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Abstract

Two-dimensional conjugate heat transfer performance of stepped lid-driven cavity was numerically investigated in the
present study under forced and mixed convection in laminar regime. Pure water and Aluminium oxide (Al,O;)/water
nanofluid with three different nanoparticle volume concentrations were considered. All the numerical simulations were
performed in ANSYS FLUENT using homogeneous heat transfer model for Reynolds number, Re =100 to 500 and Grashof
number, Gr=5000, 13,000 and 20,000. Effective thermal conductivity of the Al,Os/water nanofluid was evaluated by con-
sidering the Brownian motion of nanoparticles which results in 20.56% higher value for 3 vol.% Al,O;/water nanofluid in
comparison with the lowest thermal conductivity value obtained in the present study. A solid region made up of silicon
is present underneath the fluid region of the cavity in three geometrical configurations (forward step, backward step
and no step) which results in conjugate heat transfer. For higher Re values (Re=500), no much difference in the average
Nusselt number (Nu,,) is observed between forced and mixed convection. Whereas, for Re=100 and Gr=20,000, Nu,,
value of mixed convection is 24% higher than that of forced convection. Out of all the three configurations, at Re =100,
forward step with mixed convection results in higher heat transfer performance as the obtained interface temperature is
lower than all other cases. Moreover, at Re=500, 3 vol.% Al,O;/water nanofluid enhances the heat transfer performance
by 23.63% in comparison with pure water for mixed convection with Gr=20,000 in forward step.
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Abbreviations L Length (m)

C Constant M Molecular weight (kg/kmole)

C,  Specific heat (J/kg K) n Empirical shape factor

D Diameter (m) Nu  Nusselt number

g Acceleration due to gravity (m/sec?) P Pressure (kg/m sec?)

Gr  Grashof number Pr Prandtl number

h Convective heat transfer coefficient (W/m? K) q Heat flux (W/m?)

k Thermal conductivity (W/m K) R Thermal boundary resistance coefficient (K m2/W)
k.,  Matrix thermal conductivity (W/m K) Re  Reynolds number

Ks Boltzmann constant (J/K) t Time (sec)
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Temperature (K)

Velocity vector (m/sec)
Horizontal velocity (m/sec)
Vertical velocity (m/sec)
Horizontal coordinate
Vertical coordinate

reek symbols
Coefficient of thermal expansion (1/K)
Index coefficient
Dynamic viscosity (kg/m sec)
Kinematic viscosity (m?/sec)
Volume concentration
Density (kg/m3

VST T OO < X< CCly

Subscripts

avg Average

bf  Base fluid

bw  Thermal boundary resistance of water
c Cluster

f Fluid
High

I Low

nf  Nanofluid

p Particle

s Solid

1 Introduction

Rapid growth in the usage of high-performance elec-
tronic devices with compact size requires efficient cool-
ing systems [1, 2]. Apart from this, the system should also
be capable of preventing the leakage associated with
the circulating coolant. This leakage problem will be well
eliminated when one switches to closed cooling system
rather than the open type [3]. This is because the circu-
lating coolant will never leave the system there by caus-
ing no leakage into the surrounding electronic circuits.
Moreover, efficient coolants are also essentially needed
when compared with conventional heat transfer fluids
so that the large quantities of heat generated from the
electronic devices can be easily dissipated. Dispersing
nanoparticles within the conventional heat transfer fluids
such as water or ethylene glycol will enhance the effective
thermal conductivity of the coolant thereby enhancing the
heat transfer performance of the cooling system. These
coolants with nanoparticles are named as “nanofluids,’and
they have wide variety of applications [4, 5].

Many classical thermal conductivity models were devel-
oped in eighteenth and nineteenth centuries for predict-
ing the effective thermal conductivity of solid-liquid mix-
tures. Maxwell [6] developed a static thermal conductivity
model for mixtures with low volume concentration of
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spherical particles. This model fails when the concentra-
tion of particles is sufficiently higher. This failure is avoided
by the thermal conductivity model developed by Brugge-
man [7], which can be applied even to high volume con-
centration of nanoparticles which are of spherical shape.
The particle shape, size and particle interactions for ther-
mal conductivity evaluation were not considered in these
models. Hamilton and Crosser [8] moved a step higher by
developing a thermal conductivity model with inclusion
of particle shape by introducing empirical shape factor (n).
Lu and Lin [9] thermal conductivity model consider pair
interactions that is obtained by solving a boundary value
problem. Chon et al. [10] took nanoparticle diameter into
consideration and developed an experimental thermal
conductivity correlation for Al,O;/water nanofluids. Exper-
imental investigation along with theoretical determination
of thermal conductivity of Al,O;/water nanofluid was car-
ried out by Chandrasekar et al. [11]. Khanafer and Vafai [12]
observed that the obtained experimental results reported
by several researchers for the effective thermal conductiv-
ity disagree and requirement of additional experimental
and theoretical research studies is very essential in order
to clarify the mechanisms responsible for nanofluid heat
transfer enhancement.

Xuan et al. [13] developed a theoretical model to pre-
dict the thermal conductivity of nanofluids by considering
properties of nanoparticles and base fluid, as well as the
structure of the nanoparticles and aggregates. Patel et al.
[14] developed thermal conductivity model for nanofluids
by considering micro-convection phenomena involving
Brownian motion as well as increment in the specific area.
The developed thermal conductivity model will give good
insight on phenomena involved at nanoscale. According
to the observations of Prasher et al. [15], no concrete
conclusions have been reached among various thermal
conductivity models and mechanisms proposed in the
literature. He concluded that Brownian motion is mainly
responsible for nanofluid thermal conductivity enhance-
ment. Incorporation of Brownian motion into the thermal
conductivity model along with particle size was carried
out by Dong and Chen [16]. Goudarzi et al. [17] numeri-
cally investigated migration of nanoparticles under Brown-
ian diffusion and concludes it as an important enhancing
phenomenon in heat transfer. Abdelmalek et al. [18] as
well as Harish and Sivakumar [19] observed that both the
effects of thermophoresis and Brownian motion surges
the thermal energy of fluid and are significantly impor-
tant. Higher heat transfer enhancement is observed with
the use of Maxwell model when compared with that of
traditional model in the numerical investigation carried
out by Lin and Jiang [20].

Gibanov et al. [21, 22] carried out numerical investiga-
tion on ferro fluid and alumina nanofluid mixed convection
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in a lid-driven cavity with backward step heat conducting
solid region. The observations proved that the sizes and
conductivity of the backward step will essentially change
both the flow behavior as well as heat transfer patterns.
Numerical study has been carried out by Al-Amiri et al.
[23] on lid-driven cavity with a sinusoidal wavy bottom
surface for analyzing the mixed convection heat trans-
fer. It is observed from the study that by increasing the
amplitude of the wavy surface and Reynolds number, the
average Nusselt number increases. Khanafer and Aithal
[24] also investigated mixed convection heat transfer
flow phenomena in a lid-driven cavity fitted with a circu-
lar body. The study reported that by placing cylinder near
the bottom wall of the cavity, an optimal heat transfer
performance is obtained. Mixed convection in lid driven
cavity with heated triangular block is numerically studied
by Gangawane [25]. The study concluded that the convec-
tion heat transfer can be controlled by inserting triangular
body into the lid-driven cavity. Khan et al. [26] numerically
observed that heat transfer rate in a split lid-driven cavity
enhances by placing a Y-shaped obstacle. Unsteady mixed
convection in lid-driven enclosure with oscillatory walls
was numerically investigated by Valizadeh Ardalan et al.
[27] by using Cu/water nanofluid. The study concluded
that reduction in the frequency of wall oscillation leads to
enhancement in the heat transfer.

However, from the above-mentioned literature [12, 15],
it can be observed that no concrete conclusions have been
reached among various thermal conductivity models and
mechanisms proposed in the literature. Moreover, as per
[14], the thermal conductivity model needs to consider
micro-convection phenomena involving Brownian motion.
This is the reason, in the present study, various thermal
conductivity models were used for the comparison of the
effective thermal conductivity of Al,O5/water nanofluid for
different nanoparticle volume concentration. Moreover, in
the present study for numerical simulations with Al,O5/
water nanofluid the effective thermal conductivity model
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of [14] is used, as this model takes into consideration; the
brownian motion effect of nanoparticles. Furthermore, as
mentioned in the literature [21-23], it can be understood
that the sizes and conductivity of the backward step essen-
tially change both the flow and heat transfer patterns in
mixed convection. This is the reason, in the present study,
a solid region made up of silicon is present underneath the
fluid region of the lid-driven cavity in three geometrical
configurations (forward step, backward step and no step)
results in conjugate heat transfer. Pure water and Al,O0;/
water nanofluid with three different nanoparticle volume
concentrations were considered. All the numerical simula-
tions were performed using homogeneous heat transfer
model in ANSYS FLUENT. The effect of various parameters
such as Reynolds number (Re=100 to 500), Grashof num-
ber (Gr=5000, 13,000 and 20,000), geometrical configura-
tion, convection types are comprehensively investigated
and presented.

2 Geometry description

Conjugate heat transfer performance of stepped lid-driven
cavity was numerically investigated in the present study
under forced and mixed convection. The flow is assumed
to be two dimensional and in laminar regime. As observed
in Fig. Ta—¢, solid region made up of silicon is considered
underneath the fluid region of the cavity in three geometri-
cal configurations (forward step, backward step and no step)
resulting in conjugate heat transfer. The reason for using sili-
con is because; it is most commonly and widely used semi-
conductor material in electronic devices. The properties of
silicon such as thermal conductivity, specific heat and den-
sity are chosen to be 149 W/m K, 710 J/kg K and 2329 kg/
m3, respectively. The length (L) of the cavity is chosen to be
0.005 m. This length scale is selected in such as way that it is
suitable for general electronic devices especially for micro
processors as available in today’s market. Pure water and
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Fig. 1 Schematic representation of the cavity in three geometrical configurations: a Forward step, b No step and ¢ Backward step
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Al,Oz/water nanofluid with 1, 2 and 3 vol.% concentrations
with a particle diameter (Dp) of 30 nm were considered in
the present study. The lid at the top of the cavity moves in
horizontal direction with a velocity (U,4) whose magnitude is
given in the form of a dimensionless number called as Reyn-
olds number (Re). All the numerical simulations were per-
formed using homogeneous heat transfer model in ANSYS
FLUENT for Re= 100 to 500 and Gr=5000, 13,000 and 20,000.

3 Thermophysical properties

The properties of Al,O;/water nanofluid such as density, spe-
cific heat and thermal expansion coefficient are evaluated in
the present study using Egs. 1-3 that are based on mixture
theory. These equations are also used in Pak and Cho [28],
Xuan and Roetzel [29] as well as Nimmagadda [30], respec-
tively. The nanofluid dynamic viscosity was evaluated by
using the Brinkman equation [31] and the nanofluid effec-
tive thermal conductivity was evaluated from the model
developed by Patel et al. [14]. Patel et al. [14] model takes
in to account the Brownian velocity of nanoparticles within
the base fluid. The properties of nanoparticles as well as base
fluid used in the present study are adopted from Ho et al.
[32] summarized in Table 1. The below given equations were
used in the evaluation of the thermophysical properties.

Pt = PPy + (1 — P)pps M

(PColes = PPCo)y + (1 — D)pColoy @

(0Bt = B(0B)y + (1 = D) pPes 3

oy = @
a-¢

knfkbfkbf ) :_:f < CUZZP > g—f T ®

Here, c=25,000, value obtained from extensive experi-
mental results and D;=2.75x 107" m.
U, is Brownian velocity of nanoparticles and it is given

by the formula, u, = ;KB;. Here, T indicates the initial tem-
bf-p

Table 1 Base fluid and nanoparticle properties adopted from Ho
etal. [32]

Properties
Fluid/Nanoparticle kg J Kg w
] olex] 7% W
Pure water 995.1 4178 0.00083 0.62
AlLO, 3600 765 - 36
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perature of nanofluid, and its value is chosen to be 303 K
which indicates the atmospheric temperature. Patel et al.
[14] model is also compared with various thermal conduc-
tivity models available in the literature with and without
consideration of Brownian motion. All the thermal conduc-
tivity models used in the comparison are given in Table 2.

4 Mathematical representation

Two-dimensional conjugate heat transfer performance
of stepped lid-driven cavity was numerically investigated
in the present study under forced and mixed convection
in laminar regime. All the numerical simulations were
performed using homogeneous heat transfer model in
ANSYS FLUENT for Reynolds number, Re =100 to 500 and
Grashof number, Gr=5000, 13,000 and 20,000. The govern-
ing equations, boundary conditions and Nusselt number
evaluation that were implemented in the present study
are given in the below sections.

4.1 Governing equations

Homogeneous heat transfer model based on Finite Vol-
ume Method (FVM) formulation for steady state incom-
pressible two-dimensional laminar flow with in ANSYS
FLUENT is used in the present study. For single phase flow
problems this particular model is used. However, nano-
fluids in which dispersed nanoparticles were present are
treated as homogeneous mixture in the present study
whose thermophysical properties are evaluated as in
section with the use of well-established correlations. The
obtained properties of nanofluids are used in the homo-
geneous heat transfer model applicable for single phase
flows for evaluation. The steady state equations for veloc-
ity and temperature fields are as follows [33, 34].
Equation for conservation of mass

v.<pnf0> =0 (6)
Equation for conservation of momentum
V-(Pnfaa> = —Vp+ V20 + PP (T = T)) (7)

The third term on the right-hand side of the above
momentum equation is the buoyancy term which takes in
to account the effect of natural convection. This term rep-
resents the buoyancy force acting on the fluid as a result
of the temperature difference. T, in the buoyancy term rep-
resents the low temperature at which the top horizontal
wall of the cavity is maintained, and its value is chosen to
be 303 Kin the present study. For mixed convection flows,
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Table 2 Thermal conductivity

- Researcher
models used for comparison as

Thermal conductivity model

shown in Fig. 8 Maxwell [6]

Bruggeman [7]

Hamilton and Crosser [8]

Lu and Lin [9]
Chon etal.[10]
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Xuan et al. [13]

Patel et al. [14]
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this buoyancy term will be activated. Whereas, for forced
convection flows, it will be neglected.
Equation for conservation of energy in fluid zone

V((PCo) 0Tt ) = V- (kg Vi) (®)
Energy equation for solid zone
VT, =0 9)

The three dimensionless numbers presented in the
numerical investigation are Reynolds number (Re), Grashof
number (Gr) and Nusselt number. Reynolds number is the
ratio of inertia force to viscous force and is given as follows.

_ peUal
Hs

Re (10

whereas, Grashof number is defined as the ratio of buoy-
ancy force to viscous force acting on fluid and is given as
follows.

peaBc(T,, — T, L3
or = 2T Z T an
Hy

T,, in the above equation represents the high tempera-
ture at which the bottom wall of the solid region is main-
tained, and its value is obtained from Grashof number.

Whereas, Nusselt number is defined as the ratio of con-
vection heat transfer to fluid conduction heat transfer. The
average Nusselt number adopted in the present study is
given as follows.

h

interface, g

Nu
Kyt

avg —
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4.2 Boundary conditions

Appropriate boundary conditions are implemented on
all the three geometrical lid-driven cavity configurations
in the present study. Top wall of the cavity is assigned
with a horizontal velocity value obtained from respective
Reynolds number. Whereas, the vertical velocity value of it
remains zero. No slip velocity boundary condition is imple-
mented on all other walls of the cavity. The top wall of the
cavity is maintained at a low temperature (T) of 303 Kand
all the vertical walls are insulated by implementing adiaba-
tic boundary condition with =0 W/m?2. The bottom wall
of the solid region is maintained at a high temperature (T;)
whose value obtained from respective Grashof number.
The values of T, used are 316.51, 338.12 and 357.03 K for
Gr=5000, 13,000 and 20,000, respectively. The interface
between solid and fluid zones is implemented with no slip
velocity boundary condition and coupled thermal bound-
ary condition. This coupled thermal boundary condition
considers that both heat fluxes as well as temperatures of
solid and fluid zones at the interface are equal as given by
Nimmagadda and Venkatasubbaiah [35].

5 Grid independence test

Grid independence test representing temperature along
the solid-fluid interface of the lid-driven cavity in the
case of pure water at Re=100 and Gr=20,000 in forward
step is shown in Fig. 2a. The reason for selecting forward
step configuration to conduct grid independence test is
because; among all the three configurations used in the
present study, forward step configuration showed higher
heat transfer performance by exhibiting higher Nu,4 val-
ues. This test is conducted in order to obtain the optimum
grid size beyond which the accuracy of the solution will
not alter. As observed in Fig. 2a, four grid sizes: 600 x 600,
800 x 800, 1000 x 1000 and 1200 x 1200 are used in this
test. From Fig. 23, it is clearly observed that the obtained
interface temperature is not exhibiting any significant
change when the grid size is increased beyond 800 x 800.
In this regard, grid size of 800 x 800 is adopted in the
present study on all geometrical configurations and on
all working parameters. Moreover, the reason for select-
ing forward step geometrical configuration in this grid
independence test is because; this configuration exhibits
highest heat transfer performance among all the three
geometrical configurations used in the present study. Fur-
thermore, mixed convection at Re=100 and Gr=20,000
also exhibits highest heat transfer performance. As all the
numerical simulations were performed using homogene-
ous heat transfer model, pure water is used as heat transfer
fluid in this test because there will be no effect of fluid on
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the gird independence test. Figure 2b represents the grid
distribution within the lid-driven cavity at two different
locations represented by small square boxes for 800 x 800
grid size. The corresponding enlarged regions of those
two small square boxes as shown in Fig. 2b represents
that uniform mesh is evenly distributed throughout the
computational domain.

6 Model validation

The homogeneous heat transfer model in ANSYS FLU-
ENT used in the present study is validated against the
numerical and analytical results available in the literature.
To achieve this validation, the geometrical domain and
boundary conditions given in the corresponding litera-
ture are implemented and solved in ANSYS FLUENT.

Primary validation is done in terms of velocity profiles
as shown in Fig. 3a for the case of lid-driven cavity. As
observed in Fig. 3a, the horizontal velocity along the ver-
tical height at the center line of the lid-driven cavity is
used for comparison. Air at Re=1000 is used as working
fluid inside the cavity and the results obtained with ANSYS
FLUENT are compared against the results of Ghia et al. [36]
as well as with Mohammed and Reis [37]. From Fig. 3a,
the obtained results are in good match with the results of
Ghia et al. [36] and that of with Mohammed and Reis [37].

Secondarily, validation is carried out in terms of heat
transfer as shown in Fig. 3b for the case of jet impinge-
ment. As observed in Fig. 3b, the average Nusselt num-
ber values of pure water at various Reynolds number is
used for comparison. The results obtained with ANSYS
FLUENT are compared against the results of Lamraoui
et al. [38] as well as with those of Abhijith and Venkatasu-
bbaiah [39]. From Fig. 3b, the obtained results are in
good match with the results of [38] and [39].

After validating the homogeneous heat transfer
model in ANSYS FLUENT with the existing results in the
literature, the model is then taken into consideration for
the present investigation.

7 Results and discussion

Two-dimensional conjugate heat transfer performance
of stepped lid-driven cavity was numerically investigated
in the present study under forced and mixed convec-
tion in laminar regime. Pure water and Aluminium oxide
(Al,05)/water nanofluid with Dp=30 nm and 1 vol.%, 2
vol.% and 3 vol.% concentrations were considered. All
these numerical simulations were performed by con-
sidering brownian motion based effective thermal
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Fig.2 a Grid independence
test representing temperature
along the solid-fluid interface
of the lid-driven cavity in the
case of pure water at Re=100
and Gr=20,000 in forward
step, and b Grid distribution
within the lid-driven cavity at
two different locations repre-
sented by small square boxes
for 800 x 800 grid size
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500 are shown in Fig. 4 for Gr=20,000. From Fig. 4a-c, at
Re=100, it is observed that the colored contour and the
solid black line do not overlap with each other resulting
in a difference between forced and mixed convection.
Whereas, from Fig. 4d-e, at Re=500, it is observed that
the colored contour and the solid black line overlaps
with each other. This shows that at higher values of Re,
the fluid motion is purely caused by means of external
force exerted by moving the lid (by the movement of the
lid) and buoyancy effect has very minimal impact on the
fluid motion. This is because; the forced currents domi-
nate the tendency of natural fluid movement caused due
to difference in local fluid densities which in turn is due
to difference in local temperatures. At lower values of Re,
domination of forced currents on natural fluid movement
is not significant and hence there will be a difference as
observed with the mismatch of contours as in Fig. 4a-c.

7.2 Temperature contours

Overlapped temperature contours of forced and mixed
convection in all three geometrical configurations for
pure water (colored contour for forced convection and
solid black line for mixed convection) at Re=100 and
500 are shown in Fig. 5 for Gr=20,000. From Fig. 5a-¢, at
Re=100, it is observed that the colored contour and the
solid black line do not overlap with each other resulting
in a difference between forced and mixed convection.
Whereas, from Fig. 5d-e, at Re=500, it is observed that

No Step
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. 0016
oota
0012

0.010
0.008
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X (m) X (m)

Fig.4 Overlapped X-directional velocity contours of forced and mixed convection in all three geometrical configurations for pure water
(colored contour for forced and solid black line for mixed) at Gr=20,000: a to c at Re=100, d to f at Re=500
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Forward Step

Backward Step

Fig. 5 Overlapped temperature contours of forced and mixed convection in all three geometrical configurations for pure water (colored
contour for forced and solid black line for mixed) at Gr=20,000: a to c at Re=100, d to f at Re=500

the colored contour and the solid black line overlaps with
each other. As explained in Fig. 5d-e, at higher values of
Re, the fluid motion is purely caused by means of external
force exerted by the moving lid and buoyancy effect has
very minimal impact on the fluid motion. This is because;
the forced currents dominate the tendency of natural fluid
movement caused due to difference in local fluid densities
which in turn is due to difference in local temperatures. At
lower values of Re, domination of forced currents on natu-
ral fluid movement is not significant and hence there will
be a difference as observed with the mismatch of contours
asin Fig. 5a-c.

357.5

7.3 Effect of geometrical configuration

Temperature distribution present along the solid—fluid
interface of the lid-driven cavity at Re=100 and Gr=20,000
in all three geometrical configurations for forced and
mixed convection is shown in Fig. 6. From Fig. 6, it is
observed that the interface temperature in the case of
forward step with mixed convection is lower when com-
pared with that of the temperatures obtained in all other
geometrical configurations. The reason for this is because;
in the case of forward step, the step is present in the direc-
tion of fluid motion. The fluid inside the cavity undergoes

Fig. 6 Temperature distribu-
tion along the solid—fluid
interface of the lid-driven
cavity in the case of pure water
at Re=100 and Gr=20,000 in
all three geometrical configu-
rations for forced and mixed
convection
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swirling motion due to the movement of the upper / top
lid. This moving fluid should climb the step present in its
direction of motion thereby causing disturbed local fluid
movement due to hitting of the fluid with the step height.
This disturbed local movement of fluid will not happen in
backward and no step cases. In the case of backward step,
the swirling fluid will get down the step in a smooth flow
manner as the step is present in the downward direction of
the flow. Moreover, at Re=100, for a particular geometrical
configuration, there is a difference between the interface
temperatures obtained in the case of forced and mixed
convection. This is because; as explained in Figs. 4 and 5,
at lower values of Re, domination of forced currents on
natural fluid movement is not significant and hence there
will be a difference.

7.4 Effect of convection type and Grashof number

Average Nusselt number at different Reynolds number
for forced and mixed convection types of pure water in
forward step at different Grashof numbers is shown in
Fig. 7. From Fig. 7, it is observed that the values of Nu,4
obtained in the case of mixed convection with Gr=20,000
are higher when compared to other cases. The reason for
this is because; for a particular heat transfer fluid with
constant low temperature (T,) applied to the moving lid,
increment in the Grashof number results in the increase
of high temperature (7},) applied to the bottom wall under
the solid region. This results in the increment of AT (T, —T)).
This higher AT leads to buoyancy effect that results in the
natural movement of fluid caused due to difference in the
densities of hot and cold fluids along with the bulk fluid
movement caused by external forced that is by moving
lid. This results in the phenomena of mixed convection
to dominate forced convection. Moreover, at lower Gra-
shof numbers (Gr=5000), the difference between mixed
and forced convection is very small. This is because of low
Ty, value at lower Gr. Furthermore, as Reynolds number

increases, the difference between forced and mixed con-
vection heat transfer decreases for a particular Gr number.
This shows that at higher values of Re, the fluid motion is
purely caused by means of external force exerted by mov-
ing the lid (by the movement of the lid) and buoyancy
effect has very minimal impact on the fluid motion. This
is because; the forced currents dominate the tendency of
natural movement of the fluid caused due to difference
in local fluid densities which in turn is due to difference in
local temperatures. At lower values of Re, domination of
forced currents on natural fluid movement is not signifi-
cant and hence there will be a difference. For Re=100 and
Gr=20,000, Nu'.leg value of mixed convection is 24% higher
than that of forced convection.

7.5 Effect of thermal conductivity model

Thermal conductivity of Al,O;/water nanofluid at different
volume concentrations of nanoparticles dispersed in pure
water is shown in Fig. 8 for various thermal conductivity
models as given in Table 2. Reference [6-12] represents
the thermal conductivity models without consideration of
Brownian motion. Whereas, Reference [13-16] represents
the thermal conductivity models considering both the
Brownian motion and aggregation effects. From Fig. 8, it
is clearly understood that Xuan et al. [13] as well as Patel
et al. [14] models exhibits higher thermal conductivity
when compared with all other models especially at higher
volume concentration of nanoparticles. This is because, it
considers the micro-convection phenomena that has three
contributions for heat flow through the nanofluids. That
are, conduction through fluid, conduction through solid
and advection because of the Brownian motion of the
particles as well as aggregation. The classical thermal con-
ductivity models of Maxwell [6], Bruggeman [7], Hamilton
and Crosser [8], as well as Lu and Lin [9], Chon et al. [10],
Chandrasekar et al. [11], Dong and Chen [16] exhibits simi-
lar thermal conductivity values. From Fig. 8, it is observed

Fig.7 Average Nusselt number 7
at different Reynolds number
for forced and mixed convec-
tion types of pure water in for-
ward step at different Grashof
numbers
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0.85

Fig.8 Thermal conductivity of
Al,O3/water nanofluid at dif-
ferent volume concentrations
of nanoparticles dispersed in
pure water
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that Patel et al. [14] model results in 20.56% higher ther-
mal conductivity value for 3 vol.% Al,O5/water nanofluid
in comparison with the lowest thermal conductivity value
of Dong and Chen [16] obtained in the present study. The
use of micro-convection phenomena based thermal con-
ductivity models will result in higher values of thermal
conductivity when compared with other models. Adopt-
ing these micro-convection based thermal conductivity
models in numerical studies on heat transfer evaluation
may also lead to obtain closer results in comparison with
experimental data giving rise to very minimal deviation.

0.018
Volume Concentration (Q)

0.024 0.03

7.6 Effect of volume concentration

Average Nusselt number values of different volume con-
centrations of nanofluid at various Reynolds number for
forward step under mixed convection at Gr=20,000 is
shown in Fig. 9. From Fig. 9, it is observed that the Nu,q
values of 3 vol.% Al,O;/water nanofluid is higher when
compared to that of other heat transfer fluids.

This is because of its higher thermal conductivity value
when compared with pure water, 1 vol.% Al,O; and 2 vol.%
Al,Os/water nanofluids. At Re=500, 3 vol.% Al,O;/water
nanofluid enhances the heat transfer performance by
23.63% in comparison with that of pure water for mixed
convection with Gr=20,000 in forward step. Whereas,

Fig. 9 Average Nusselt number 8
values of different volume
concentrations of nanofluid 7.5 Forward Step
at different Reynolds number
for forward step under mixed 7 Mixed Convection
convection at Gr=20,000
6.5
Gr = 20000
6
3
3 55
2
5
45 =1 vol.% Al203 ==-2 vol.% Al203
4
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3.5
3
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1 vol.% and 2 vol.% Al,O;/water nanofluid shows an
enhancement of 7.8% and 15.7%, respectively. Moreover,
as Re increases, the Nuavg value also increases for a par-
ticular heat transfer fluid. This is because of increase in the
velocity of the fluid which in turn is due to increase in the
velocity of moving lid.

8 Conclusion

Two-dimensional conjugate heat transfer performance
of stepped lid-driven cavity was numerically investigated
in the present study under forced and mixed convec-
tion in laminar regime. Pure water and Aluminium oxide
(Al,0;)/water nanofluid with Dp= 30 nm and 1 vol.%, 2
vol.% and 3 vol.% concentrations were considered. All
the numerical simulations were performed by consider-
ing brownian motion based effective thermal conduc-
tivity evaluation in homogeneous heat transfer model
of ANSYS FLUENT. The effect of various parameters such
as Reynolds number, Grashof number, geometrical con-
figuration, convection types are comprehensively inves-
tigated and presented. The following conclusions are
made from the present study.

e At lower values of Re, domination of forced currents
on natural fluid movement is not significant and
hence there will be a difference in the heat transfer
performance between forced and mixed convection.
For Re=100 and Gr=20,000, Nu,,, value of mixed
convection is 24% higher than that of forced convec-
tion.

 For higher Re values, no much difference in Nu,q is
observed between forced and mixed convection. This
is because of significant domination of forced cur-
rents on natural fluid movement.

e Out of all the three configurations, at Re=100, for-
ward step with mixed convection gives higher heat
transfer performance as the obtained interface tem-
perature is lower than all other cases.

e The effective thermal conductivity of Al,O;/water
nanofluid evaluated by considering the brownian
motion of nanoparticles with Patel et al. [14] results
in 20.56% higher value for 3 vol.% Al,O;/water nano-
fluid in comparison with the lowest thermal conduc-
tivity value of Dong and Chen [16] obtained in the
present study showing the importance and consid-
ering requirement of brownian motion in nanofluid
heat transfer.

e At Re=500, 3 vol.% Al,O;/water nanofluid enhances
the heat transfer performance by 23.63% in compari-
son with that of pure water for mixed convection with
Gr=20,000 in forward step.
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The present work will be benefited to the field of elec-
tronics cooling providing no possibility for leakage of
working fluid as a result of closed system.
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