter of the nanoparticles consid-

ered in the present study. The number of particles is adjusted

from the number of parcels in the transient solver. The drag

force is modeled for alumina nanoparticles using the Stokes-

Cunningham drag law,34 while for MWCNT and graphene

nanoparticles, a non-spherical drag law is used by specify-

ing sphericity considering the shape effects. Thermal prop-

erties mentioned in Table I are incorporated in the model.

TABLE II. Inputs to the solver for MCNHM.

Nanofluid Diameter Shape Volume Number of

Nanofluid (nm) factor fraction (%) particles

Alumina 80 1

0.1 3.18× 108

0.3 9.55× 108

0.5 1.59× 109

0.75 2.39× 109

1.0 3.18× 109

2.0 6.37× 109

MWCNT 114 5

0.1 1.56× 108

0.3 4.67× 108

0.5 7.78× 108

Graphene 80 5

0.1 3.15× 108

0.3 9.44× 108

0.5 1.57× 109
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The maximum number of time steps is specified as 100000.

The PISO algorithm is used to solve the MCNHM cases.

For checking the convergence, variation in the values of the

Nusselt number, isotherms, and streamlines is continuously

monitored. Nusselt number values at the wall are calculated

by defining a user defined function. The method of solving the

equation in DPM is specified by Bianco et al.35 In Table II,

the input parameters for the MCNHM model, such as diame-

ter, shape factor, volume fraction, and number of particles, are

mentioned.

IV. GRID INDEPENDENCE AND SOLVER VALIDATION

For numerical analysis, initially grid independence study

is performed. The grid size is varied from 200 × 200 to

600 × 600 with a step size of 50 in both x and y directions. It

is seen from the grid independence study that for a grid size of

550 × 550, the deviation in the Nusselt number is found to be

less than 1%. The variation of the heat flux at the left wall and

the velocity at the mid-section of the cavity with different grid

sizes are shown in Figs. 4(a) and 4(b), respectively. Therefore

FIG. 4. (a) Heat flux calculated at the left wall. (b) Velocity at the mid-section of the cavity for various grid sizes. (c) Variation of the Nusselt number with the

Rayleigh number for basefluid.
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for computational efficiency, a 550 × 550 grid is used for all

the studies.

To validate the numerical solvers, that is, OpenFOAM

and Ansys-Fluent, simulations are conducted for basefluid

(de-ionized water) for different Rayleigh numbers ranging

from 7 × 105 to 1 × 107 and are compared with present exper-

imental data [see Fig. 4(c)]. It can be observed from Fig. 4(c)

that the simulated results from both solvers are found to be

FIG. 5. Comparison of experimental and numerical results of alumina/water nanofluid at (a) 0.1%, (b) 0.3%, (c) 0.5%, (d) 0.75%, (e) 1.0%, and (f) 2.0% of

volume fraction.
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in good agreement with the present experimental values of the

Nusselt number for the basefluid. Further numerical studies are

done for alumina/water with varying volume fractions of 0.1%,

0.3%, 0.5%, 0.75%, 1.0%, and 2.0%. For MWCNT/water and

graphene/water nanofluids, the studies are carried out with

volume fractions of 0.1%, 0.3%, and 0.5%.

V. RESULTS AND DISCUSSION

A. Comparison of models for particle based
nanosuspension (alumina/water)

For alumina/water nanofluid, experiments are carried out

for 0.1%, 0.3%, 0.5%, 0.75%, 1.0%, and 2.0% of volume

fractions. At lower volume fractions, the Nusselt number val-

ues are slightly above the corresponding basefluid values as

seen in Fig. 5(a), but this enhancement is within the experi-

mental uncertainty. At higher volume fractions of about 1.0%

[Fig. 5(e)] and 2.0% [Fig. 5(f)], significant deterioration up

to 40% is observed in the heat transfer. This signifies that

addition of alumina nanoparticles to the basefluid deterio-

rates heat transfer at all volume fractions. To understand the

flow physics and heat transfer characteristics, different mod-

els are used to mimic the experiments and then the results are

compared.

Figure 5 shows the variation of two quantities; first the

variation of a Nusselt number at the top which is quantified

on the secondary y-axis and second the variation of a normal-

ized Nusselt number at the bottom which is quantified on the

primary y-axis with respect to the Rayleigh number. At a vol-

ume fraction of 0.1%, both SCHM and SCNHM are in close

agreement with experimental results for all ranges of Rayleigh

numbers as shown in Fig. 5(a). Figure 5(a) also shows that both

SCHM and SCNHM predict almost same values of the Nusselt

number and there is only slight variation between these mod-

els for higher Rayleigh numbers. A same trend is observed for

a volume fraction of 0.3% as seen in Fig. 5(b). However, as

the volume fraction increases over 0.5%, that is, for 0.75%,

1.0%, and 2.0% shown in Figs. 5(d)–5(f), respectively, SCHM

and SCNHM start deviating from the experimental observa-

tions. Thus, consideration of merely effective properties in

SCHM and inclusion of Brownian and thermophoresis forces

in SCNHM are not sufficient enough to predict the deteriora-

tion at higher volume fractions. Therefore the numerical study

using MCNHM which incorporates all the slip forces seems

to be important.

It can seen from Fig. 5(c) that the SCHM and SCNHM

start over-predicting experimental values and MCNHM which

includes all the slip forces mentioned earlier is found to be

the closest among all the models considered. As the volume

fraction increases, the importance of drag-based slip forces

increases. In MCNHM, all mechanisms such as Brownian,

thermophoresis, drag forces, rotational, magnus, and lift are

taken into consideration. For a Rayleigh number of 1× 107 and

a volume fraction of 2.0%, the difference in the Nusselt num-

ber when compared with experiments is about 45% and 40%

for SCHM and SCNHM, respectively. However for MCNHM,

the deviation difference is only about 15% when compared

to experimental values which can be clearly seen in Fig. 5(f).

Figure 5(f) also shows the variation of the Nusselt number

considering the drag force and neglecting all other forces. It

is clearly seen that removing other slip forces does not show

any effect on the Nusselt number values and therefore we can

conclude that drag-based slip force becomes the most predom-

inant force at higher volume fractions for the spherical type of

nanosuspensions.

B. Comparison of isotherms and streamlines
of different models for alumina/water nanofluid

As different numerical models are considered in the

present study which accounts for different slip mechanisms,

both the flow field and temperatures patterns would vary

accordingly. In this section, changes in the isotherms and

streamlines inside the cavity with different models are dis-

cussed for alumina/water nanofluid at a volume fraction of

2.0% and a Rayleigh number of 8.2 × 106. All the results are

compared with the basefluid at the same Rayleigh number.

A similar study can be extended to other types of nanosuspen-

sions such as MWCNT/water and graphene/water.

Figures 6(a), 6(c), and 6(e) represent the comparison

of isotherms for different models with respect to the base-

fluid. It can be seen from Figs. 6(a) and 6(c) that there is a

minor shift in the isotherms which indicates a slight change in

FIG. 6. Comparison of (a) isotherm (solid line—basefluid and dotted line—

SCHM), (b) streamlines for SCHM, (c) isotherm (solid line—basefluid and

dotted line—SCNHM), (d) streamlines for SCNHM, (e) isotherm (solid line—

basefluid and dotted line—MCNHM), (f) streamlines for MCNHM.
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temperature gradient for SCHM and SCNHM when compared

with the basefluid. Isotherms for MCNHM when compared to

the other two models and the basefluid show more shift as

is seen in Fig. 6(e) which means the heat transport is least

in this case which in turn gives a lower value of the Nusselt

number.

Streamlines indicate the flow direction of the fluid inside

a cavity. Streamlines are circulated vortices, the direction

of which is represented by an arrow in the present case.

Streamlines for three models, namely, SCHM, SCNHM, and

MCNHM, are plotted in Figs. 6(b), 6(d), and 6(f), respectively.

It can be inferred from Figs. 6(b) and 6(d) that streamlines

from SCHM and SCNHM models are almost similar to the

basefluid. Whereas as shown in Fig. 6(f), for MCNHM it is

observed that due the inclusion of the slip forces, there is

more resistance to flow and the advective motion of nanofluids

reduces compared with that of basefluid.

C. Comparison of models for tubular based
nanosuspension (MWCNT/water)

For tubular based nanosuspension (MWCNT/water),

experiments are performed at 0.1%, 0.3%, and 0.5% of volume

fractions. As stated in the experimental study, the enhancement

in the Nusselt number is observed for lower volume fractions

of 0.1% and 0.3% for MWCNT/water nanosuspension, while

for the volume fraction of 0.5%, deterioration is seen. In order

to study the effect of all the slip forces and the possible mecha-

nisms for enhancement, numerical investigation is carried out

in the present study. It should be noted that despite the different

nanoparticle size and nanoparticle effective thermal conductiv-

ity, the streamlines and isotherm patterns of MWCNT/water

nanofluids are similar to that of the alumina/water nanofluids

shown in Fig. 6.

Figure 7 shows the variation in the Nusselt number and

the normalized Nusselt number for different Rayleigh num-

bers. It is seen in Figs. 7(a) and 7(b) that SCHM and SCNHM

are closer to the experimental results at volume fractions of

0.1% and 0.3% but cannot capture the enhancement observed

quantitatively. While MCNHM shows deterioration at all vol-

ume fractions considered in the present study, this can be

attributed to the inclusion of the drag force which opposes the

flow and causes deterioration. The difference in the Nusselt

number for a volume fraction of 0.1% using SCHM, SCNHM,

and MCNHM as compared with experiments is about 12%,

12%, and 20%, respectively. At a higher volume fraction of

0.5% as seen from Fig. 7(c), SCHM and SCNHM overpre-

dict the experimental values, while MCNHM comes closer

to the experiments. This is because at higher volume frac-

tions, drag becomes an important slip mechanism and thus

modeling drag accurately predicts the Nusselt number val-

ues. For tubular-based nanosuspensions, SCHM and SCNHM

models are closer to the experimental values at lower vol-

ume fractions but cannot predict the enhancement quanti-

tatively, while for higher volume fractions, MCNHM is in

good agreement with the experiments due to inclusions of the

drag force.

FIG. 7. Comparison of experimental

and numerical results of MWCNT/

water nanofluid at (a) 0.1%, (b) 0.3%,

and (c) 0.5% of volume fraction.
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D. Comparison of models for flake based
nanosuspension (graphene/water)

Experiments with graphene/water nanofluid are done with

0.1%, 0.3%, and 0.5% volume fractions. The normalized

Nusselt number plots for graphene/water nanofluids are shown

in Fig. 8. Experimentally, enhancement of about 20% is

observed compared to the basefluid at a volume fraction of

0.1%, while there is deterioration in heat transfer at 0.3%

and 0.5% volume fractions. A deterioration of about 40% is

observed at 0.5% of the volume fraction and a Rayleigh number

of 1× 107. It should be noted that despite the different nanopar-

ticle size and nanoparticle effective thermal conductivity, the

streamlines and isotherm patterns of graphene/water nanoflu-

ids are identical to that of the alumina/water nanofluids shown

in Fig. 6. Numerical results using all three models are inves-

tigated for the flake shape-based nanofluid and are presented

below.

Variation of the Nusselt number with different Rayleigh

numbers for graphene/water nanofluid is plotted in Fig. 8.

At 0.1% of volume fraction, SCHM and SCNHM are able

to predict the Nusselt number values qualitatively as seen

in Fig. 8(a). At higher volume fractions of 0.3% and 0.5%

as seen in Figs. 8(b) and 8(c), respectively, SCHM and

SCNHM are quite off from the experimental observations,

whereas MCNHM becomes closer to the experimental val-

ues. A similar argument stated for MWCNT/water nanofluid

can be extended to explain this behavior, that is, as the

volume fractions keep on increasing, the drag becomes

dominant and buoyancy decreases thereby decreasing the heat

transfer which can be modeled by MCNHM only. The per-

centage variation in Nusselt numbers at a volume fraction of

0.5% for a Rayleigh number of 1 × 107 as seen in Fig. 8(c)

is 30%, 25%, and 15% for SCHM, SCNHM, and MCNHM,

respectively.

E. Possible mechanism for enhancement at
lower volume fraction of non-spherical type
nanosuspensions

It can be concluded from the comparison of experimental

and numerical results that at lower volume fractions for these

types of nanofluids, SCHM and SCNHM predict the Nusselt

number values fairly well. While at higher volume fractions, as

drag becomes important, slip mechanism MCNHM becomes

closer to experimental results. The percentage deviation of the

normalized Nusselt number with respect to basefluid values is

plotted in Fig. 9. It is seen for Fig. 9 that SCHM and SCNHM

always predict enhancement with respect to basefluid no matter

which volume fraction or the type of nanofluid we are consid-

ering. Therefore, it is the inherent nature of these two models

to show enhancement irrespective of the type of nanofluids.

Also, it is seen that MCNHM always show deterioration for

all types of nanofluids. This is because it considers all possible

slip mechanisms that are present between particles and base-

fluid molecules. Thus it can be concluded that there is not a

FIG. 8. Comparison of experimental

and numerical results of graphene/water

nanofluid at (a) 0.1%, (b) 0.3%, and (c)

0.5% of volume fraction.
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FIG. 9. Percentage deviation in the

Nusselt number with different models

for (a) alumina/water, (b) MWCNT/

water, (c) graphene/water nanofluids at

a Rayleigh number of about 1 × 106.

single model that will predict heat transfer and flow physics for

all sets of Rayleigh numbers and volume fractions considered

in the present study. Therefore, enhancement seen at lower

volume fractions of non-spherical particle-based nanosuspen-

sions cannot be explained quantitatively by any of the three

describe models.

Carbon nanotubes having a larger aspect ratio form the

percolation chain network as explained in the literature.14,36

This percolation network when influenced by the temperature

gradient perturbs the boundary layer near the wall and thereby

increases the local Nusselt number values and causes enhance-

ment. By increasing the volume fraction due to higher particle

loading, the effective inertia of the MWCNT chain increases

which in turn results in lesser rotation of the MWCNT chains

along with the flow of basefluid. Also, with increase in volume

fraction, drag becomes a prominent force and thereby causes

further deterioration.

Schematics of the chain network formed in MWCNT/

water and graphene/water nanofluids along with representa-

tion of a dispersed spherical type alumina particle in basefluid

are shown in Fig. 10.

Similarly, graphene flakes also form the chain network

which causes the heat transfer at lower volume fractions.

Graphene flakes are divided into two types: one which are

very small and another one which are having a larger area

and aspect ratio. Flakes with small sizes behave similar to

FIG. 10. Schematics of different nano-

suspensions. The percolation network of

MWCNT in MWCNT/water nanofluid.

Larger size flakes of graphene also form

percolation networks. The arrows are

used with the volume fraction φ to

denote the enhancement (up arrow) or

deterioration (down arrow).
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those of spherical particles, and those having a larger aspect

ratio form a percolation chain similar to MWCNT. Percola-

tion networks in graphene are lesser in number and weaker

than the of MWCNT (carbon nanotube) and thus the effect of

boundary layer breaking and thereby causing enhancement is

only seen at the lowest volume fraction. As volume fraction

increases, the percolation network is not sufficient to overcome

the effect of a decrease in buoyancy and causes deterioration

immediately.

From the present experiments and numerical analysis, it

has been observed that MWCNT/water nanofluid performs

better than the basefluid, alumina/water, and graphene/water

nanofluids at Ra = 106 for all volume fractions. On the other

hand, graphene/water nanofluid shows superior performance

than basefluid and alumina/water nanofluid but is not found to

be better than the MWCNT/water nanofluid. It can be inferred

that nanofluids do not necessarily lead to a deterioration in heat

transfer of natural convection in a cavity as has been previously

reported.7 In the present study, the shapes of nanoparticles are

found to play a critical role in altering heat transfer character-

istics. For the first time, it has been observed that non-spherical

nanoparticles could lead to an enhancement in natural convec-

tion heat transfer when dispersed at volume fractions less than

0.3%. At a volume fraction of 0.5% and higher, there is a dete-

rioration in heat transfer implying a strong effect of particle

shape. It can also be inferred from the present study that the

validity of the single component models which do not account

for the slip forces is confined to a smaller range of nanopar-

ticle volume fractions as far the non-spherical nanoparticles

are concerned. However, for the spherical nanoparticles, these

models are showing satisfactory prediction for an extended

range of nanoparticle volume fractions up to 0.75%. Thus the

role of slip forces is predominant in the case of tubular- and

flake-based nanoparticle suspensions.

VI. SUMMARY AND CONCLUSIONS

From the experiments, we have observed that MWCNT/

water is found to be superior in terms of heat transfer

enhancement compared to alumina and graphene nanosuspen-

sions. Depending on the volume fraction and shape of the

nanoparticles, the heat transfer performance of the nanoflu-

ids changes. The major conclusions drawn from the present

experimental and numerical investigation for various types of

nanosuspensions are as follows:

A. Alumina/water nanosuspension

Deterioration in heat transfer is experimentally observed

for all volume fractions and this deterioration increases with

increase in volume fraction. SCHM and SCNHM predict the

Nusselt number values very well for lower volume fractions

up to 0.5%. For higher volume fractions of 0.75% and above,

both SCHM and SCNHM fail to predict the deterioration and

so the study of slip mechanisms becomes necessary. MCNHM,

which considers all slip mechanisms, predicts deterioration

very well for the volume fraction of 0.75% and above. This

is because of the inclusion of the drag force into it which is a

prominent slip mechanism at higher volume fractions.

B. MWCNT/water nanosuspension

Enhancement in heat transfer is observed experimentally

at the volume fractions of 0.1% and 0.3%, while deterioration

is observed at 0.5% of volume fraction. SCHM and SCNHM

are closer to experimental observations qualitatively at volume

fractions of 0.1% and 0.3%, while for higher volume fractions,

both the SCHM and SCNHM overpredict the experimental

results. MCNHM shows deterioration for all ranges of volume

fractions and becomes closer to the experimental observa-

tion at volume fractions of 0.5%; this is due to an increase

in the drag force at higher volume fractions which is mod-

eled only in MCNHM. It is seen that enhancement captured

numerically at lower volume fractions is a mere coincidence

with experimental observations, as it is an inherent character-

istic of SCHM and SCNHM to always depict enhancement

irrespective of the type of nanofluids considered. The possi-

ble mechanism for the enhancement of heat transfer at the

lower volume fraction is attributed to the percolation network

chain formation that perturbs the boundary layer and increases

the local Nusselt number values. For higher volume frac-

tions, the buoyant force becomes less dominant and the effect

of boundary layer breaking diminishes thereby resulting in

deterioration.

C. Graphene/water nanosuspension

Experimentally enhancement in heat transfer is observed

in the volume fraction of 0.1%, while there is deterioration

at higher volume fractions of 0.3% and 0.5%. Similar to

the MWCNT/water nanofluid, the enhancement captured by

SCHM and SCNHM at the lowest volume fraction of 0.1% is a

mere coincidence as SCHM and SCNHM report enhancement

at all volume fractions as already explained. For higher volume

fractions of 0.3% and 0.5%, MCNHM is in good agreement

with the present experimental results due to the inclusion of the

drag-based slip force into it. Like MWCNT, graphene flakes

with a higher aspect ratio also forms percolation networks

which cause enhancement due to boundary layer breaking, but

the strength of network chains is lesser compared to MWCNT.

And thus, enhancement is only seen at lowest volume frac-

tions. As soon as the volume fraction increased to 0.3%,

buoyancy force reduces and thereby causes deterioration.

For 0.5% of volume fractions, heat transfer deteriorates still

further.

Thus it can be inferred that SCHM and SCNHM are

better at volume fractions less than 0.3%, while MCNHM

is closer to experimental observations at higher volume

fractions. There is no single model which predicts Nusselt

number values for all ranges of volume fraction and the

types of nanofluids considered alone. And thus molecu-

lar dynamic like simulation is required for predicting the

actual flow physics and heat transfer characteristics in

nanosuspensions.
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M. Monthioux, “Coefficient of thermal expansion of carbon nanotubes mea-

sured by Raman spectroscopy,” Appl. Phys. Lett. 104(5), 051907 (2014).
32C. J. Greenshields, OpenFOAM User Guide, 2015.
33J. Buongiorno, “Convective transport in nanofluids,” J. Heat Transfer

128(3), 240–250 (2006).
34 A. FLUENT, Theory Guide Release 16.1, 2015.
35V. Bianco, F. Chiacchio, O. Manca, and S. Nardini, “Numerical investiga-

tion of nanofluids forced convection in circular tubes,” Appl. Therm. Eng.

29(17), 3632–3642 (2009).
36P. Dhar, S. Sen Gupta, S. Chakraborty, A. Pattamatta, and S. K. Das, “The

role of percolation and sheet dynamics during heat conduction in poly-

dispersed graphene nanofluids,” Appl. Phys. Lett. 102(16), 163114 (2013).


