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INTRODUCTION

ABSTRACT

Many fluids used in heat transfer and transport phenomena restrict the effectiveness of heat
exchange equipment on account of their low thermal conductivity. Using nanofluids, the ef-
fectiveness of heat exchange equipment is enhanced by many folds. The use of magnetic nano-
fluids for heat transfer generates a prospect of regulating flow and controlling the thermal and
transport properties particularly the thermal conductivity and viscosity using an externally
applied magnetic field. The present study involves synthesis of oleic acid-coated magnetic
nanofluids at varying concentrations of 0 to 0.643% by volume, measurement of thermal
conductivity, rheological properties and corresponding numerical simulation of Nanofluid
in a heated square cavity. The thermal conductivity measurement have been carried out by
transient hot-wire method using KD2-pro at varying concentrations of solid phase. The re-
sults show a significant increase in thermal conductivity with increase in particle concentra-
tion. Rheological measurements show variation in viscosity with shear rate, temperature and
concentration. Moreover, it has been found that at low particle loading magnetic nanofluids
exhibited Newtonian behavior unlike non-Newtonian behavior at increased concentration.
Numerical simulation of the magnetic nanofluid in the heated square cavity demonstrates the
immense potential of augmentation of heat transfer coefficient using such fluids.

Cite this article as: Kamran M, Qayoum A. Investigation of thermo-rheological properties of
Fe;0,/Ethylene glycol nanofluid in a square cavity. ] Ther Eng 2023;9(5):1324—-1338.

(usually having high densities) these suspended particles

For heat transfer applications a higher value of thermal
conductivity is desirable. Most of the liquids have a low
value of thermal conductivity in comparison with solids.
With the incorporation of solid particles in liquids, there
is an increase in thermal conductivity of the suspension
[1]. But due to the large size of these micro-sized particles
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have a tendency to settle. This problem is overcome by
incorporating nanometer sized materials. Nanofluids are
high performance thermal fluids synthesized by immers-
ing nanometer-sized particles of different shapes in con-
ventional base fluids. The high thermal conductivity
augmentation obtained by adding nanoparticles to a base
fluid was first reported by Masuda et al. [2] in 1993. Since
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then there has been enormous research in the direction of
nanofluids. Eastman et al. [3] synthesized copper/ethylene
glycol nanofluid and observed 40% enhancement at 0.3%
concentration. Choi et al. [4] observed 160% thermal con-
ductivity enhancement for Carbon Nanotubes (CNT) dis-
persed in engine oil. Das et al. [5] observed a maximum of
29% thermal conductivity enhancement for 1.0% Copper
oxide /water nanofluid in the temperature ranging from 21
°C to 51 °C. Hwang et al. [6] found thermal conductivity
enhancement of 11.3% for MWCNT/water. Apart from
single solid particles dispersed in the base fluids, research
has been carried using composite or hybrid materials for
thermal conductivity enhancement. Hybrid nanofluids are
bi-particle or multi-particle dispersions of nanoparticles in
base fluid instead of mono-nanoparticles. Hybrid nanoflu-
ids allow greater control over the properties of the nano-
fluid. The effect on the optical, rheological, thermal and
mechanical properties of the base fluid by dispersing hybrid
nanoparticles has been extensively investigated. Gulzar et
al. [7] synthesized hybrid Al,0;-TiO, nanofluids based on
Therminol-55 oil and observed that the increase in concen-
tration of nanoparticles increased heat gain. Pourrajab et al.
[8] studied combined effect of MWCNTs-COOH and silver
nanoparticle and obtained thermal conductivity enhance-
ment of 47.3% for 0.04 % silver nanoparticles and 0.16%
MWCNTs compared to that of the base fluid.

Most of the studies on thermal conductivity enhance-
ment using nanofluids include the use of non-magnetic
materials but the interest in the use of magnetic nanoflu-
ids stems from the possibility of controlling the flow and
thermal properties under the influence of external mag-
netic field. Yu et al. [9] studied the thermal conductivity
of Fe,O,/kerosene nanofluids and reported an increase of
34%. It was reported that the nanoparticles formed chained
structures in the direction of the external magnetic field.
Nkurikiyimfura et al. [10] used Fe;O,/engine oil nanoflu-
ids in presence of magnetic field and observed increase
in the thermal conductivity, the role of particle size, vol-
ume concentration, and the strength of magnetic field has
been reported. Li et al. [11] also studied the effect of par-
ticle concentration, magnetic field strength and its direc-
tion on the thermal conductivity of water-based magnetic
nanofluids. Parekh and Lee [12] studied Fe;O,/kerosene
nanofluids and measured thermal conductivity variation in
the temperature range of 25 °C to 65 °C. They observed a
30% enhancement in thermal conductivity. Philip et al. [13]
investigated Fe;O,/kerosene nanofluids and observed 300%
enhancement in thermal conductivity at 6.3% volume con-
centration in presence of external magnetic field compared
to an enhancement of 23% at 7.8% volume concentration
without magnetic field. Gavili et al. [14] investigated Fe;O,/
water magnetic nanofluids with a particle size of 10nm and
observed 200% thermal conductivity enhancement at 5%
volume percent in the presence of external magnetic nano-
fluids. The literature clearly shows that magnetic nanofluids

in common base fluids like water and kerosene exhibit tre-
mendous increase in thermal conductivity.

In order to understand the rheological behavior, vis-
cosity is considered an important property and compared
to thermal conductivity not many studies have been done
on rheological properties of magnetic nanofluids. Viscosity
plays an important role in determining the usability of a
heat transfer fluid in thermal applications involving fluid
motion. Viscosity of fluid effects the pumping power
required for fluid flow and as such plays an important part
in the design of thermal and fluid systems. Li et al. [15]
studied the rheological behaviour of SiC-ethylene glycol
nanofluids in concentration range of 0.2% to 1.0% by vol-
ume and observed that the rheological behaviour can be
divided into two categories based on the concentration of
nanofluids. For dilute nanofluids (volume fraction less than
0.6%) the nanofluids behaved as Newtonian fluids and for
concentrated nanofluids (volume fraction greater than 0.6%
the nanofluids exhibit Non- Newtonian behaviour at lower
shear rates and Newtonian behaviour at higher shear rates.
Chen et al. [16] observed a shear thinning non-Newtonian
behavior in ethylene glycol based TiO, nanofluids and fur-
ther concluded that the shear thinning behavior of nano-
fluid is mainly affected by the solid particle concentration,
shear rate and the viscosity of the base liquid and exhibits
a characteristic shear rate. Further they classified the nano-
fluids based on concentration into four categories : Dilute
(< 0.6%), semi-dilute (< 0.6% ), semi- concentrated (p<
0.6%) and concentrated (¢p< 0.6%) and found that shear
thinning non-Newtonian behavior is visible in semi-con-
centrated and concentrated nanofluids. Similarly, Hong et
al. [17] synthesized water based magnetic nanofluids and
observed Newtonian behavior for low concentration fluids
and shear thinning behavior for higher concentration mag-
netic nanofluids. Pastoriza-Gallego, et al. [18] studied rhe-
ological behavior of Fe,O, ethylene glycol nanofluids and
observed non-Newtonian shear thinning behavior. Ahmadi
et al. [19] investigated effect of temperature and volume
fraction on viscosity of water based Fe;O,/MWCNT nano-
fluids in the concentration range of 0.1% to 1.8% and in the
temperature range of 25 to 50 °C and observed viscosity to
be directly proportional to volume fraction and inversely
proportional to temperature. It was also seen that nanoflu-
ids behaved as Newtonian fluids upto 0.8% concentration
and non-Newtonian behavior above this concentration.

Phuoc et al. [20] studied effect of shear rate and concen-
tration on Fe,0;-de-ionized water nanofluids and observed
viscosity to increase with volume fraction increase and
subsquently as Newtonian and non-Newtonian for parti-
cle volume fraction (¢) below and above 0.02. Anoop et al.
[21] investigated viscosity of different nanofluids at varied
temperature and concentration and found reduction and
increase in viscosity with increase in temperature and con-
centration respectively. Chen et al. [22] studied multi walled
carbon nanotubes dispersed in distilled water in tempera-
ture ranging from 5 °C to 65 °C. They found that viscosity
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of nanofluids increase beyond concentration of 0.004 and in
addition for temperature greater than 55°C there is increase
in relative viscosity ratio. Sundar et al. [23] studied Fe;O,/
water nanofluid at varied particle loading (ranging from 0
to 2%) and temperature (ranging from 20 to 60 °C) and con-
firmed Newtonian behavior for the magnetic nanofluids in
this range. The investigation confirmed the viscosity trend
with increase in concentration with a maximum at 2% con-
centration. Afrand et al. [24] reported Newtonian behavior
for Magnetite-Silver/Ethylene glycol hybrid nanofluid at
particle loading of 0.3% and non-Newtonian at 0.6% and
1.2% concentration. In general it has been observed that
nanofluids behave as Newtonian at lower concentrations
and Non-Newtonian at higher concentration. The particu-
lar value of concentration of the transition varies from one
fluid to another and as such cannot be generalized.

Ethylene glycol based nanofluids of magnetite have
been synthesized in the present study. Literature shows
minimal studies on thermal conductivity and rheological
measurements of ethylene glycol based magnetic nanoflu-
ids at low concentration. The thermal conductivity for such
fluids has been measured using KD2-pro and rheological
behavior has been studied using AntonPar MCR 102 rhe-
ometer. The suitability for the heat transfer application has
been numerically studied by using magnetic nanofluids in
a heated square cavity.

Experimental and Numerical Simulation Details

Materials

Magnetite nanoparticles used in the present investi-
gation have been procured from Platonic Nanotech Pvt.
Ltd, India [26]. The average particle size is in the range of
30-50nm. The specifications of magnetite nanoparticles
are presented in Table 1. Ethylene glycol and Oleic acid of
99.5% purity (procured from Rankem Chemicals, USA)
have been used in the investigation.

Nanofluid Preparation

The nanofluids have been synthesized by directly mixing
the procured nanoparticles in ethylene glycol. On account
of magnetic nature of the nanoparticles, use of magnetic
stirrer is avoided as the nanoparticles get attracted to the

Table 1. Specifications of Magnetite nanoparticles [15]

Specification Value
Molecular weight 231.5 g/mol
Average Particle Size 30-50 nm
Specific Surface Area ( SSA) 40-60m*/g
Bulk Density 0.85 g/cm®
True Density 5.1-5.8g/cm’
Morphology Spherical
Color Dark Brown

magnetic bead of the stirrer. The mixing of the nanopar-
ticles is carried in an ultrasonicator. A specific amount of
the magnetite nanoparticles has been dispersed in a specific
amount of base fluid to obtain different concentrations of
nanofluid. The volume fraction of nanoparticles in the base
fluids are given by equation (1):

mp

—__Pr
L )
Pp Pl

where m,, and m, are mass of nanoparticles and base
fluid and p, and p,, are their respective densities. Six sam-
ples were prepared with varying concentrations of mag-
netite in ethylene glycol viz. 0.107%, 0.214%, 0.321%,
0.428%,0.535% and 0.642% by volume.

The sonication has been carried out for 3 hours with
the addition of the surfactant after 1 hour. The amount of
surfactant to be used is a very important consideration
as an excess amount of surfactant leads to the formation
of clumps and large aggregates. Also little quantity of the
surfactant does not serve the purpose. As such an opti-
mized amount of surfactant has to be used. The amount
of surfactant added depends on the volume (mass/den-
sity) of nanoparticles to be dispersed. After completion of
the sonication, the samples have been analyzed for traces
of any possible clumps. For characterization involving
thermal conductivity and rheology, samples with least
aggregates have been selected. Figure 1 shows the effect
of addition of surfactant to the magnetic nanofluid. As
can be observed with the use of surfactant the nano-
fluid remains homogeneous with lesser sedimentation or
aggregation.

X-ray diffraction (XRD) and Scanning electron
microscopy (SEM) Measurements

X-ray diffraction (XRD) measurements have been car-
ried out with a SmartLab X-Ray Diffractometer (XRD)
using Cu-K-beta radiation with a scan range of 10° to 90°
at a scan speed of 21.6° per minute and a step width of
0.02°. To study the morphology of nanoparticles, Scanning
Electron Microscopy (SEM) of the magnetite particles has
been done using Hitachi 3600 N.

Thermal conductivity Measurement

KD2 Pro [Decagon Devices, USA] (see Figure 2) has
been used for the measurement of the thermal conductiv-
ity of the nanofluids. The setup comprises of a handheld
controller and sensor needle of different types which can
be slipped into the test material. In this investigation single
needle KS-1 sensor (Figure 2(b)) has been used for mea-
suring the thermal conductivity of the nanofluid. The KS-1
sensor has been selected as it uses only a small amount of
heat to the nanofluid thereby reducing problems induced
by free convection. The setup is based on transient hot-wire
method which assumes hot wire to be an ideal, infinite and



J Ther Eng, Vol. 9, No. 5, pp. 13241338, September, 2023

1327

thin line heat source surrounded in a homogeneous and
isotropic medium with fixed temperature. The temperature
rise AT at position r from the heat source and at time t is
obtained from equation (2):

4at

AT(rt) = ikl ukiad @

This is a dynamic technique involving measurement of
temperature rise at a fixed location from the source of heat
using a single needle sensor acting as a heat source [27]. By

Figure 1. Effect of surfactant on the stability of nanofluid (a

measuring the temperature rise in the medium with respect
to time the thermal conductivity of the medium is evalu-
ated [43-49].

Rheological Measurements

The viscosity of the prepared nanofluids has been
measured using AntonPar MCR102 rheometer using a
cone and plate arrangement with a diameter of 40 mm as
shown in Figure 3. The minimum gap between the rotat-
ing and stationary plate has been maintained at 0.01 mm.
To determine the flow behavior and viscosity dependence

) without surfactant (b) With surfactant.

Figure 2. Thermal conductivity measurement device KD2 Pro:(a)main controller (key pad) (b)KS-1 needle sensor.
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Rotating Cone

Fixed plate

Peltier element

| Fluid Sample |

Figure 3. Cone and Plate system for measurement of viscosity.

on temperature, a series of experiments have been carried
out at varied shear rates and temperatures in continuous
rotation mode. Shear rates varying between 100s™ to 500
s have been chosen and temperature is varied between 20
°C to 50 °C. The temperature of the system was maintained
using a Peltier system (inbuilt in the rheometer) for tem-
perature control.

Theoretical models of Thermal conductivity and
Viscosity

Various theoretical models and empirical relations have
been proposed for thermal conductivity and viscosity esti-
mation of nanofluids. A relevant number of theoretical
models for thermal conductivity are presented in Table 2,
where kg, k, and kare thermal conductivities of nanofluid,
nanoparticle and base fluid respectively and ¢ is the volume
fraction of solid phase in the base liquid. Similarly, Table 3
presents various theoretical models and empirical relations
for viscosity estimation of nanofluids.

Table 2. Theoretical Models for predicting Thermal con-
ductivity of Nanofluids

Theoretical Models  Thermal conductivity enhancement

ratio (keffkf)

Maxwell Model [28] keff kp + Zkf — Z(P(kf — kp)
ke ky+ 2k + o(ks — kp)

k kp+k

Xue Model [29] 1_(p+2(pk pk In 1;;: f
P~ %f f

k kp+k

1—(p+2<pﬁln%

Mintsa Model [30] 1+1.72¢
Timofeeva Model [31] 1+3¢
Sundar Model [32] (1 + 1.05¢)0105

Table 3. Theoretical Models and empirical relations for Viscosity
of Nanofluids

Models

Equation/Correlation

Krieger -Dougherty
Model [35]

Brinkman Model [36]

P
Hng = ppp(1 ———)"¢mk
Pm

g = (1 — @)%
#Tlf = I"lbf(l + 2.5(p + 6.5(p2
Ung = tpr(1 + 2.5¢)

Batchelor Model [37]
Einstein Model [38]

Sundar et al. [23] ® Y6:356

Pnp = dpr(1 + 125

Chen et al. [16] tng = tpp(1+10.6¢ + (10.69)?)

Numerical Simulation

A numerical simulation using ANSYS Fluent has been
carried for the purpose of quantifying the effect of mag-
netite nanoparticle in the base fluid contained in a heated
square cavity. The concentration of the nanoparticle has
been varied during the simulation. Although there have
been many studies on free convection of different nanoflu-
ids in square cavity but all such studies have incorporated
theoretical and empirical relations. In the current numer-
ical simulation, the experimental values of thermal con-
ductivity and viscosity obtained during characterization
have been used for modeling the nanofluid in the cavity.
A detailed numerical study involving fluid flow and heat
transfer behavior at different values of concentrations has
been presented.

Governing equations and problem formulation

For the simulation a differentially heated square cav-
ity is considered, filled with Fe,O,/ ethylene glycol nano-
fluid. The nanofluid is assumed to be a single phase system
with thermal equilibrium between nanoparticles and base
fluid and no slip in between [50-61]. The cavity has top
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and bottom walls insulated with left and right walls kept
at two different temperatures (T}, and T.)as can be seen in
Figure 4(a) such that T} > T_. This induces natural convec-
tion heat transfer in the cavity. The nanofluid thermophys-
ical properties at a given concentration are assumed to be
fixed. Density variation with temperature is modeled using
Boussinesq approximation. Moreover due to temperature
difference there is buoyancy driven driven flow which is
assumed to remain steady.

The governing equations for steady laminar flow are
given by:

Continuity equation:

a(pnfu) " a(pnfv) _

0
dy ox ®
Momentum equation:
v v 1 0p iy (0%v 0%
ua"‘”@——p—m‘@ s @"‘W +Burg(T =T (4)

Energy equation:

oT = OT 'k (0°T 0°T
(5)

—_—typ—=— [+ —
“ox Uay PrfCpns \0x? = 0y?

where p,s C, 5 k5 B,rand p,care density , heat capacity,
thermal conductivity, thermal expansion coefficient and
viscosity of nanofluid respectively. The effect of the change
in solid particle concentration on Nusselt number and heat
transfer coefficient has been evaluated at different values of
Rayleigh number (equation 6-9).

k(0T
we=-2L () ©)
L
Nuavg = jNu(J’)dy (7)
0
_ Qw
h= T, — T, (8)
gBATL?
Ra ==— 9)
av

where 5, aandv are thermal expansion coefficient,
thermal diffusivity and kinematic viscosity respectively.
The thermophysical properties like heat capacity, thermal
expansion coefficient and density are calculated using fol-
lowing correlations:

an = q’ﬁnp +(1- (p)ﬁbf (10)

1329
Png = @Pnp + (1 — @)pys (11)
Cnfpnf = (ppnpcnp +(1- (p)pbfcbf (12)

where subscripts ‘bf” refers to base fluid and ‘np’ refers
to nanoparticle and 3, p, C, andg are thermal expansion
coefficient, density, heat capacity and volume fraction
respectively. The boundary conditions are given as :

x=0, v=0 T=T, x=L, v=0 T=T,

aT aT
=0 =0 —=01Y=1L =0 — =9 (13)
y , U 3y , VU , ay

The numerical solution of partial differential equations
(3-5) along with boundary conditions (13) is obtained using
commercially available finite volume method based ANSYS
Fluent software. The equation (4-5) for momentum and
energy are discretized using second order upwind method
and SIMPLE algorithm is used for solving pressure-velocity
coupling. The convergence criteria for all parameters are
specified as 10°.

Validation and Grid independency test

The present simulation is validated with the numeri-
cal results of DeVahl et al. [39] and Khanafer et al. [40] for
Ra = 10°to 107 and Pr = 0.7. The Nusselt number for pres-
ent study is in good agreement with these two studies (as
shown on the Table 4). In order to check the independency
on mesh size four different grid sizes have been adopted
(viz. 50x50, 80x80, 100x100, and 200x200). A detailed grid
independency test has been done for Nusselt number at a
Rayleigh number of 10°. The results are tabulated in Table
5. It is observed that with increase in fineness of mesh the
percentage change in the Nusselt number is decreased. As
seen from the Table 5, the percentage change in Nusselt
number for mesh sizes of 80x80, 100x100 and 200x200
are 0.823%, 0.606% and 0.146% respectively with respect

Table 4. Code Validation

Ra De Vahl Khanafer Present study
103 1.118 1.118 1.118
104 2.243 2.245 2.247
105 4.519 4.522 4.543
106 8.8 8.826 8.590

Table 5. Grid Independency Test

Grid size Nusselt number Percentage change
50x50 8.987 -

80x80 8.913 0.823%

100x100 8.859 0.606%

200x200 8.846 0.146%
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Insulated Side

Figure 4. (a) Square cavity with boundary conditions (b) illustration showing 100 x 100 mesh for the square cavity.

107 < Mesh 200 x 200
094 —+— Mesh 100 x 100
1 —— Mesh 80 x80

08 —+— Mesh 50 x 50

0.1 02 03 04 05 06 07 08 09 10
X*

Figure 5. Variation of Non-dimensional temperature along
x-direction at different mesh sizes (Grid independency test).

to previous mesh size.As the finer grid size solutions take
more time to converge, a grid size of 100x100 is used for
current simulation (see Figure 4(b)).

RESULTS AND DISCUSSION

XRD and SEM Results

X-ray diffraction (XRD) and scanning electron micro-
scope (SEM) images of magnetite nanoparticles are presented
in figure 6 and figure 7 respectively. The X-Ray Diffraction
(XRD) results are presented in figure 6. The reflection peaks
observed in the figure 5 are in agreement with the results
obtainable from literature [23] and confirms face center cubic
(FCC) phase of the magnetite. The analysis shows 100%
crystallinity with a crystallite size of 8.2 °A using Williamson
Hall Method. Further no impurities have been observed in
the sample and maximum intensity peak is observed at 35.6°

30000

s ——Magnetite
20000

m

o

o =~

= g

‘@ —~ N

§ 10000 §

£ S

10 20 30 40 50 60 70 80 920

Figure 6. X-ray Diffraction (XRD) of Magnetite nanopar-
ticles.

Figure 7. SEM image of Magnetite nanoparticles.
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corresponding to index (3 1 1). SEM analysis is used to exam-
ine the morphology of nanoparticles and the results confirm
that magnetite nanoparticles are spherical in shape.

Thermal Conductivity Results

The variation of thermal conductivity has been studied
with respect to the concentration of nanoparticles. It has
been observed that there is increase in thermal conductiv-
ity with an increase in concentration. The results are pre-
sented in Figure 8. At a low value of concentration, there is
not much increase in thermal conductivity and a maximum
thermal conductivity of 0.273 W/m K is observed at 0.643%
concentration for this case. Figure 9 shows variation of ther-
mal conductivity enhancement ratio with concentration. The
highest enhancement in thermal conductivity is observed to
be 7% at 0.643% by volume with respect to the ethylene gly-
col. Figure 10 shows the comparison of the experimental val-
ues of thermal conductivity with various theoretical models.
It is evident from the figure that no model is able to make a
correct prediction of thermal conductivity in this case.

Rheological Results

Figure 11 presents nanofluid flow behavior for varying
shear strain rate from 100 s to 500 s'. It is observed that
the viscosity of ethylene glycol remains constant and fol-
lows a Newtonian behavior in agreement with the literature
[18]. Newtonian behavior is also observed at low concentra-
tions. As the concentration increases the behavior changes
to Non-Newtonian on account of shear thinning behav-
ior, as reported in literature for different nanofluids [22].
The figure clearly shows that the flow behavior is depen-
dent on concentration of nanofluid. At low shear rates the
non-Newtonian behavior is more prominent for higher con-
centrations and as the shear rate increases the Newtonian
behavior begins to overcome the Non Newtonian behavior.
This behavior of nanofluids exhibits dependency of flow
behavior on the shear rate and concentration.

Figure 12 shows absolute viscosity plotted with particle
loading (volume percent) at various temperatures. It is clear
that viscosity decreases with temperature for all values of
concentrations and increases with increase in concentra-
tion. For 0.107 % volume percent, a maxima and minima of
19.1 mPa.s and 6.6 mPa.s respectively are observed at 20 °C
and 55 °C. Similarly for 0.214%, 20.86 mPa.s and 7.2 mPa.s
are observed at 20 °C and 55 °C respectively . For highest
concentration of 0.643%, the maxima and minima of 24.8
mPa.s and 8.4 mPa.s are observed at 20 °C and 55 °C. Figure
12 presents viscosity enhancement (Henn = fo) plotted
against temperature for various concentrations. Viscosity
enhancement in the figure 13 is defined as ratio of viscosity
of nanofluid to that of the base fluid at a given tempera-
ture. It is observed that viscosity enhancement is strongly
dependent on the concentration and is not affected by tem-
perature which is well in agreement with the results from
literature [16]. An average viscosity enhancement of 8.2%,
18%, 34.4% 40.2%, is observed for 0.107%, 0.214%, 0.432%
and 0.643% concentration respectively. This increase in

viscosity can be attributed to decrease in distance between
particles with increase in concentration and thus leading to
increased interaction between them [25].

Figure 14 shows comparison of the experimental data
with the various theoretical models and empirical rela-
tions available in the literature [16, 23, 35, 36, 37, 38]. It is
observed that the theoretical models cannot predict the vis-
cosity enhancement of the nanofluids and all the values are
underestimated as compared to the experimental values.
The results slightly match with the results of Sundar etal.
[23]. Figure 15 shows comparison of viscosity enhance-
ment ratio of present study with the literature [15,19,23].
The results are in good agreement with those obtained
by Xi et al. [15] for ethylene glycol based SiC nanofluids
and Ahmadi et al. [19] for ethylene glycol based Fe,O,/
MWCNT nanofluids. Figure 16 shows thermal conductiv-
ity enhancement ratio (in absence of magnetic field) and
viscosity enhancement ratio for magnetic nanofluids plot-
ted with respect to concentration at 25 °C. It is clear that
the enhancement in viscosity is much more for ethylene
glycol based Fe,O nanofluids compared to enhancement in
thermal conductivity. Figure 17 presents combined effect of
enhancement in thermal conductivity and viscosity. A fac-
tor E(K/V) is defined for this purpose as :

ER =5 (3)

where AkandAy are the enhancements in thermal con-
ductivity and viscosity respectively and ypandk are the viscos-
ity and thermal conductivity of the base fluid respectively.
It is observed that the value of E(K/V) is always less than
1 and as the concentration increases, there is a decrease in
this ratio. This implies a larger pumping power compared
to heat transfer augmentation.

0.280

0.275

0.270

0.265

0.260 [ ]

Thermal conductivity (W/mK)
| |

0.255 -m

0280 o .
0.0 0.1 02 03 04 05 06 07

Volume percent

Figure 8. Variation of Thermal conductivity of Magnetic
Nanofluid with volume fraction.
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Figure 9. Variation of Thermal conductivity enhancement
ratio with volume percent.
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Numerical Simulation Results

Numerical study of buoyancy driven free convection in
a distinctly heated square cavity has been performed using
experimental values of thermal conductivity and viscosity
of the nanofluids. The effect of concentration and Rayleigh
number on the fluid flow and heat transfer characteristics
is examined. It is observed that with rise in concentration
and Rayleigh number intensity of heat transfer by natural
convection increases. Since a maximum concentration of
0.243% is analyzed the effect of Rayleigh number is more
pronounced than that of concentration. Figure 18 and fig-
ure 19 presents enhancement of heat transfer coefficient
and Nusselt number respectively. It is observed that Nusselt
number and heat transfer coefficient are strongly influ-
enced by the Rayleigh number. For 0.107% concentration
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Figure 18. Variation of Heat transfer coefficient (h) with
concentration for Rayleigh number in range 10° to 10.
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an enhancement of 0.38% to 0.39% is observed for Nusselt
number and heat transfer coefficient at all values of Rayleigh
number in comparison to the base fluid. For 0.243% con-
centration the enhancement in heat transfer coefficient and
Nusselt number is found to be 1.56% with respect to base
fluid. Also as the Rayleigh number increases from 10° to10’
there is nearly 93% enhancement in heat transfer coefficient
and Nusselt number. Figure 20 shows the streamlines and
isotherms at various Rayleigh numbers for 0.243% concen-
tration. This figure shows that with rise in Rayleigh number
the flow intensity near walls increases as can also be clearly
seen in figure21. Moreover no change in streamline func-
tion along midline is observed near the centre of the cavity.
Figure 21 shows the variation of streamline function ()
along x direction at varied Rayleigh numbers for 0.243%
magnetic nanofluid. A rise in the values of streamline func-
tion close to the wall and no variation for middle portion
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Figure 21. Streamline function along Midline (Y=L/2) of
the cavity.

of the cavity is seen. The increase in streamline function
indicates increase in intensity of flow near the wall which
in turn increases the heat transfer from the wall. The effect
of nanoparticle addition is shown in figure 22 for Rayleigh
number of 107. Figure 22 shows a small enhancement in
¥ with rise in particle loading with maximum of 2.58%
increase in ¥ for 0.243% concentration. The results demon-
strate and exhibit the heat and flow enhancement charac-
teristics of the nanofluids inside the cavity with Rayleigh
number and concentration. In order to validate the results
comparison is made with experimental results from the
literature. As is seen from Figure 23 and 24 the results for
Nusselt number are in close proximity with the results of
Ho et al. [41] and Pattamatta et al. [42].
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Figure 23. Validation of resultsof the present study for base
fluid with experimental results from literature.
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CONCLUSIONS

In this study, stable magnetic nanofluids have been syn-

thesized for varied concentrations and their thermal and
rheological properties have been investigated. It is con-
cluded that:

Thermal conductivity increases with the increase in the
concentration of nanoparticles.

Newtonian behavior is observed at low concentration
and as the concentration increases the flow behavior
changes to Non-Newtonian shear thinning. Thus, rhe-
ological behavior of nanofluids is dependent on shear
rate as well as concentration.

For all concentrations with rise in temperature the
viscosity of nanofluids decreases and it increases
with increase in concentration. An average viscos-
ity enhancement of 8.2%, 18%, and 34.4% 40.2% is
observed for 0.107%, 0.214%, 0.432% and 0.643% con-
centration respectively.

Viscosity enhancement ratio is strongly dependent on con-
centration and is not significantly affected by temperature.
The enhancement in viscosity is much more for ethylene
glycol based Fe;O, nanofluids compared to enhance-
ment in thermal conductivity.

The ratio of enhancements in thermal conductivity
and viscosity, E (K/V) is always below 1. Further it is
observed that with rise in concentration there is a
decrease in this ratio, thus limiting the applicability of
magnetic nanofluids.

Further from the simulation studies it is found that the
use of magnetic nanofluid enhanced the heat trans-
fer as is evident from increase in Nusselt number and
heat transfer coefficient. This augmentation is strongly
affected by the Rayleigh number.
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