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ABSTRACT
In this paper, a numerical analysis is carried out to govern the steady laminar fluid flow and
forced convection heat transfer over isothermally heated blocks affixed in lower wall of a 2-D
horizontal channel. Air is considered here as a cooling fluid. A three-sided cross sectional bar is
utilized as controlling element of heat flux. Parameters like different bar positions along x and y axis
and bar base length are used to run the analysis with Reynolds number (25≤Re≤400). The variation
of vortex creator position both horizontally as well as vertically influences much onto the thermal
boundary layer over the blocks. The position of vortex creator closer to the upper wall as well as over
the second block results in comparatively better heat transfer over the blocks within constrained
parameters. Considering local Nusselt number, it is observed that the front and upper face of the
blocks plays a significant role in heat transfer compared to the back faces. The Response Surface
Methodology (RSM) prediction of Nusselt number corresponds well with the numerical outputs of
continuity, momentum and energy equation solver. The solver used here is ANSYS 16.2. In
accordance to maximize heat transfer and to maintain uniformity of heat flux, an Adaptive Particle
Swarm Optimization (APSO) algorithm is deployed using MATLAB. A concept of the enhanced ϵ
dominance method is introduced in multi-objective PSO algorithm to overcome the premature
convergence. The Pareto optimal solutions are obtained through multi-objective PSO using the
proposed algorithm.
Keywords: Uniform heat flux, Vortex creator, Heated blocks, Adaptive PSO, RSM.

1. INTRODUCTION
In order to avert thermal glitches in a
number of systems of HVAC and metallurgy
industry, upgrading in cooling techniques of
electronic devices is essential to evade
deplorable temperature increase. The design of
compacted heat exchanger is a vital issue in
applications of electronic cooling, automotive
industry, aircraft and spacecraft. [1-4]. Various
forms of vortex generators like protrusions,
inclined blocks, wings, fin, ribs and winglets
can be used to enhance heat transfer [5-7] in
different geometries such as circular, noncircular channel under turbulent flow [8-11] as
well as laminar flows [12-15]. A virtuous

literature survey suggests that many studies are
focused on heat transfer augmentation with the
utility of different shaped control element.
Unsteady flow and heat transmission in three
dimensional duct installing inclined block on
one of its wall is examined for Pr=.71 and
Re=400-1500 [16]. An oscillating rectangular
bar is used [17] to improve heat transfer of
electronic equipment. The oscillating bar took
active participation in vortices generation. The
article adopts Gelerk in finite element method
to solve the flow equations. [18] With an
intension of internal flow amendment
persuaded by vortex shedding, augmentation of
heat transmission has been executed fruitfully
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by inserting an oblique plate. In mixed
convection, the output reveals that oblique
plate influences a lot. [19] has presented flow
loss and heat transfer augmentation installing
rectangular bar in a channel for diverse
periodicity lengths in a range of Reynolds
number, 100-400. [20] has investigated the
best possible position of a triangular bar which
acts as a vortex generator in a rectangular
channel for heat transfer enhancement of
electronic chips. Body force and viscous
dissipation are ignored. For optimization
algorithm, genetic algorithm combined with
Gaussian process has been used. Box and
Wilson [21] first invented the Response
Surface Methodology (RSM). RSM is able to
build a comparatively precise prediction of
input-output relationships in engineered
systems and optimization of the system is
designed accordingly. RSM has been vastly
applied in several fields of thermal and
manufacturing for the purpose of optimization
[22-27]. Apart from the reduction in
experimental cost, RSM is also advantageous
in minimizing the variability around the target
while making the performance value similar to
the target value. Additionally, the optimal
working condition attained from the simulation
or laboratory studies can be reproduced in real
applications. [28] numerically investigates the
heat transfer enhancement of five electronic
chips mounted on a horizontal rectangular
channel in the presence of vortex generator. In
this study Box Behnken design is used to find
the interaction between the parameters which
influence the Nusselt number.
In recent times, a number of researchers are
enticed to Particle Swarm Optimization (PSO).
With the intention of maximizing the
anticipation as a function, for getting optimum
values, this algorithm is one of the most vastly
applied techniques. Through the applications
of several empirics [29], PSO and GA
algorithms mutually upgrades itself, which act
utilizing a solution set. PSO is a route based
higher level algorithm for optimization. It
utilizes the concept of velocity and distance to
upgrade the solution’s position. Nonetheless,
GA is not route based, in order to generate a
new solution, it shifts the solution’s building
blocks, called chromosomes. [30] has
developed the PSO algorithm and has been
utilized by many authors [31-33], for the
optimization of a cross-flow plate fin heat
exchanger. The efficiency of the suggested

algorithm has acquired more precise results by
taking different variables. A comparison of the
effectiveness of PSO and GA is done in [34]
for longitudinal fin geometry, and is concluded
that PSO acts more competently for geometry
optimization. [35] has also presented that the
PSO algorithm acted much superior than GA.
[36] has used GEP and PSO to optimize forced
convection heat transfer over rounded cylinder.
The above survey portrays that many
studies are made for heat transfer
augmentation.
Also
PSO
has
been
implemented to optimize the heat transfer
process in various applications. But as per our
concert, PSO has never been implemented for
optimization of forced convection over blocks
inserted in a channel using a vortex creator
using RSM predicted function. The foremost
goal of present analysis is to optimize the
position parameter of vortex creator along x
and y axis for having a uniform as well as
maximum heat transfer over the blocks. The
task has been accomplished by PSO algorithm
using commercial software MATLAB [37, 38],
by utilizing a predicted objective function by
response surface methodology. This problem
belongs to constrained multi objective
optimization category. In this problem, the
influence of vortex creator position onto heat
transfer augmentation has also been studied
numerically.
2. PORTRAYAL OF ANALYZED MODEL
2.1. Nomenclature

CP:
a:
h:
H:
b:
k:
Re:
L:
ṁ:
h0:
n:
W:
p:
Q:
T:
u,v:
ν:
2

Specific heat at constant pressure
Base length of three-side bar
Width and height of blocks
Channel height
Height of three-side bar
Thermal conductivity
Reynolds number
Channel length
Rate of flow
Coefficient of heat transfer
Normal coordinate
Space between blocks
Pressure
Heat transfer
Temperature
Velocity components along x and y
axis
Kinematic viscocity
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α:
ρ:
b:
c:
w:

Coefficient of thermal diffusivity
Density
Bulk
Cold
Wall
Figure A1 displays the province of
computation along with boundary conditions
and coordinates. It is a plane channel along
with five isothermal heaters/blocks and an
adiabatic three-sided cross sectional bar. With
uniform velocity and temperature profile, the
fluid thrusts into the duct. The fluid
temperature is colder than the blocks. Along
with
insignificant
buoyancy
effects
supposition, fluid thermal properties are
presumed to be fixed. A fresh grid distribution
is engendered for every bar location. A grid
distribution for vortex creator position (x=6b,
y=4.5b) is given in figure A1(b). An even grid
distribution is set within the channel as viewed
from the figure. It is executed using the
software workbench 16.2. A finer grid is
applied around the triangular bar as well as
around each blocks. Real dimensions are given
in table. 1.

(

)
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(

)
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(

)

(3.4)

As written in equations (3.1) to (3.4) u
and v are the velocity components, p is the
pressure, ν is the kinematic viscosity, ρ is the
fluid density, T is the fluid temperature and α
is the thermal diffusivity. The boundary
conditions can be detailed as follows:
At duct inlet,
(3.5)
At duct outlet,
(3.6)
On the upper, lower wall and blocks,
(3.7)
On the three-sided bar

Table 1.Exact lengths of dimensional parameters in
physical model
Parameter
Dimension
A
0.25,0.5, 1,2
B
1
H
2
H
6
L
75
Y
3.5,4.5,5.5,6
X
6, 8, 11, 13
W
2

(3.8)
Involved
calculated as,

Reynolds

number

is
(3.9)

Local heat transfer coefficient is given
as,
|

3. NUMERICAL SOLUTION
Assumptions like steady twodimensional laminar and incompressible flow
with constant fluid properties have been made
to have the numerical model of fluid flow and
heat transfer. Along with negligible radiation
heat transferal, viscous dissipation and body
forces are overlooked. Having these
assumptions in mind, the governing equations
are inscribed as,

(

)

(3.10)

Local Nusselt number is calculated
from,
(3.11)
Both local and surface averaged
(mean) Nusselt numbers are computed
centered on various faces of the chip as shown
in figure A1(a). The bulk temperature is
descripted as,
( )
(3.12)
∫

(3.1)

The solvation of the flow and energy
governing equations (3.1) to (3.4) subjected to
boundary conditions (3.5 to 3.12) is
3
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accomplished utilizing ANSYS 16.2. The
method which has been exploited to solve the
discretized equations is the finite volume,
SIMPLE method [31].
3.1. Grid independency and validation
First of all, the numerical results of a
test domain with same dimension and
parameter are used by Hakan F. Oztop work
[36]. The mean difference in results of present
and Hakan F. Oztop’s work, lies less than 4%,
which is witnessed clearly in figure A2 (a-b).
Hence the results of present work have been
validated successfully. For grid independency
test, by changing the cell number from 52k to
25k, total 5 sets of cell number have been
considered with some fixed parameters. The
difference % in result of Nusselt number of
each block for every changed set of cell
numbers lies from -0.4% to 0.4% as depicted
in figure A2(c). Considering time consuming
fact, least cell number 25k has been adopted to
run further analysis. Thus the results of present
work are grid independent, and have been
proved efficaciously.

(
()

)

(

)

() ()
()
()
()

(

()
(4.1)

( )(
()
)

(4.2)

where Xi(t): The position of the particle i at
iteration t
Vi(t): The velocity of the particle i at iteration t
pbesti(t): The personal best position of the
particle i at iteration t
gbesti(t): The global best position among all
the particles.
c1c2: The cognitive and social parameters
which are used to maintain a balance between
exploration and exploitation.
r1r2: The random numbers used for providing
stochastic characteristics for the particle
velocities.
W: Inertia weight control parameter which is
required to control the previous velocity of the
particles for the current velocity of each
particle.
4.1. Proposed multi-objective adaptive
method
In classical PSO, it is observed that the
control parameter W regulates the exploratory
search to an exploitation search ability of the
swarm. The recommended starting value of
inertia weight is large in order to enhance the
global search in the search place and it keeps
on decreasing gradually to get more refined
solution in the local search space. In general,
the inertia weight can be adaptively set
according to the following equation (4.3),

4. PARTICLE SWARM OPTIMIZATION
Along with a population of haphazard
solutions, PSO is initialized and then through
creating new locations [39], it upgrades its
solution. Schooling of fish and bird’s flocking
kind of social activities motivates this
algorithm [40]. Besides the necessities like less
CPU memory and speed, PSO can be
implemented very easily. All the particles
defined as solution members hovers across the
space of problem pursuing the finest performed
particle as well as stalking their finest
locations. With each iteration, every particle in
the swarm has to upgrade itself in accordance
to its velocity and position. PSO algorithm can
easily achieve a local optimum [41] value; at
the same time, it can also converge to a better
solution very rapidly. At the time of best
particle’s activity, once the best particle is
recognized, all other particles moves towards
the best particle. Furthermore, there remains
little strictures to be amend. PSO algorithm is
utilized in numerous computer science and
engineering applications [42-48]. Every
particle in PSO is used to keep the best
location, attained hitherto. Every particle
upgrades their velocity from the preceding
velocity utilizing the equation (4.1), while their
location is attuned, it results in equation (4.2).

()

(

)(

)

(4.3)

where Wmax and Wmin are the initial and final
inertial weights and max_iter is the maximum
number of iterations and iter is the present
iteration number. Here the inertia weight is
adaptively changing with respect to the
iteration number. So the proposed multi
objective adaptive PSO can be effectively
locate the global optimum in the search space.
The steps involved in adaptive MPSO
are,
Begin
Step-1
For i=1 to N (N is the swarm size)

4
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I.
II.
III.
IV.
V.

Initialize the particles position
randomly.
Initialize Vi(t)=0 (V is the velocity of
the particle)
Calculate the fitness of each particle
Compare the personal best (pbesti) for
each particle over all previous best (Xi)
Find out the personal best (pbest) and
global best (gbest)

firstly a numerical study has been executed on
two-dimensional, laminar, steady state forced
convection problem. The investigation has
been conducted for diverse Reynolds number
(Re=25, 50, 100, 200) and varied locations of
vortex generator within the predefined channel
in accordance to generate sufficient data to
originate the prediction function. But the
discussion is done only for fewer cases in this
section. Using streamlines, the flow field
structure is characterized. With uniform profile
of temperature and uniform velocity, the fluid
thrusts into the channel. The increment of
Nusselt number due to bar insertion compared
to the case of no bar is depicted in figure A3
(I). For all the cases, the Nusselt number of
each block increases with the increase of
Reynolds number.
The streamlines and temperature
distribution are portrayed for Re=50 and 200
in figures A3(II) and A3(III) respectively for a
fixed vortex position. The figures display
nearly 1/3 fraction of the entire channel. Here
the flow is diverted to the top of first block by
the front face of the bar and also gets
accelerated because of contraction between
first block and edge of the bar. Specifically, in
this particular part of the channel a jet-like
demeanor is witnessed. A very small sized
vortex is perceived at the back of the bar and
also a weak circulation is formed between
each blocks. The size as well as the number of
vortex rearward the bar is increased with the
enhancement of Reynolds number. Also an
increase in strength of the fluid within the
cavities between each blocks has been
revealed with the raise of Reynolds number.
Figure A3(II) explores the disparity of
streamlines with the Reynolds number. Figure
A3(II)(b) demonstrates that there are two
circulation cells at the rear of the bar for
Re=200. Adjacent the lower edge of the threesided bar, comparatively large vortex is
witnessed. The formation of a colossal
recirculation rearward the fifth block and a
second circulation between each blocks is
depicted in the figure A3(II). The recirculation
behind the fifth block is stretched out with the
raise of Reynolds number. The outcomes
depict the significant augmentation of heat
transfer rate with the raise of Reynolds
number.
For a changed Reynolds number
whereas the bar inlaid at fixed spot (x=6b,
y=4.5b) within the channel, isotherms are

End
Step-2
Non-dominated solution is constructed
(initialized), which is stored in the archive (At).
Step-3
The global bests for each particle in the
swarm are randomly selected from the archive
(At).
Step-4
I.
For iter=1 to max
II.
The velocity and position of each
particle i in the swarm is updated
according to equation. (4.1) and (4.2).
The inertia weight is updated using
equation (4.3).
III.
Mutation
with
self-adapting
probability.
IV.
Evaluate the fitness of each particle in
swarm.
V.
Each particle in swarm has a new
position, if the current position is
dominated by its present best position
(pbest), then keep its personal best
location (pbesti), then the previous
position is kept, otherwise the current
position is treated as the personal best
position, if they are mutually nondominated, randomly select anyone.
VI.
Construct non-dominated set of
swarm, and this group is inserted in the
achieve (At) based on the method in
[42].
VII.
Update the global best (gbesti) for each
particle in the swarm that are selected
from the achieve (At).
Update the iteration number
End
Step-5
Until maximum number of iteration is
reached.
End
5. RESULTS AND DISCUSSION
With an insertion of three-sided bar at
adiabatic state in the pre-defined channel,
5
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pictured in figure A3(III). The fluid thrusts
into the duct by an unvarying temperature as
specified in the boundary conditions. A better
thinning of thermal boundary layer for an
increase of Reynolds number is witnessed.
Figure A4 portrays the disparity of Nusselt
number with apiece stricture of three-sided bar
location and shape distinctly fixing some
strictures each time. An overview of the
numerical study through figure 4 delivers the
information that bar position of y/b=5.5, and
x/b=11 to 13 is lucrative in heat transmission
augmentation whereas the base length
disparity impacts not as much of
comparatively, in view of individual blocks.
Within the constrained strictures, relative to
other blocks, the first block imitates healthier
heat transmission. Making this function to
minimal is the main objective.
Positioning the bar, a jiff away from
blocks along y-axis provides superior thinning
of thermal boundary layer, especially for first
three blocks as witnessed in figure A5(a-c).
The improvement in slimming of thermal
boundary layer over second and third block is
assimilated, moving the vortex creator along
x-axis up to over second block. This
occurrence evidently demonstrates that
position of the vortex generator impacts a lot
in augmentation process of heat transferal
successfully. The diversion of air current by
the hypotenuse of three-sided bar solely plays
the key role in this event. The achievement of
better Nusselt number over the blocks, at some
specified bar positions depicted in figure.
A4(a-b)
is
justified
fruitfully.
The
improvement in uniformity of temperature
distribution is perceived clearly in figure A5
for the bar position above the second block
more willingly than other cases. Although heat
augmentation process is perceived well for all
the positions of vortex generator, at some
specific locations, an enhanced uniformity of
heat transmission is addressed. This fact
comes up with the prominence of determining
the optimal position of three-sided bar so as to
attain the extreme as well as an even rate of
heat transferal over the blocks. Figure A6
elucidates the disparity of the local Nusselt
number on each surface of the blocks as
shown in figure A1(a). The distance, and x
axis of the figure implies the related surface of
the block. Utilizing (3.11), the local Nusselt
number is computed. Results are demonstrated
for four altered cases depending upon the

position of the bar along x axis, x/b=6, x/b=8,
x/b=11, x/b=13. Highest local Nusselt number
is found at top surface forefront of each block
as the flow imposes to that point firstly. The
upper faces B-C, F-G, J-K plays a significant
role for heat transfer than the front and rare
faces. Addition of a three-sided bar makes an
improvement to eradicate heat from upper
surface of each block especially for vortex
creator position, x/b=13, which is shown in
figure A6(a-c)). But this precise addition
creates no optimistic exertion on rear faces CD, G-L, K-L as depicted in figure A6(a-c). On
this area, because of minor stream velocity,
the current rate turns into squat. Fairly
analogous situation is perceived for fore faces
A-B, E-F and I-G. The finest augmentation of
heat transmission is obtained at C-D as in
figure A6(a) for the case x/b=13, which is a
fascinating
result
to
be
addressed.
Nonetheless, an enhanced heat transferal
formation for vortex creator location y/h=4.5,
x/h=13 turns as a consequence of the overall
study.
5.1. Prediction of RSM
RSM is an empirical modeling
approach for determining the relationship
between various process parameters and
responses with the various desired criteria and
searching the significance of these process
parameters on the coupled responses. In the
current study, some functions defining the
average Nusselt number of each blocks in
different Reynolds number have been
predicted by means of RSM in Minitab. For
this purpose, for every functions, 96 input data
in diverse positions of vortex creator (X=6b,
8b, 11b, 13b; Y=3.5h, 4.5h, 5.5h), which are
the numerical solution of the governing
equations, have been exerted. For the same
Re=25, 50, 100, 200 and base, a/b=1, .0.5 is
considered. To authenticate the outputs of the
RSM model, some extra parameters of vortex
creator positions are randomly considered (viz.
x=7b, 9b, 10b, 12b at y=5.5b) and numerically
calculated, and then a comparison between old
and new CFD results and the prediction results
are done. It is revealed that there is not much
deviation in CFD and predicted results as in
figure A7. According to figure A8, diverse
positions of vortex creator in x-direction have
been plotted, affixing randomly Reynolds
number and vortex creator’s vertical distance
from bottom wall and its base length. For all
6
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Reynolds numbers, the mean relative error of
the Nusselt number of each block is given in
table 2. According to table 2, all calculated
errors are within acceptable range, and the
predicted functions are reliable.

Re
25
50
100
200

required output of the six values. The
optimization results fits more precisely with
the numerical outputs. The two present
objective functions are opposing in
characteristics as concurrent improvement is
impossible. It refers to the contrary attribute of
the Pareto-optimal front, where when one
function progresses, the other lowers or viceversa.

Table 2.Prediction function mean error % for
the blocks
Nu1
Nu2
Nu3
Nu5
0.656843 1.017373 0.385297 0.707919
0.355269 1.154296 2.657986 3.234201
0.043385 2.471288 1.284568 1.212535
0.044026 0.930684 0.736803 0.673581

Table 3.A set of input parameters with resultant
objective function values
Point X
Y
Re
Nu1
Nu2
A
12.92031 5.5 200
0.8712 0.5098
B
12.92031 5.5 200
0.8779 0.5097
C
12.77783 5.5 185.4126 0.9191 0.5036
D
12.77783 5.5 169.7096 0.9225 0.5031
E
12.58075 5.5 49.20805 0.9872 0.4955
F
12.43021 5.5 65.39892 0.9936 0.4951

The sensitivity of optimization of the
current problem in accordance to reach
maximum heat transfer rate is justified by
depicting some contour plots for Re=87.23 as
in figure A8. Considering each block
individually, the position of vortex creator
along x-axis, effects differently while for yaxis the effect remains almost the same. Vortex
creator more closely to the blocks is
advantageous individually.

6. CONCLUSIONS
This numerical study intends a hybrid,
embedded technique of RSM blended with
multi objective particle swarm optimization
(MOPSO) for the optimization of the heat
transfer process over electronic chips kept in a
channel. The best solution is chosen from all
the non-dominated solution using ϵ dominance
concept. From the numerical observation and
analysis, the following conclusion can be
drawn.

5.2. Optimization results of PSO
Intel core i7 desktop with 8GB RAM
is used for running the optimization model. In
order to demonstrate the potentiality of
MOPSO algorithm, simulation study is carried
out using MATLAB. For the algorithms, the
initial population chosen is 100. The
parameters involved in MOPSO are as follows:
the horizontal distance of vortex creator is
from inlet, the vertical distance of vortex
creator is from bottom wall and the Reynolds
number. This heads to the generation of a set
of Pareto front of Nu1 and Nu2 (Nu1 and Nu2
are average Nusselt Number of 1st and 2nd chip
respectively. However, implementation of
MOPSO consequences a number of nondominated solutions for optimization of
combination of responses viz. Nu1 and Nu2.
The Pareto-optimal solutions obtained using
through MOPSO are based on the ϵ dominance
concept. Figure A9 depicts the Pareto-optimal
solution for the present optimization model. It
is clear that there are several optimal
parameters, and among which six values are
considered by combining the three sets viz. one
set is for maximum ‘Nu2’ and minimum ‘Nu1’
(A & B), second set is for moderate ‘Nu1’ and
‘Nu2’ (C & D) and the third set is for
‘Minimum ‘Nu2’ and maximum ‘Nu1’ (E &
F). Table 3 summarizes the corresponding
values of the input parameters with the

 Insertion of the bar and its position’s
alteration especially along x-axis acts as a
good passive technique in heat transferal
augmentation over the blocks within the
channel. This heat transfer increases with
increase in Reynolds number.
 An increase in strength of the fluid within
the cavities between each blocks has been
revealed with the raise of Reynolds
number.
 Comparatively a heat transfers uniformly
over the first three blocks for the bar
position (y/b=4.5 to 5.5; x/b=11 to 13) with
uniform temperature distribution.
 Considering local Nusselt number, the
position of bar at y=4.5b to 5.5b and x=11b
to 13b influences better in heat transferal
augmentation of front and upper faces for
1st three blocks. The front and upper faces
of each block helps more in augmentation
process compared to back faces.
 RSM is able to generate a prolific
prediction function of Nusselt number with
7
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a difference less than 3% for all Reynolds
number with the actual numerical results.
 A set of Pareto optimal points is found out.
The outcomes evidently reveal the level of
conflict between two objective functions.
The ultimate optimal point depends on the
relative importance of the bar position and
Reynolds number.
 The insertion of more number of vortex
generator (VG) can be studied to
demonstrate the heat transfer compared to
the 1VG.
 The study may be extended in case of
mixed convection to patterned heat transfer.

[7]

[8]
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APPENDIX A

(a)

(b)
Figure A1.Schematic representation of physical model with dimensions and coordinates (a) Model with points to
define calculation of local Nusselt number, (b) Grid distribution

(a)

(b)
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(c)
Figure A2.Validation of results of Local Nusselt number distribution of present work with Hakan F. Oztop
[36], (a) 2nd block back face (b) 3rd block front face for Re=400,x/b=6,y/b=3.5 (c) Grid independency test of
Nusselt number of each block for vortex position x/b=8,y/b=4.5 and Re=25, for present work

(I)

II(a)

II(b)

III(a)
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III(b)
FigureA3.(I) Disparity of Nusselt number of each block with Re at different positions of bar, (II) Velocity
streamlines in m/s at X=6h, Y=4.5h, B=0.5h and Reynolds number, (a) Re=50, (b) Re=200, (III) Isotherms at
X=6h,Y=4.5H, B=0.5h, and Reynolds number (a) Re=50, (b) Re=200

4(a)

4(b)

4(c)
Figure A4.Disparity of Nusselt number with some strictures fixing Re=200, (a) bar position along y-axis at
x/b=6, (b) bar position along x-axis at y/b=4.5, (c) base length of bar
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5(a)

5(b)

5(c)

5(d)

5(e)

5(f)
Figure A5.Deviation of temperature contours with alteration of bar location fixing Re=200 (a) x/b=6,
y/b=3.5, (b) x/b=6, y/b=4.5, (c) x/b=6, y/b=5.5, (d) x/b=8, y/b=4.5, (a) x/b=11, y/b=5.5, (a) x/b=13, y/b=5.5
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6(a)

6(b)

6(c)
Figure A6.Local Nusselt number disparity over the whole block surface at different bar positions along xaxis (a) block 1 (b) block 2 (c) block 3, for y/b=4.5, Re=200, a/b=.5
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Figure A7.Comparison between predicted function and CFD results for Nusselt number of the blocks at bar
position y=5.5b; a=b, Re=50

8(a)
8(c)

8(d)

8(b)

Figure A8.Contour plots of Nusselt number for (a) Nu1 (b) Nu2 (c) Nu3 (d) Nu5 with holding value of
Re=87.23
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Figure A9.Pareto front for objectives: Nu1 and Nu2
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