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Abstract
Purpose – One of the major challenges in the design of thermal equipment is to minimize the entropy
production and enhance the thermal dissipation rate for improving energy efficiency of the devices. In several
industrial applications, the structure of thermal device is cylindrical shape. In this regard, this paper aims to
explore the impact of isothermal cylindrical solid block on nanofluid (Ag – H2O) convective flow and entropy
generation in a cylindrical annular chamber subjected to different thermal conditions. Furthermore, the present
study also addresses the structural impact of cylindrical solid block placed at the center of annular domain.
Design/methodology/approach – The alternating direction implicit and successive over relaxation
techniques are used in the current investigation to solve the coupled partial differential equations.
Furthermore, estimation of average Nusselt number and total entropy generation involves integration and is
achieved by Simpson and Trapezoidal’s rules, respectively. Mesh independence checks have been carried out
to ensure the accuracy of numerical results.
Findings – Computations have been performed to analyze the simultaneous multiple influences, such as
different thermal conditions, size and aspect ratio of the hot obstacle, Rayleigh number and nanoparticle
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shape on buoyancy-driven nanoliquid movement, heat dissipation, irreversibility distribution, cup-mixing
temperature and performance evaluation criteria in an annular chamber. The computational results reveal
that the nanoparticle shape and obstacle size produce conducive situation for increasing system’s thermal
efficiency. Furthermore, utilization of nonspherical shaped nanoparticles enhances the heat transfer rate with
minimum entropy generation in the enclosure. Also, greater performance evaluation criteria has been noticed
for larger obstacle for both uniform and nonuniform heating.
Research limitations/implications – The current numerical investigation can be extended to further
explore the thermal performance with different positions of solid obstacle, inclination angles, by applying
Lorentz force, internal heat generation and so on numerically or experimentally.
Originality/value – Apioneering numerical investigation on the structural influence of hot solid block on the
convective nanofluid flow, energy transport and entropy production in an annular space has been analyzed. The
results in the present study are novel, related to various modern industrial applications. These results could be
used as a firsthand information for the design engineers to obtain highly efficient thermal systems.

Keywords Annular chamber, Buoyant convection, Cup-mixing temperature, Entropy generation,
Hot obstacle, Nanoparticle shape

Paper type Research paper

Nomenclature
Be = Bejan number;
Cp = Specific heat [J/(kg K)];
d =Width of the obstacle [m];
D =Width of the annulus [m];
FFE = Entropy due to fluid friction;
g = Acceleration due to gravity [m/s2];
h = Height of the obstacle [m];
H = Height of the annulus [m];
HTE = Entropy due to heat;
k = Thermal conductivity [W/(m K)];
Nu = Average Nusselt number;
p = Dimensional pressure [Pa];
P = Dimensionless pressure;
Pr = Prandtl number;
ri and ro = Dimensional radius of inner and outer cylinders [m];
(r, z) = Dimensional radial, axial coordinates [m];
(R, Z) = Dimensionless radial, axial coordinates;
Ra = Rayleigh number;
SGEN = Local entropy generation;
Stot = Total entropy generation;
t* = Dimensional time [s];
t = Dimensionless time;
T = Dimensionless temperature;
Tcup = Cup-mixing temperature;
(u, w) = Dimensional radial, axial velocity components [m/s]; and
(U,W) = Dimensionless radial, axial velocity components.

Greek letters
a = Thermal diffusivity [m2/s];
b = Thermal expansion coefficient [K– 1];
C = Aspect ratio of obstacle;
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u = Dimensional temperature [K];
l = Radius ratio;
m = Dynamic viscosity [kg/(ms)];
� = Kinematic viscosity [m2/s];
r = Density [kg/m3];
f = Nanoparticle volume fraction;
c = Stream function; and
z = Vorticity.

Subscripts
c = Cold;
f = Base fluid;
h = Hot; and
nf = Nanofluid.

1. Introduction
The convective motion and associated thermal dissipation along with entropy generation
(EG) in a differently heated finite-sized geometry are the crucial parameters in the design of
many important thermal devices. Therefore, several investigations have been focused on
buoyant heat transfer analysis inside a finite-shaped geometry due to its relevance in
numerous industrial applications, which include storage tanks, room ventilation, double
pane windows, heat exchangers, cooling of containment buildings, electronic cooling and
solar collectors. In addition, an enclosed annular geometry formed by two concentric
cylinders, among various finite-shaped geometries, aptly mimics important applications
ranging from nuclear reactors to the complicated industrial equipment (Lopez and Marques,
2014). One of the pioneering works on experimental study of convective heat dissipation of
various liquids in an annulus region by considering three aspect ratios has been made by
Prasad and Kulacki (1985). The partial heating influence on fluid motion as well as heat
transport in an annular chamber has been examined by Sankar and Do (2010) by taking
various constraints into consideration and predicted that thermal dissipation could be
improved with partial heating, and placing the thermal source at an appropriate location
could also enhance the heat transport.

In recent years, utilization of liquids dispersed with nanosized solid particles having
higher thermal conductivity, known as nanoliquids, is preferred to increase the heat transfer
rate (HTR) in several industrial applications (Choi and Eastman, 1995; Godson et al., 2010).
Abouali and Falahatpisheh (2009) considered a vertical annulus and made a pioneering
investigation of Al2O3-water nanofluid flow and heat transport rates. They presented heat
dissipation correlations for square as well as annular cavities. The impact of different base
fluids on fluid motion as well as HTR in an annulus containing nanofluid has been analyzed
by Mebarek-Oudina (2019) and reported that HTR of TiO2-nanofluid greatly depends on the
choice of base fluid. The investigation of two-phase dusty nanofluid movement in an
annular space has been carried out by Saha et al. (2020) and found that the density ratio and
the dusty parameter play key role in optimization of HTR. By adopting finite volume
method, the convective heat transport in an annulus containing Cu-water nanofluid
containing an inner rotating circular cylinder has been numerically studied by Mirzaie and
Lakzian (2021) and concluded that enhancement of angular velocity leads to an increase in
HTR. Berrahil et al. (2021) studied buoyant convection of nanoliquid in an annulus
considering the axial as well as radial magnetic field influences and proposed correlations
for global heat dissipation in terms of radius ratio, nanoparticle concentration, Rayleigh and
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Hartmann numbers. Recently, the effect of different nanoparticles on fluidity and thermal
dissipation rate under various constraints has been investigated and proposed the suitable
combination of parametric values to improve HTR in the annular domain (Reddy et al., 2021;
Lakshmi et al., 2021).

A finite-sized enclosure accommodating a solid obstacle of different shapes has been a
topic of several investigations due to the relevance in numerous practical applications, such
as building designing, electronic component cooling, thermal insulation and solar collectors.
One of the pioneering studies on fluid motion and thermal transport in a cavity containing
solid heat conducting body has been performed by House et al. (1990). They reported that
enclosure containing small size obstacle results in maximum dissipation of thermal energy.
Kim et al. (2008) adopted the immersed boundary technique to predict the influence of inner
cylinder location on HTR and fluid flow strength in a square geometry. Ragui et al. (2013)
addressed the size effects of hot obstacle on convective HTR in a cavity and proposed a
correlation for average Nusselt number as a function of block size and Rayleigh number.
Natural convection and thermal transport in a nanofluid-filled cavity containing different
obstacles, such as square adiabatic block by Mahmoodi and Sebdani (2012) and hot
cylindrical block by Esfe et al. (2014), have been investigated to identify the shape impacts of
obstacle. It has been predicted that the aspect ratio of adiabatic square block and radius of
inner circular block could significantly control the fluidmotion and heat transfer process. By
using the lattice Boltzmann method, Rahmati and Tahery (2018) analyzed the conductive
solid block influence mounted at the central region of the enclosure by maintaining high
temperature along the bottom surface and obstacle boundaries and found an optimum
obstacle location to enhance the HTR. In recent times, analyzing the liquid flow and
resulting energy transport rates in the cavity containing different shaped obstacle has
received substantial attention which mainly discusses various outcomes pertaining to
obstacle shape and size (Roy, 2019).

The aforementioned literature with/without obstacle focuses on the flow and thermal
transport analysis by neglecting EG. Recently, the studies based on second-law (EG) have
gained prime importance for a better understanding of system’s thermal efficiency. EG has
become one of the prime factors for estimating the efficiency of thermal devices because it
quantifies the energy loss caused by irreversibility phenomenon (Bejan, 1982, 1996). Baytas
(2000) made an attempt to investigate entropy due to fluid friction (FFE) and heat (HTE) in a
porous inclined enclosure and observed that irrespective of Darcy–Rayleigh number,
minimal FFE is noticed for 270° inclination of the cavity. In a similar geometry, Ilis et al.
(2008) made a detailed analysis to address the thermal performance by assessing energy
dissipation and EG. The production of entropy in any system could also be strongly altered
from additional factors, such as magnetic field and multiple buoyancy forces. Recently, the
impacts of discrete heating, source–sink location and annular tilt angle on nanofluid flow
strength and HTR along with irreversibility analysis have been numerically examined by
Sankar et al. (2023). It has been proposed that the smaller source–sink pairs with suitable
choice of geometry inclination could enhance the HTR with minimal production of entropy.
Shuja et al. (2000) made a pioneering attempt to numerically analyze the effect of solid block
and its position on fluid flow (air/water), HTR and EG in a cavity. The obtained results
shows that the enclosure filled with air generates higher entropy as compared to water.
Sheikhzadeh et al. (2012) made computational analysis to address the impact of hot square
block mounted at the central region of nanofluid-filled cavity and reported that an increase
in the block size has better thermal efficiency (maximum HTR with minimum EG) at lower
Rayleigh number. The influence of cylindrical isothermal body located at the central region
of tilted enclosure has been analyzed on fluid flow and EG and found that decrease in
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Prandtl number reduces total EG in the cavity (Mun et al., 2016). Alsabery et al. (2018)
studied the effect of solid adiabatic block on nanofluid movement, EG and HTR and
reported that the optimization of system efficiency could be controlled by thermal
conductivity ratio and block size.

Numerous scientific works have been performed to analyze the change in fluid flow pattern,
HTR and EG under the influence of different constraints like effect of magnetic field, porous
media, double diffusion, nonuniform heating, structure of the geometry, shape of obstacle and
many others. Malik and Nayak (2017) numerically investigated the nonuniform thermal profile
impact on magnetoconvective nanofluid flow and EG in a porous cavity and reported that the
fractional increment of nanoparticles increases HTR very effectively. The hybrid nanoliquid
motion in a square porous enclosure subjected to linear heating profile could be significantly
controlled by applying Lorentz force at four different locations (Manna et al., 2021). The Lorentz
force tilt angle as well as solid block on thermal transport and fluid motion filled in a cavity
under different thermal conditions has been numerically investigated (Pal et al., 2022).
Selimefendigil and Oztop (2015) examined the impact of obstacle shape, Lorentz force, internal
heat generation on nanoliquid flow along with HTR and EG in a cavity and reported that
selection of the parametric values play significant role to enhance the system efficiency. Tayebi
and Chamkha (2020) reported that irrespective of Hartmann number, an enhancement in the
conductivity ratio results in an enhancement in HTR and decrease in total EG of hybrid
nanofluid contained in an enclosure containing wavy obstacle. Vijaybabu (2020) performed
computational study to address the hot porous object impact on natural convective phenomena
and irreversibilities in a cavity and found that the minimumEG depends on the permeability of
cylinder. Kardgar (2021) examined the impact of Lorentz force on conduction–convection flow,
thermal dissipation and EG of nanofluid filled in an inclined cavity. The collective effects of
Lorentz force, chemical reaction and heat generation on the energy transport alongwith EG in a
doubly stratified porous geometry have been studied by Kumar et al. (2022a, 2022b). Recently,
the influence of magnetic field and porous medium on convective HTR and EG ofMWCNT�
H2O nanoliquid has been studied by Kumar et al. (2022, 2022b) for different thermal conditions
and concluded that heat transfer phenomenon is lower for linear thermal profile than constant
heating case. As discussed above, the geometrical shape of the cavity plays a remarkable role
in investigation of buoyancy-driven fluid flow, heat transport rate and EG. In some industries,
the geometrical structure of the thermal device may be irregular, namely, C/U/L-shaped,
parallelogram, triangular, quadrantal, wavy enclosure and various other odd shapes. By
considering different constraints, numerical experiments have been performed to predict a
suitable situation to maximize HTR and minimize EG in the abovementioned geometries
(Sheremet et al., 2017; Dogonchi and Hashim, 2019; Dogonchi et al., 2021; Tayebi et al., 2022).

1.1 Motivation
The thorough literature review regarding convective fluid flow and associated thermal
transport rate along with EG subjected to different conditions has been made in
aforementioned section. For better understanding, the earlier research works related to heat
and fluid flow in various geometries containing obstacle have been displayed in Table 1.
Through this, it has been found that the existing works are mainly focused on square and
other nonannular enclosures. Also, the influence of hot solid block on the convective
nanofluid flow, energy transport and EG in an annular space has not yet been attempted.
The annular geometry, one of the most-sought geometries, aptly describes the physical
structure of many important applications, such as electronic device cooling, nuclear reactors,
heat exchangers, solar technology and dry-type transformers. The knowledge of flow,
thermal distribution and EG rates of square cavity could not be used in these applications
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Details of few
published works in
the presence of
obstacle
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due to curvature effect of annular geometry. For better understanding, the comparison
between average Nusselt number for square and annular enclosure has been made for
various obstacle sizes, nanoparticle shape and thermal conditions are displayed in Table 2.
Due to the greater difference in HTR between square and annular enclosures, and also due to
many industrial applications of annular enclosure, it is essential to investigate the impact of
isothermal obstacle on nanoliquid flow, heat dissipation and EG in an annular enclosure.
The numerical approach and validation have been provided in Section 3. The simulations
have been carried out for a wide range of parameters such as Rayleigh number (Ra: 103–105),
obstacle size (d: 0.2–0.7) and aspect ratio (C: 0.5–2) by considering different nanoparticle
shapes and thermal conditions, and the outcomes are discussed in Section 4. Finally, the key
findings of this numerical investigation are summarized in Section 5.

2. Problem formulation
The physical domain considered in this analysis is a 2D annular geometry structured from two
vertical and coaxial cylinders with ri and ro as the radii of inner and outer cylinders,
respectively. The space between cylinders is filled with silver–water nanofluid (Table 3 depicts
H2O and nanoparticle properties). The inner and outer cylinders are kept at low temperature,
the top boundary is retained as insulated and three different higher thermal conditions
(uniform/linear/sinusoidal heating represented as Case-I/Case-II/Case-III) are imposed along the
bottom wall. Also, a uniformly heated cylindrical solid block has been placed at the center of
annular domain as shown in Figure 1. The widths of annulus and solid block are, respectively,
taken asD and d, and the heights of annulus and solid block are, respectively, denoted asH and
h. In this study, the single-phasemodel, whichwas first adopted by Choi and Eastman (1995), is
used because the nanoparticle concentration is sufficiently low, resulting in minimal or
negligible pressure drop difference when compared to a single-phase fluid. It is also assumed
that the dispersed nanoparticles in the base fluid have a uniformmorphology, and both phases
(solid and liquid) are in a thermal equilibrium condition (Hamzah and Sahin, 2023). Therefore,
the nanofluid is considered as a homogeneous fluid with improved thermal properties, whose
values are determined using the models presented in Table 4 (Yan et al., 2020; Dogonchi et al.,
2021; Kumar et al., 2023). Also, it has been assumed that the fluid is Newtonian and
incompressible with unsteady, laminar and axisymmetric flow. The Boussinesq approximation
is assumed. Viscous dissipation is neglected but EG is considered. These type of assumptions
have been chosen fromRosca et al. (2023).

2.1 Governing equations
As per the conservative laws and postulates, the dimensional modeled equations are as
follows:

r: q!¼ 0; (1)

rnf
@ q!
@t*

þ q!:r
� �

q!
� �

¼ �rpþ mnfr2 q!þ rbð Þnf g! u� ucð Þ; (2)

@u

@t*
þ q!:r
� �

u ¼ anfr2u; (3)

The dimensionless variables used in the present investigation are as follows:
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Comparison between
heat transfer rate of
square and annular
enclosure for
different thermal
conditions
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R; Zð Þ ¼ r; zð Þ
D

; U ¼ uD
af

; W ¼ wD
af

; t ¼ t*af

D2 ; T ¼ u� ucð Þ
uh � ucð Þ ; P ¼ pD2

rnfa
2
f

:

By using the aforementioned dimensionless variables, nondimensional energy and vorticity–
stream function equations are expressed as below:

@T
@t

þ U
@T
@R

þW
@T
@Z

¼ anf

af
r2T (4)

@z

@t
þ U

@z

@R
þW

@z

@Z
� Uz

R

� �
¼ mnf

rnfaf
r2z� z

R2

� �
� rbð Þnf

rnfbf
Ra Pr

@T
@R

(5)

z ¼ 1
R

@2c

@R2 �
1
R
@c

@R
þ @2c

@Z2

� �
(6)

where:

U ¼ 1
R
@c

@Z
; W ¼ � 1

R
@c

@R
; r2 ¼ @2

@R2 þ
1
R

@

@R
þ @2

@Z2 ; Ra ¼ gbfDuD
3

�faf
and Pr ¼ �f

af
:

The dimensionless BCs imposed are as follows:

Table 3.
Water and

nanoparticle
properties

Material r (kg/m3) Cp (J/kg K) k (W/mK) b� 105 (K�1)

H2O 997.1 4179 0.613 21
Ag 10500 235 429 1.89

Source: Saha et al. (2020) and Belhaj and Ben-Beya (2022)

Figure 1.
Physical domain and

its axisymmetric
representation
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For t> 0:

c ¼ @c

@R
¼ 0; T ¼ 0;

at vertical surfaces:

c ¼ @c

@Z
¼ 0;T ¼ 1 ðorÞ 1� R ðorÞ sin pRð Þ;

at bottom surface:

c ¼ @c

@Z
¼ 0;

@T
@Z

¼ 0;

at top surface:

c ¼ @c

@h
¼ 0;T ¼ 1;

at solid block.Here, h denotes normal to a boundary of the hot block.

2.2 Entropy generation equation
In any system, as per the second law, transfer of heat occurring due to temperature
gradients causes irreversibility and produce entropy. The irreversibilities are exhibited from

Table 4.
Equations for
estimating nanofluid
properties

Nanofluid properties Applied model

Thermal expansion coefficient rbð Þnf ¼ f rbð Þp þ 1� fð Þ rbð Þf
Density rnf ¼ 1� fð Þrf þ frp
Heat capacitance rCp

� �
nf ¼ 1� fð Þ rCp

� �
f þ f rCp

� �
p

Thermal diffusivity
anf ¼ knf

rCp
� �

nf
Thermal conductivity knf

kf
¼ kp þ n� 1ð Þkf � n� 1ð Þf kf � kp

� �
kp þ n� 1ð Þkf þ f kf � kp

� � , for nonspherical nanoparticles

knf
kf

¼ kp þ 2kf � 2f kf � kp
� �

kp þ 2kf þ f kf � kp
� � , for spherical nanoparticles

Dynamic viscosity mnf ¼ mf 1þ A1fþ A2f
2

� �
, for nonspherical nanoparticles

mnf ¼
mf

1� fð Þ2:5
, for nanoparticles with spherical shape

Shape of the nanoparticle x n¼ 3/x A1 A2
Blade 0.36 8.6 14.6 123.3
Cylinder 0.62 4.9 13.5 904.4
Platelet 0.52 5.7 37.1 612.6
Brick 0.81 3.7 1.9 471.4

Sources: Yan et al. (2020); Dogonchi et al. (2021); Kumar et al. (2023)
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heat transport as well as friction due to fluid flow. According to local thermodynamic
equilibriumwith linear transport theory, the dimensional form of EG can be given by:

Sgen ¼ knf
u20

@u

@r

� �2

þ @u

@z

� �2
" #

þ mnf

u0
2

@u
@r

� �2

þ u
r

� �2

þ @w
@z

� �2
( )

þ @u
@z

þ @w
@r

� �2
" #

(7)

By using the dimensionless variables, the nondimensional form of HTE (Sl.T) and FFE (Sl.W)
is given by:

Sl:T ¼ knf
kf

@T
@R

� �2

þ @T
@Z

� �2
" #

Sl:W ¼ U
mnf

mf
2

@U
@R

� �2

þ U
R

� �2

þ @W
@Z

� �2
( )

þ @U
@Z

þ @W
@R

� �2
" #

;

(8)

where the corresponding irreversibility distribution ratio (U) is defined as:

U ¼ mf

kf
u0

af

DDu

� �2

:

The local EG in an annular region is equal to the sum of HTE and FFEwhich is defined as:

SGEN ¼ Sl:T þ Sl:W (9)

The overall heat dissipation rate along the bottom surface, represented by the average
Nusselt number, is defined as (Alsabery et al., 2018):

Nu ¼ � knf
kf

 ! ð
@T
@Z

dR

The thermal mixing in the annulus is estimated by cup-mixing temperature and is defined
as follows (Kumar et al., 2022, 2022b):

Tcup ¼

ðð
Ŵ R; Zð ÞT R; Zð ÞR dR dZðð

Ŵ R; Zð ÞR dR dZ

here,

Ŵ R; Zð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þW2

p
:

The total EG is evaluated by integrating equation (9) within the geometry and is estimated
from the following equation:
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Stot ¼ 1
V

ð
V

SGEN dV ¼ 1
V

ð
V

Sl:T þ Sl:Wð Þ dV (10)

Equation (10) can be written as Stot¼ ST þ SW. The contribution of HTE and FFE has been
estimated by Bejan number (Bel) which is given by:

Bel ¼
Sl;T
SGEN

(11)

The overall Bejan number is given by integration of equation (11) within the enclosure:

Be ¼ 1
V

ð
V

Bel dV : (12)

In addition, to estimate the dominance of HTR over EG or vice versa in buoyant convection
problems, the quantity known as performance evaluation criteria (PEC) has been evaluated
by PEC ¼ Nu=Stot (Malik and Nayak, 2017).

3. Computational procedure, grid test and validation
The governing PDEs (4–6) together with initial and boundary constraints are solved by
adopting an implicit finite difference technique. Specifically, vorticity as well as temperature
equations have been solved by implementing the alternative direction implicit technique,
and equation (6) has been solved using the SLOR iterative method. A detailed description of
these two methods is elaborately discussed in recent papers (Reddy et al., 2021; Reddy and
Sankar, 2023). Thomas algorithm procedure has been used to invert the tri-diagonal linear
system of equations. Further by using higher order central difference approximation,
equations (8) and (9) are solved to estimate the local EG due to individual components.
Finally, the overall HTR and total EG are calculated by using Simpson and Trapezoidal’s
rules, respectively. Table 5 displays Nu and Stot for different grid sizes, and it reveals that
the mesh size of 201� 201 is suitable for further simulations. The comparison is very
important in any computational study for verifying the accuracy of simulation code. In this
regards, the comparison of streamlines and isotherms between the current result and the
study of Rahmati and Tahery (2018) which deals with flow and heat distribution of
nanoliquid in a square enclosure containing solid block is displayed in Figure 2(a). In
addition to this, validation of HTE, FFE and SGEN with Ilis et al. (2008) is reported in Figure
2(b). Furthermore, the average Nusselt number obtained from the current model is compared
with the values from previously conducted experimental studies (Hamad, 1989) for a

Table 5.
Grid independency
study

Mesh size Nu Relative difference Stot Relative difference

51� 51 11.1270533 – 73.8762198 –
101� 101 12.0741732 0.07844 74.4945199 0.008299
201� 201 13.0776185 0.07672 75.0047046 0.006802
251� 251 13.2082124 0.00988 75.2261110 0.002943

Source: Table by authors
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cylindrical annulus. The results of this comparison are presented in Table 6. From the
aforementioned two comparisons, the outcomes from current simulation code hold good
with the predictions of existing benchmark solutions and provide confidence to carry out
further simulations.

4. Results and discussion
4.1 Streamlines, isotherms and entropy generation (SGEN)
The influence of Ra on flow, thermal and EG distributions are illustrated in Figure 3 for
water and nanoliquid with a fixed hot block size. The analysis has been carried out for two
Ra values (meager Ra ¼ 103 and stronger 105), representing the conduction and convection
dominant modes, respectively. Due to the presence of centrally mounted heated block, the
fluid and thermal distributions are significantly altered. Hence, the flow structure appears to
be in bicellular pattern for both Rayleigh numbers with clockwise fluid flow on the right and
counterclockwise fluid flow on the left of hot block. This is due to thermal gradients
generated between the cold vertical walls and centrally mounted hot block. At lower Ra, due
to conduction dominant, the fluidity is minimal and also the addition of nanoparticles has
not revealed any major change in the flow strength. However, as Ra is enhanced, the
buoyant force enhances and in turn convection mode takes place due to which the fluidity of
both water and nanoliquid has been increased. As regard to isotherms, at lower Ra, the
isopleths of temperature are parallel to gravity, representing that the heat transport takes

Figure 2.
Validation of current
results with existing
benchmark problems

Table 6.
Comparison of Nu
obtained from the
present study with

experimental
findings in a

cylindrical annulus
filled with air (Pr¼

0.71)

Average Nusselt number (Nu) Relative difference
Ra Hamad (1989) Present study (%)

5� 104 6.584 6.551 0.50
1� 105 6.863 6.812 0.74
1.5� 105 7.033 6.992 0.58
2� 105 7.155 7.149 0.83

Source: Hamad (1989)
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place by conduction mode. However, on enhancing the Ra value, a significant change in
contour pattern of isotherms has been observed, indicating a strong buoyant flow, and hence
higher heat dissipation takes place by convection mode. Along with flow and isotherm field,
the EG has also been estimated and presented. The predictions revealed that at lower Ra
value, the EG takes place only near higher temperature regions (i.e. around hot block and
bottom left corner) and is due to the slow movement of fluid in the enclosure. However, on
increasing the Rayleigh number, the flow strength enhances and results in higher
production of entropy, which also spreads near cold wall region.

Figure 4 illustrates the effect of hot block size on fluid motion, thermal and EG contour
patterns with Ra ¼ 105, C ¼ 1 and f ¼ 0.04. The size of hot block is varied from 0.3 to 0.7,
and, as discussed earlier, the fluid flow takes place in bicellular flow pattern for each block
size. It has been observed that as the block size is enhanced, the fluidity declines due to
transition in heat transfer mode. For smaller block size, the area occupied by the nanofluid is
larger and hence generates higher convective heat transfer. However, as the block size is
enhanced, most of the annular region is filled with hot block, and this creates a narrow
region between the cold wall and hot obstacle, which suppress the convective flow. Due to
this, the fluidity decreases with an enhancement in the block size. This can also be justified
through isotherms which reveal a nearly parallel isotherms in the narrow gap between the
block and vertical surfaces of the annulus. As regards to irreversibility distribution, an
enhancement in the size of hot block declines EG, as the nanoliquid flow strength decreases
with the size of hot block. Because EG depends on the velocity gradient of the nanoliquid
[refer equation (9)], as flow strength decreases, FFE drops down considerably and produces
lower irreversibility in the enclosure. In particular, it has been noticed that enhancement of
hot block size from 0.3 to 0.7 causes 24.41% decline in EG.

Figure 3.
Streamlines (left),
isotherms (middle)
and SGEN (right) for
Ra¼ 103 (row-I),
Ra¼ 105 (row-II) at
d¼ h¼ 0.2,f¼ 0
(dotted line),f¼ 0.04
(solid line) with linear
heating
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The influence of C on fluid motion, thermal as well as distribution of entropy with linear
bottom wall heating has been represented in Figure 5 by keeping Ra ¼ 105 and f ¼ 0.04.
Due to hot block mounted at the center of the annulus, a two-eddy nanoliquid flow exists
with one rotating in clockwise and other in counterclockwise direction. For shallow hot
block (d ¼ 0.4, h ¼ 0.2), the eddy size closer to inner wall is smaller compared to the eddy
near outer wall. However, on varying the aspect ratio of hot block, the size of inner eddy
enhances, whereas the outer wall eddy remains nearly of the same size. It is also interesting
to note that the strength of inner eddy enhances with block aspect ratio, while the strength
of outer eddy increases from shallow to square block, but declines with tall block. From the
magnitude of streamlines, it has been found that the fluidity is greater in the annulus with
square block compared to shallow and tall blocks. For similar conditions, the isotherm
contours are clustered adjacent to the vertical isothermal walls as well as the hot block,
indicating the existence of thermal boundary layer. Also, parallel uniformly distributed

Figure 4.
Streamlines (left),
isotherms (middle)
and SGEN (right) for
d¼ h¼ 0.3 (row-I),
d¼ h¼ 0.5 (row-II),
d¼ h¼ 0.7 (row-III)

at Ra¼ 105,f¼ 0.04
with linear heating

Entropy
generation of

nanofluid

245



thermal contours are formed in the vertical sides of the block due to the passage between
block and side walls. Also, the isothermal structure indicates that block aspect ratio has no
remarkable impact on the thermal field. As regards to irreversibility distribution, the
variation in hot block aspect ratio has minimal impact on the entropy contour pattern;
however, the change in magnitude of EG has been noticed. It has been found that the
minimal EG is achieved with square hot block compared to shallow and tall blocks.

4.2 Cup-mixing temperature
The influence of various parameters on the cup-mixing temperature which describes the
thermal distribution uniformity denoted byTcup has been illustrated in Figures 6 and 7. The
impact of Rayleigh number for different solid block size, aspect ratio of the block and
nanoparticle shape subjected to three thermal boundary conditions is illustrated in Figure 6.

Figure 5.
Streamlines (left),
isotherms (middle)
and SGEN (right) for
C¼ 0.5 (row-I),C¼
1.0 (row-II),C¼ 2.0
(row-III) atRa¼ 105,
f¼ 0.04 with linear
heating
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It reveals that lowerTcup is found at Ra¼ 103 due to lower thermal distribution with respect
to weaker streamlines. As Ra is enhanced, flow velocity increases and produces stronger
flow circulation and in turn enhancing the cup-mixing temperature in the enclosure. It has
been found that during stronger convection, maximum cup-mixing temperature is noticed to
be at moderate obstacle size (h¼ d¼ 0.5) irrespective of thermal profile, and it is interesting
to note that at this particular choice, the spherical shaped nanoparticles provide maximum
thermal uniformity compared to other chosen shapes (displayed in Figure 7). In regard to hot
block aspect ratio, the variation in cup-mixing temperature reveals a nonuniform structure.
This prediction suggests that the values for h and d of the block should be preferred than
other parameters. It also noticed that irrespective of controlling parameters, uniform bottom
wall heating produces higher magnitude of Tcup, indicating an enhanced thermal uniformity
in the annulus followed by sinusoidal and linear conditions.

4.3 Average Nusselt number
Figures 8 and 9 illustrate the variation of overall Nu for vast range of parametric values.
Irrespective of nanoparticle shape and other parametric values, the HTR has been increased
with an increment in Ra. It is attributed to enhanced buoyant force generated from larger

Figure 6.
Effect of Ra and (a) h
atC¼ 1,f¼ 0,05, (b)
C atf¼ 0.05 and (c)
nanoparticle shape at
d¼ h¼ 0.2,f¼ 0.05,
C¼ 1 on cup-mixing

temperature for
different thermal

boundary conditions
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thermal gradients produced in the annulus. Among three different block sizes considered in
this analysis, the maximum thermal dissipation has been predicted with a smaller block.
Physically, this could be interpreted due to maximum fluidity in the space between block and
annular boundaries. In addition, it has also been noticed that the variation in HTR with
Rayleigh number is meager for the largest block considered in the analysis. This is because, the
maximum annular region has been occupied by the hot block which restricts the nanofluid
movement and hence leads to convection–conduction transition mode. For the same block size,
similar phenomenon has been noticed in all three thermal boundary conditions. Also, the study
has been carried out for C ¼ 0.5 (d¼ 0.4, h¼ 0.2), C ¼ 1.0 (d¼ h¼ 0.2) and C ¼ 2.0 (d¼ 0.2,
h ¼ 0.4). It has been noticed that during convection dominant mode (Ra > 104), among three
different C values, regardless of thermal boundary condition, maximum energy transport is
observed with unitC andminimum heat dissipation withC¼ 0.5. This might be due to shorter
distance between cold surface of vertical wall and hot surface of solid block. Furthermore, the
influence of nanoparticle shape on average Nu has been studied by fixing all other parameters.
It is interesting to note that the spherical shaped nanoparticle gives higher thermal transfer rate
with uniform heating, whereas the blade-shaped nanoparticles perform well with nonuniform
thermal boundary condition (linear and sinusoidal). This reveals that the shape of nanoparticle
should be carefully chosen depending upon the thermal conditions. In addition to this, it also
reveals that the cylinder- and platelet-shaped nanoparticles give poor performance in heat
dissipation rate due to higher viscosity. This study has been extended for different block sizes,
and variation in Nu has been displayed in Figure 9 for fixed Ra ¼ 105, C ¼ 1. It is very
interesting to note that the HTR decreases against block size with sphere-shaped nanoparticles,
while for the other nanoparticle shapes, the thermal dissipation rate enhances with the block
size. In Case-II and Case-III, the blade shape exhibits greater Nu, while in Case-I, the sphere-
shaped nanoparticle augments the global Nu for h # 0.5. The above predictions suggest that
much focus should be given in choosing the nanoparticle shape to increase the thermal

Figure 7.
Effect of (a)
nanoparticle shape
and hot block size at
Ra¼ 105,C¼ 1,f¼
0.05 and (b)C and hot
block size atRa¼
105,f¼ 0.05, on cup-
mixing temperature
for different thermal
boundary conditions
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transport performance. Finally, the impact of hot block size (various lengths and heights) and
aspect ratio on Nu has been studied and found that unit C value exhibits lower thermal
transport performance compared to other C values. However, in Figure 9(b) increase in C from
0.5 to 2.0 has been made by enhancing the block height, while in Figure 8(b), it has been made
by decreasing the block width. Therefore, it can be concluded that choosing the size of hot solid
block plays key role in increasing the HTR. In general, through Figures 8 and 9, it has been
detected that the bottom wall with uniform heating dissipates maximum thermal energy
compared to other boundary conditions.

4.4 Total entropy generation
In all energy transport phenomena, which occur due to thermal difference, the EG could not be
avoided. However, this quantity should be minimized to enhance the system efficiency. In this
regard, a computational investigation has been performed for examining the optimum value of
parameters to minimize Stot and is portrayed in Figures 10 and 11. The effect of Rayleigh
number on Stot for different parameters has been illustrated in Figure 10 with 5% of
nanoparticle volume fraction. It has been noticed that enhancement of Ra from 103 to 104 does

Figure 8.
Effect of Ra and (a) h
atC¼ 1,f¼ 0,05, (b)
C atf¼ 0.05 and (c)
nanoparticle shape at
d¼ h¼ 0.2,f¼ 0.05,

C¼ 1 on average
Nusselt number for
different thermal

boundary conditions
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not show a significant change in EG; however, on enhancement of Ra to 105, a profound
increase in Stot has been identified. This is because, at lower and moderate Ra, conduction
dominates convection and hence the fluidity and friction entropy is expected to be less, but with
Ra¼ 105, fluidity has been found to be greater and hence Stot enhances. It is interesting to note
that during conduction dominant mode (Ra# 104), with respect to obstacle size, minimum and
maximum EG is detected for smaller and larger block sizes, respectively, while the reverse is
observed at convective mode. The obstacle aspect ratio influence on Stot has been illustrated in
Figure 10(b). The study has been addressed by taking three different aspect ratios (C ¼ 0.5,
C ¼ 1.0 and C ¼ 2.0) into consideration. It reveals that the aspect ratio of the block does not
show significant change in Stot. For the choice of parameters considered in Figure 10(b),
minimal Stot has been found to be with C ¼ 0.5. In regard to nanoparticle shape, it has been
found that at lower and moderate Rayleigh number (Ra ¼ 103 and 104), nanoparticle shape
does not show significant variation in total EG, whereas enhancement in EG results with an
increase in Ra. This is due to the fact that shape factor of the nanoparticle shows significant
effect on flow strength that occurs during convective mode. Among the five different
nanoparticle shapes considered, maximum EG is noticed with spherical shaped nanoparticles.
The same mechanism is observed for uniform and nonuniform thermal conditions. This
investigation has been made by considering different sizes of hot block with C ¼ 1, and
variation in Stot has been displayed in Figure 11(a). It has been noticed that the sphere-, blade-
and brick-shaped nanoparticles produce a decrease in Stotwith an increase in block size during
uniform bottom wall heating, while, with nonuniform thermal profile, EG enhances, reaches
maximum and declines with an increase in hot block size. This decrease in total EG is due to
decrease in friction entropy caused due to larger solid block. However, enhancement of hot
block size from 0.1 to 0.7 enhances the total EG for cylinder as well as platelet shaped
nanoparticles. The physical interpretation for this observation could be that the viscosity of
nanoliquid for cylinder- and platelet-shaped nanoparticles is greater due to which the fluidity
will be minimum; moreover, an enhancement of block size leads to an increase in HTE, and this

Figure 9.
Effect of (a)
nanoparticle shape
and hot block size at
Ra¼ 105,C¼ 1,f¼
0.05 and (b)C and hot
block size atRa¼
105,f¼ 0.05, on
average Nusselt
number for different
thermal boundary
conditions
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results in enhancement of total EG and is true for all thermal profiles. The effect of different
block size for each C on Stot has been displayed in Figure 11(b) by fixing Ra ¼ 105 and f ¼
0.05. It has been observed that minimum EG has been achieved with different aspect ratios for
each size of the block. This concludes that along with the aspect ratio of the hot solid block, the
size also is a significant factor in suppressing total EG in the enclosure.

4.5 Average Bejan number
The Bejan number is a dimensionless quantity that predicts the contribution of individual
components to total EG in the enclosure, also Be is the ratio of heat transfer entropy to sum
of heat transfer and friction entropy. If the value of Be is greater than 0.5, it is worth to
mention that HTE is contributing maximum to the total EG and for Be < 0.5, FFE is
contributing more to total EG. The wide range of parametric study has been performed and
is displayed in Figures 12 and 13 to analyze the individual component contribution to total
EG. The effect of Ra on Be for different parameters has been illustrated in Figure 12, with
5% of nanoparticle volume fraction. Irrespective of parametric values and nanoparticle

Figure 10.
Effect of Ra and (a) h
atC¼ 1,f¼ 0,05, (b)
C atf¼ 0.05 and (c)
nanoparticle shape at
d¼ h¼ 0.2,f¼ 0.05,

C¼ 1 on total
entropy generation

for different thermal
boundary conditions
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shape,Be is found to be greater than or equal to 0.5 (Be� 0.5) at Ra# 104, while at Ra¼ 105,
Be is found to be less than 0.5. This indicates that, during conduction-dominant mode, HTE
is dominant and during convection mode, FFE is contributing more than HTE. The physical
reason behind this mechanism is Be is inversely proportional to Stot [refer equation (11)].
Because of this reason, the average Bejan number in the study of nanoparticle shape effect,
obstacle size and aspect ratio of hot block is noticed to be less than 0.5 (Figure 13), but in
some cases, Be values lies between 0.45 and 0.6. In such situations, we can conclude that the
HTE and FFE are nearly equal.

4.6 Performance evaluation criteria
The key objective of this computation is to examine the optimum values of parameters at
which greater energy dissipation takes place with minimum EG, which is essential in any
thermal device. This could be predicted by estimating the parameter known as PECwhich is
the ratio of HTR to EG. In the present investigation, the major critical parameters are size of
the hot block, nanoparticle shape and thermal boundary condition whose impacts on PEC
are examined in Figure 14 for various reference samples. In general, greater the PEC value,
greater the system thermal performance. Figure 14 shows the PEC for different nanoparticle
shape for various hot block size and bottomwall thermal boundary condition. The evaluated
PEC value reveals that the enrichment of hot block size leads to an enhancement in PEC,
except for spherical nanoparticle shape. Among the various combinations of thermal
boundary condition, nanoparticle shape and hot block size, it has been found that the
nanoliquid prepared using platelet shaped nanoparticle gives better PEC value. However,
the viscosity of these fluids is found to be high due to which the fluidity and associated HTR
will be minimal. Therefore, among blade-, sphere- and brick-shaped nanoparticles, PEC
value is found to be greater for blade shape. Hence, usage of blade-shaped nanoparticles to

Figure 11.
Effect of (a)
nanoparticle shape
and hot block size at
Ra¼ 105,C¼ 1,f¼
0.05 and (b)C and hot
block size atRa¼
105,f¼ 0.05, on total
entropy generation
for different thermal
boundary conditions
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prepare nanoliquid gives better thermal performance with greater system efficiency
(maximum heat dissipation rate with minimum EG).

5. Conclusions
Buoyant convective heat transfer and irreversibility distribution of Ag � H2O nanoliquid
filled in a cylindrical annulus with a hot obstacle mounted at the center of the geometry has
been numerically analyzed. The impact of effective parameters such as Rayleigh number,
nanoparticle shape, size and aspect ratio of hot block on liquid flow, thermal lines, heat
dissipation rate, Stot and Be has been investigated for different source–sink locations and
presented via graphs. The interesting findings of this investigation are as follows:

� The variation in Rayleigh number leads to change in the mode of heat transfer and
hence profound variation in the liquid movement pattern, thermal and entropy
distribution fields has been detected in the annulus. It has been noticed that
regardless to size of the hot block, nanoparticle shape and bottom wall thermal
condition, enhancement of Rayleigh number increases the heat dissipation rate, cup-
mixing temperature and total EG in the enclosure.

Figure 12.
Effect of Ra and (a) h
atC¼ 1,f¼ 0,05, (b)

C atf¼ 0.05 and
(c) nanoparticle shape

at d¼ h¼ 0.2,f¼
0.05,C¼ 1 on Bejan
number for different
thermal boundary

conditions
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� The nanoparticle shape which varies the viscosity of nanoliquid has major impact
on heat dissipation rate. It is quite interesting to note that the spherical shaped
nanoparticles decline HTR and EG with increase on hot block size, while an
increment in HTR and decrease in EG has been noticed with other nanoparticle

Figure 13.
Effect of (a)
nanoparticle shape
and hot block size at
Ra¼ 105,C¼ 1,f¼
0.05, (b)C and hot
block size atRa¼
105,f¼ 0.05, on
Bejan number for
different thermal
boundary conditions

Figure 14.
Effect of hot block
size and nanoparticle
shape on
performance
evaluation criteria
(PEC) at Ra¼ 105,
f¼ 0.05,C¼ 1 for
different thermal
boundary conditions
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shapes. However, the cup-mixing temperature for all nanoparticle shapes enhances
up to a certain point and then decreases.

� On varying the aspect ratio of block, the distance between hot block and cooled
vertical surfaces decreases and hence change in thermal gradients is observed,
resulting in variation in flow strength and heat dissipation rate. The impact of block
aspect ratio is quite complicate because, the maximum flow strength, heat
dissipation and cup-mixing temperature are not obtained with same aspect ratio.
However, maximum entropy is generated with tall hot obstacle irrespective of
bottom wall boundary condition.

� The another major parameter in this analysis is the size of hot block mounted at the
annulus center. A profound change in nanoliquid flow, thermal distribution and EG
pattern has been noticed with enhancement of hot block size. As the size of the block
has been increased, conduction-dominant takes place due to which the flow strength
declines and results in 53.43% and 57.92% decrease of HTR and total EG,
respectively.

� The prime objective of the present analysis is to identify the set of parameters to
maximize the heat transport and minimize EG. From the vast numerical
simulations, we have observed that the PEC is greater for annulus with larger
obstacle, and this holds good for all considered thermal boundary conditions.
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