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This paper deals with the numerical investigation of split hemispherical fins mounted staggered over a base plate. The thermal and
flow analyses have been carried out to evaluate the Nusselt number (Nu), pressure drop ðΔPÞ, and hydrothermal performance
factor (HTPF) with air as a medium and Reynolds number (Re = /3000 to 15000). The cylindrical fin (CF) and hemispherical
fin (HF, of radius R) of the same volume and height have been formed and placed in the computational domain. Results reveal
that the Nu for CF compared to HF is 1.3-1.4 times higher, with approximately 1.5 times higher ΔP for the given Re range.
The value of HTPF for HF is greater than unity (/1.13-1.20) for all the considered Re values. Secondly, the HF gets split into
longitudinal and transverse flow directions for better solid-fluid interaction. The geometrical parameters are transverse offset
TO (/=0 − R/8), longitudinal offset LO (/=0 − R/8), and Re. Results show that the highest value of Nu (/=384.10) and HTPF
(/=1.33) have been obtained at TO = R/10 (at LO=0) and TO = R/10 (at LO = R/10) for the highest Re (/=15000). At last, the
cuckoo search algorithm (CSA) coupled with the response surface method (RSM) has been performed to fetch the optimum
value of Nu based upon dimensionless TO∗, dimensionless LO∗, and Re. The optimum value (obtained at TO∗ = 0:1, LO∗ = 0,
and Re = 15000) of Nu (=/392.16) from CSA is promising, with the numerically obtained Nu value (=/384.1059) with an error
of 2.05%.

1. Introduction

The current technological advancement-based devices need
proper heat dissipation and management for providing
higher efficiency and usability. Devices viz. heat exchanger,
heat sink, exhaust gas recirculation system, lithium-ion bat-
tery setup, and/or refrigeration units need some attached
arena in terms of extended surfaces to channel the excess

heat to the surrounding. The use of fins, metal foams, phase
change material, vortex generators, baffles, solid blocks, and
roughness elements are promising. Here, consideration is
given to conventional fins, as they are simple to design, eco-
nomical, and easy to manufacture. Sabbaghi et al. [1] have
done an analytic study to account for the thermal efficiency
of semispherical fins under fully wet conditions and pro-
posed a linear correlation between fin surface temperature
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and humidity. Bi et al. [2] have done numerical analysis on
dimple shape, low fin, and cylindrical groove fins using the
field synergy principle. It has been seen that the PEC (per-
formance evaluation criterion) value for dimple shape is
higher than the cylindrical groove, followed by the low fin.
The study also shows that a deep dimple with a larger diam-
eter significantly affects augmenting heat transfer. Liu et al.
[3] have done numerical work to understand the thermal
and fluid flow physics of dimple-attached rectangular cool-
ing channels along with hemispherical protrusion. Results
show that the hemispherical protrusion helps provide down-
ward flow, reattachment, and strengthen the vortex shed-
ding. Further, heat transfer can be increased upon
increasing hemispherical protrusion height with pressure
drop penalties. Wang et al. [4] have done experimental work
to determine the thermal performance of louver fin,
semidimple-shaped fin, and plain fin. The result shows that
semidimple fins perform better than louver fins for higher
fin pitch and lower frontal velocity due to the increased
swirled motion phenomenon. Chen et al. [5] have experi-
mentally analyzed the heat transfer characteristics of ellipti-
cal fins and compared them with circular fins. It has been
seen that flow resistance for the former is lesser than the lat-
ter fin with a higher heat transfer rate. Dasore et al. [6] have
conducted a numerical study to analyze the rectangular and
elliptical-shaped fins for an air-cooled internal combustion
engine. The results show that elliptical fins have better heat
augmentation capabilities than rectangular fins. Jin et al.
[7] have numerically worked to see the effect of fin geometry
on heat transfer using circular, elliptical, oblong, lancet, tear-
drop, and NACA profile-shaped fins. It has been noted that
the NACA and teardrop-shaped fins are much better at
transferring heat than the lancet, circular, elliptical, and
oblong-shaped fins. Chimres et al. [8] have done a numerical
study to analyze the fin tube-based heat exchanger with an
elliptical winglet. A study reveals that an elliptical winglet
with a fin tube shows higher thermal performance than a
fin tube-based heat exchanger. Wang et al. [9] have done
experimental and numerical investigations to see the ther-
mal and fluid flow characteristics of circular, elliptical, and
drop-shaped fins. The study reveals that the drop fins are
better at suppressing the flow separation at the wake region
and thus lead to less frictional loss than circular fins. Chyu
et al. [10] have experimentally analyzed the effect of cubic,
diamond, and circular fin geometry over heat transfer aug-
mentation. It has been seen that cubic shaped fins yield
higher heat transfer, followed by diamond and circular
shaped fins with pressure drop penalties. Chang et al. [11]
have experimentally studied twisted tape pin-fin arrays to
enhance the heat transfer rate and thermal performance fac-
tor. Results reveal that the twisted tape arrays provide verti-
cal induced flow, leading to an increase in the Nu number
compared to the plain tube pin-fin array. Saravanakumar
and Kumar [12] have done an experimental investigation
for augmenting the heat transfer using pin-fin with surface
texture in terms of a metric, worm, ACME, buttress, Sharpe
V, and square thread. It has been seen that the textured pin
fins provide a higher heat transfer rate with a lesser pressure
drop penalty than the plain pin fin, and it also provides

higher flow turbidity and delays the flow separation. Naphon
and Sookkasem [13] have experimentally analyzed the ther-
mal and flow behavior of taper-based pin-fin heat sinks. It
has been seen that taper-based geometry helps reduce the
pressure drop, and further, the work is validated with
numerical work and found to be in good agreement. Sara
et al. [14] have experimentally analyzed the effect of geomet-
rical parameters on Nu and friction factor (f ) on square
cross-section pin-fin with second law analysis. Results reveal
that the interfin distance and clearance ratio greatly affect
Nu and f . Further, the smaller entropy generation is associ-
ated with a lower Re value with a higher value of interfin dis-
tance ratio and interfin spacing ratio. Peles et al. [15] have
done an experimental and analytical study for micropin-fin
under a forced convective environment. A concise discus-
sion on thermal resistance, which is affected by geometrical
and thermohydraulic parameters, has been done. Tahat
et al. [16] have done experimental work to see the effect of
an inline and staggered arrangement of pin-fin mounted
over a base plate. Further, a correlation for Nu (based on
Re, fin height, and fin pitch) has been developed individually
for inline and staggered arrangement. Sahiti et al. [17] have
numerically analyzed the thermal and fluid flow perfor-
mance of NACA, drop form, lancet, elliptical, circular, and
square-shaped fins. The elliptical pin-fin is better, whereas
the NACA profile does not affect pressure drop much as
the formers fins. Li and Wang [18] have studied the heat
transfer and pressure drop characteristics of louver fins
placed in a condenser test section. Based on the experimen-
tation, a correlation has been established between heat trans-
fer and pressure drop. Zhang et al. [19] have done an
experimental and numerical investigation on W-type fins-
based heat sink and compared it with the plate-fin heat sink.
It has been noted that the W-type fin shows a higher cooling
effect than the plate-fin heat sink. Gao et al. [20] have used a
multijet impinging system with a trapezoidal fin array to
increase the efficiency of the electronic device. It has been
seen that both the unilateral and bilateral jet arrangements
augment the thermal performance. Shaeri and Yaghoubi
[21] have numerically analyzed the solid and perforated
pin-fin for a given range. Results show that the longitudinal
perforation enhances the solid and fluid interaction, reduces
weight, and decreases the wake formation at the trailing edge
of the fin. Jonsson and Moshfegh [22] have done analytical
work to predict the Nu and pressure drop of the plate-fin
array, an inline and staggering array of strip fins, circular
fins, and square-shaped fins. It has been seen that using a
pin-fin heat sink at a high Reynolds number for zero bypass
duct is not beneficial. Raja et al. [23] have used a heat trans-
fer search algorithm to optimize the various geometrical
parameters associated with a fin tube-based heat exchanger.
It has been noted that the optimized geometrical parameters
minimize the weight and cost of the heat exchanger, and fur-
ther, a comparative analysis is performed using a genetic
algorithm, particle swarm optimization, and artificial bee
colony algorithm. Jyothiprakash et al. [24] have used a
genetic algorithm and particle search algorithm in order to
get the optimum value of geometrical parameters to maxi-
mize (hot fluid effectiveness) and minimize (number of
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entropy generation units) for three fluids cross-flow-based
plate-fin heat exchanger. It has been seen that particle swarm
optimization (PSO) needs lesser computational duration for
convergence over GA for single-objective optimization. Ran-
jan et al. [25] have worked on numerical analysis of offset-
based elliptical fins using the cuckoo search algorithm and
obtained the optimum value of the Nusselt number. Das
and Kundu [26] have used modified differential evolution
(MDE) search algorithm to determine the optimum value
of heat transfer rate, fin efficiency, and effectiveness for T-
shaped wet fins. Das and Kundu [27] have determined the
optimum value of fin thickness using a differential evolution
search algorithm to obtain the maximum heat transfer rate
value. They found that fin thickness’s role is evident in get-
ting a higher heat transfer rate.

Although the work based on convectional fins has been
analyzed experimentally and numerically by several
researchers, the work on split-based hemispherical fins in
the longitudinal and transverse direction of fluid flow is
not being analyzed yet. The novelty of the work lay behind
the use of a hemispherical fin with different split widths in
both the transverse and longitudinal direction, which helps
in the intermixing of fluid at the trailing end. So, in that
order, the performance parameters viz. Nusselt number, fric-

tional factor, pressure drop, and hydrothermal performance
factor (HTPF) have been numerically analyzed in the pres-
ent work over the Re range (3000-15000) using ANSYS 19.
At last, to fetch the maximum value of Nu based upon
dimensionless offsets and Re, a correlation has been devel-
oped using the response surface method coupled with the
cuckoo search algorithm.

2. Geometry and Formulations

The attached arena has always controlled thermal dissipa-
tion and its associated properties in terms of extended sur-
face fins. Here, the work consideration is given to the
cylindrical and hemispherical fins mounted over a base
plate. Figure 1(a) shows a schematic diagram of 14 cylindri-
cal fins of diameter D (/=17.96mm) and height hf
(=/11mm) mounted over a base plate of dimension 100 ×
100 × 3mm3 placed in the computational domain. The
length ðLdÞ, width (Wd), and height (Hd) of the computa-
tional flow domain are 1040mm, 100mm, and 15mm, with
the inlet section and outlet section of the computational flow
domain being 28.54 and 7.47 times the hydraulic mean
diameter Dh (/=0.0261mm), respectively. The schematic
diagram of cylindrical fins, hemispherical fin, and split-
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Figure 1: Schematic diagram of (a) cylindrical fins setup with computational domain, (b) hemispherical fin, and (c) split-based
hemispherical fin.
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based hemispherical fin are shown in Figure 1. The dimen-
sion of HF is obtained upon equating its volume to the CF
(as shown in Figure 1(b)) volume. Further, the modification
of fins has been done using split, i.e., longitudinal offset (LO)
and transverse offset (TO) varying from 0 to R/8 (where R
(/=11mm) is the radius of HF), as shown in Figure 1(c).

The heat transfer phenomenon is mathematically rep-
resented for any system using the energy equation. The
radiation mode of heat transfer is neglected in the present
study and the convective and conductive mode of heat
transfer is analyzed thoroughly. The thermal behavior of
any flow domain is analyzed using thermal potential and
is related to the temperature difference. Hence, to under-
stand the temperature field in the flow domain, the energy
equation needs to be solved. Upon neglecting the volumet-
ric heat generation, the energy equation [28] is mentioned
in Equation (1). Similarly, in the above equation, the term
T requires an understanding of the velocity field u!. Hence,
the velocity field accounted in the given flow domain
(Figure 1(a)) requires the solution of mass and momen-
tum conservation. Altogether, these mass and momentum
conservation equations can be furnished using Equations
(2) and (3). The boundary condition plays a vital role in
order to assign the temperature as well as velocity field
upon solving Equations (1) to (3). The assigned boundary
condition are mentioned in Table 1 are numerically com-
puted to the computational setup. Here, ANSYS fluent 19,
a finite volume method-based solver, is used to predict the
thermal and fluid flow behavior of a fin setup placed in a
computational domain.

The coupled scheme is used for velocity and pressure
coupling, and the Green-Gauss node-based spatial gradient
discretization was considered.

ρcp∇∙ u!T
� �

= ∇∙ k∇Tð Þ, ð1Þ

∇∙ ρu!
� �

= 0, ð2Þ

ρu!∙∇u! = μ∇2−∇P: ð3Þ
The prime focus of the current work is to evaluate the

thermal and fluid flow characteristics of fin setup mounted
over a base plate placed in a computational fluid flow
domain. Hence, the Nusselt number Nu is evaluated to
gauge the relative rate of convective heat transfer to the con-

ductive heat transfer, mentioned in Equation (4). In order to
assign the velocity boundary condition, the value of Re
(based on the inlet section of the computational domain) is
evaluated using Equation (5). Similarly, to account the fric-
tional losses into the flow domain, the frictional factor based
upon inlet and outlet pressure is depicted in Equation (6).
Now, upon gauging the pressure drop, it is very important
to counter the usability of particular fins w.r.t. the base fin
(CF). For that, the hydrothermal performance factor
(HTPF) is evaluated using Equation (7). Now, the flow con-
dition lies in the turbulent regime; hence, the turbulent-
based k‐ϵ model is used. The terms turbulent kinetic energy
(k) and turbulent kinetic energy dissipation (ϵ) are men-
tioned using Equations (8) and (9), whereas the associated
constant terms used are obtained using comprehensive curve
fitting over the turbulent flow range [29, 30].

Nu =
Qb∙Dh

kf T f − To − Tið Þ/2ð Þ� � , ð4Þ

Re =
u∙Dh

ϑ
whereDh =

4Ac

PC
, ð5Þ

f =
ΔP/Lcð ÞDh

1/2ð Þρf u
2 , ð6Þ

HTPF =
Nu/Nuo
ΔP/ΔPo

whereΔP = Pinlet − Poutlet, ð7Þ

div ρku!
� �

= div
μt
σk

grad k
� �� 	

+ 2μtEij∙Eij − ρε, ð8Þ

div ρεu!
� �

== div
μt
σε

grad ε

� �� 	
+ C1ε

ε

k
2μtEij

∙Eij − C2ερ
ε2

k
:

ð9Þ

3. Grid Independence Test and Validation

Any numerical investigation needs a grid independency
test to procure the accurate velocity and temperature field
for discretizing governing Equations (1)–(3). The current
numerical work has focused on CF and HF (of the same
volume and height) mounted over a base plate in a com-
putational domain. In order to fetch better results from
CFD (computational fluid dynamics), a better quality
mesh is always recommended. Thus, tetrahedron meshing
approach is used for analyzing the variation of parameters
in the present study. Further, a grid dependency test has
been carried out individually to know the average surface
fin temperature and skin friction factor fluctuation over
the number of finite volume method (FVM) grids. It has
been found that fluctuations between 2:8 × 106 and 3:5 ×
106 number of FVM grids are approximately lesser than
0.02% (both fins setup) and 0.11% (<0.055% for hemi-
spherical fins setup), as shown in Figure 2. Hence, further
analysis has been carried out using the FVM grid lying in
between 2:8 × 106 and 3:5 × 106.

Table 1: Boundary condition for computational work.

Inlet-side
Velocity u with constant
temperature T inlet = 300K

Outlet-side
Pressure outlet Pgauge = 0Pa
with constant temperature

Toutlet = 300K
Left-side, right-side,
top-side, and
bottom-side walls

No slip condition with
adiabatic walls

Base plate Constant heat flux Qbð Þ = 6000W/m2
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For validating the solver, the present numerical solutions
have been compared with the experimental work of [28]. For
that, a rectangular cross-section-based computational
domain has been considered with 14 circular fins with
diameter D (/=8mm) and height hf (/=50mm) mounted
over a heated base plate of area Ab (100 × 110mm2) and
thickness tb (3mm). The inlet section of the computa-
tional domain has been assigned with inlet temperature
(T inlet = 300K) with airflow velocity (Re = 10000, 15000,
20000, and 22000). The outlet section has been set with
outlet gauge pressure (Pgauge = 0Pa) and outlet temperature
(Toutlet = 300K), and the base plate has provided a constant
heat flux condition (Qb = 6000W/m2). Upon validation, the
minimum and maximum Nu variation compared to experi-
mental work was 0.67% and 8.2% at Re = 10000 and 22000,
as shown in Figure 3.

4. Methodology for Mathematical Model
and Optimization

4.1. Response Surface Method. The response surface method
(RSM) is a widely used, basic mathematical, and experimental
tool for establishing the desired objective function. The RSM is
mainly used when several variables are affecting the response
function. It mainly works for first- and second-order polyno-
mial functions. The first-order model is useful when the
response is defined using the linear function of the variable;
otherwise, second-order model is established. Here, in the
present work, the variables, i.e., dimensionless terms, may
affect the response parameter in an ascent or decent manner;
hence, the second-order model is established. The following
are detailed steps followed in the present study:

(i) Firstly, collect the data from the numerical simula-
tion in terms of input variables (dimensionless

parameters, i.e., TO∗, LO∗, and Re) and the desired
output (Nusselt number). Further, the response
function and independent variable data are used to
make the response surface plot

(ii) Establish the second-order model using the input
variables (consisting of 1st-order model and both
the quadratic and cross-product term) and further
use the full factorial method of design of experiment
to get the approximate response function in terms
of Nusselt number (Nu), i.e., fitting the second-
order model

(iii) Thirdly, make the ANOVA table (for analysis of the
variables’ effect on response function) and analyze
the various design of the experiment model. Further
examine the P value and coefficient of determina-
tion, i.e., R2, which leads to providing the informa-
tion of correct prediction of the response variable
(Nu) upon using the given independent variable
(i.e., dimensionless terms)

However, the mathematical response function (Nu) in
accordance with the independent variables has developed
using RSM, and it is mentioned in Results and Discussion.

4.2. Cuckoo Search Optimisation. Here, the cuckoo search
optimization has been used to carry out the obtained
single-objective function based on the response surface
method. Cuckoo search optimization has a diverse capability
to solve various optimizations based on engineering prob-
lems. It uses the switching parameter to maintain stability
amid local and global variables while operating the global
optimization. The cuckoo is a bird whose egg laying strategy
has attracted global scientific researchers, i.e., the cuckoo
never makes its own nest and lays its eggs in the other bird’s
nest. The cuckoo carries away the host bird nest to provide a
good possibility of hatching. Furthermore, if the host bird

340

375

14

12

10

16

370

365

360

C f
⁎
1
0
–
2

355

T f
in

 av
er

ag
e (

in
 K

)

350

345

380

10 353025

Number of FVM grids⁎105
2015 40

8

Tfin average hemispherical fin

Tfin average cylindrical fin
Cf cylindrical fin

Cf hemispherical fin

Figure 2: Grid test for cylindrical and hemispherical fin geometry.

2015

Re⁎1000

10
4

6

5.5

N
u⁎

10
0

5

4.5

6.5

25

Numerical (present work)
Experimental (chin et al., 2013)

Figure 3: Validation plot of Nu vs. Re range.

5International Journal of Energy Research



finds the eggs of some other bird, she either destroys the
cuckoo egg or finds a new home. And this unique behavior
of the cuckoo bird led to the formation of the cuckoo search
algorithm with three basic steps mentioned as follows:

(1) Each cuckoo bird simultaneously drops one egg in a
randomly selected nest

(2) The finest egg badge in a nest will be considered the
prime nest and imparted to the new generation

(3) At last, the host bird’s nest is properly defined, and
the probability of different eggs recognized by the
host bird is Pa {0,1}. Further, upon finding the
cuckoo egg, the host bird may shatter the egg or fly
away to construct a new nest

With the help of Levy flight (as shown in Equation (10)),
the cuckoo’s new offspring can be established in the cuckoo
search algorithm.

xj i + 1ð Þ = xj ið Þ + β n–λ, ð10Þ

where β > 0, 1 ≤ λ ≤ 3.

5. Results and Discussions

Determining the various parameters associated with the
accounting performance of the extended surfaces needs
proper analysis. The Nusselt number (Nu), which is used
for determining the relative gain in the rate of convective
to conductive heat transfer should be investigated, and fur-
ther, the pressure drop (using inlet and outlet section)
should be analyzed for obtaining the frictional losses in the
system. Moreover, for determining the usability of the fin
as compared to the base fin, the hydrothermal performance

factor (HTPF) needs to be determined. The value of HTPF
is obtained using the performance parameter viz. Nu and
pressure drop, i.e., the relative gain in the heat transfer rate
to the relative gain in the pressure drop.

Initially, the value of the Nu number has been accounted
for the CF and HF for all the considered ranges of Re. The
Nu values for CF (=/161.88, 213.72, 297.46, and 393.44)
are 1.3-1.4 times higher than the HF (=/118.59, 155.56,
223.61, and 303.68) for all considered Re (=/3000, 5000,
9000, and 15000) ranges, as shown in Figure 4. It is mainly
due to the shape form, i.e., the cylindrical shape has early
flow separation, which in turn provides more recirculation
zone at the wake region of fins and thus leads to provide
more duration of solid-fluid interaction, whereas due to
the shape, the fluid glides over the HF, delaying the flow sep-
aration and reducing the duration of solid-fluid interaction,
leading to a reduced convective to conduction heat transfer
rate. The temperature plot for cylindrical fin and hemispher-
ical fin for different Re is shown in Figure 5. It can also be
concluded from Figures 5(a)–5(d) that the surrounding fluid
average temperature in the last row and the subsequent fin
rows are greater (which indirectly implicates the lesser fin
surface temperature) for the cylindrical fin compared to
the hemispherical fin at the given Re number. Thus, the
CF shows higher heat dissipation, i.e., a higher Nu value
than the laHF for all the given Re ranges. The Nu value
increases with Re for both CF and HF, as shown in
Figure 4. Further, as the Re increases from 3000 to 15000,
the turbulence level in the conduit increases, and return pro-
vides better fluid intermixing, which in turn alleviates rate of
heat transfer, as shown in Figure 6. It can be seen from
Figures 6(a)–6(d), i.e., the CF have more flow separation
which in turn creates more frictional losses and thus allevi-
ates the rate of heat transfer than the HF.

Figure 7 portrays the comparison of cylindrical and
hemispherical fins for pressure drop and friction factor,
varying with different Re values. The pressure drop increases
with an increase in Re for both the CF and HF. However, the
ΔP value is approximately 1.5-1.6 times lower for HF
(=/26.76, 64.08, 183.64, and 459.93) than CF (=/41.4,
100.15, 285.61, and 715.68) at corresponding Re (=/3000,
5000, 9000, and 15000) ranges, as shown in Figure 7(a). Fur-
ther, the frictional loss in the system has also been accounted
for using the frictional factor, and it has been found to
recede upon increasing Re value, as shown in Figure 7(b).
It may be because, upon increasing Re, the turbulence level
is elevated and suppresses the boundary layer growth. How-
ever, the frictional loss is pronounced more for the CF setup
than HF one due to the flow separation delay associated with
hemispherical fins.

Further, the value of HTPF has been accounted for HF
upon treating the CF as the base case. The value of HTPF
for H is greater than unity (=/1.1334, 1.1375, 1.1691, and
1.2011) for all the considered Re (=/3000, 5000, 9000, and
15000) ranges, as mentioned in Figure 8. It is mainly because
the lower pressure drop accounted for HF compared to the
CF one. The higher value of HTPF for hemispherical fins
provides a chance of modification in terms of the split,
which has been done in the further sections.
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Figure 4: Comparison of cylindrical and hemispherical fins for
Nusselt number (Nu) varying with different Re values.
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6. Effect of Transverse Split

Upon analyzing the HF, work has been forayed toward
doing splits in the transverse direction of fluid flow. The
value of Nu has been accounted for TO = R/10, R/9, and R/
8 over the considered range of Re. At Re = 3000, the values
of Nu for TO = R/10, R/9, and R/8 (=/154.23, 153.28, and
149.17) are 23.10%, 22.63%, and 19.33% times higher than
the solid hemispherical fin (=/118.59). Similarly, the Nu
value has been accounted for in all considered values of Re,
and it has been found that the highest value of Nu
(/=384.10) is accounted for TO = R/10 at Re = 15000, as
shown in Figure 9. Sahel et al. [31] have also worked over
the hemispherical shape of the fin with further modification
in terms of holes through it (case 1-6) and found the highest
Nu value for case 6 (which is 2.08% lesser than the highest
value of the current work), as shown in Figure 9. The supe-
rior value of Nu as compared to the given reference has
motivated for analyzing the other parameters with further

modification in terms of a split in both the transverse and
longitudinal direction. The highest Nu is pronounced for
lesser split width (TO = R/10) because the ease of flow in
between the gap increases as its width increases from R/10
to R/8. Further, it can also be seen from Figure 10 that the
higher fluid temperature is encompassed by a lesser width
gap, i.e., R/10, which indirectly shows lesser fin temperature
and thus augments a higher rate of heat in terms of Nu.

Similarly, the effect of friction factor f , which depends
upon the pressure drop, has accounted for all the values of
Re for a transverse split-based hemispherical fin. At Re =
3000, the value of f for TO = R/10, R/9, and R/8 (=/0.4049,
0.4010, and 0.3986) are 16.15%, 15.82%, and 14.97% times
higher than the solid hemispherical fin (=/0.3389). Similarly,
corresponding to other values of Re (5000, 9000, and 15000),
the value of f has been accounted and it has been seen that
the f value decreases over increasing Re. As the Re increases,
the intermixing increases and suppresses the flow separa-
tion, and this leads to reduce the rate of decrease of f for
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higher Re’s. And thus, the highest value of f is found for
TO = R/10 at Re = 3000, as shown in Figure 11. It can be
seen from Figure 12 that a higher recirculation phenomenon
is attached to the lower value of TO’s as the ease of flow
reduces, which in turn provides more frictional losses and
that leads to augmenting the heat transfer. And, as the width
gap increases, the frictional losses also decrease (i.e., the
recirculation zone started diminishing) because flow can
easily pass in between the gap and this leads to reduce the
heat transfer rate.

Further, the value of HTPF has accounted for all the
values of Re for unsplitted and TO-based split HF (upon
considering CF set up as a base case at respective Re). It
can be seen from Figure 13 that, the value of HTPF increases
as the Re increases for both the unsplitted and splitted HF. It
is mainly because, as the Re increases the value of Nu
increases (due to an increase in turbulence level), and the

friction loss decreases (which is mainly due to a delay in flow
separation over an increase in Re). The value of HTPF for
TO = R/10, R/9, and R/8 are 1.2753, 1.2703, and 1.2592 at
Re = 15000, and similarly, the value of HTPF are accounted
for other Re’s at respective TO’s, as shown in Figure 13.
Upon splitting the fins the pressure drop reduces leading
to receding the frictional loss in the system and thus aug-
ments the heat transfer. Further, upon increasing TO from
R/10 to R/8, the ease of fluid flow increases with a reduction
in pressure drop (the extent of recirculation recedes), result-
ing in the reduction of HTPF value.

7. Effect of Combined Offset Split

The analysis of performance parameters has been done upon
varying TO from R/10 to R/8. Further, at fixed TO, the value
of LO will vary from 0 to R/8 for all the considered Re (3000
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to 150000). It has been found that, upon varying LO from 0
to R/9, the value of the Nu number decreases, and further
from R/9 to R/8, it increases for the fixed value of TO = R/
10 and R/9, as mentioned in Figure 14. The decrement of
Nu for LO varying from 0 to R/9 (at TO = R/10 and R/9) is
based on the fact that as the LO increases from 0 to R/9,
the fluid can easily pass in between the gap and also from
either side. And, this will reduce the frictional losses which
in turn recedes the Nu value. Further, upon varying the
LO from R/9 to R/8, the flow may pass easily in between
the gap but a flow resistance would be offered from either
side as the interfin gap reduces to more extent. The above
remarks regarding the variation of Nu w.r.t to the given split
gap, i.e., TO and LO, can also be understood using Figure 15.
(as part of supplemental material). It shows that at a fixed
value of TO = R/10 and R/9, the fluid temperature is lesser
for LO (varying from 0 to R/9) and vice versa for LO (vary-
ing from R/9 to R/8), which directly affects the average fin

temperature, and thus initially Nu decreases (from LO = 0
to R/9) and increases (from LO = R/9 to R/8).

Now, varying LO from 0 to R/9 at TO = R/8, the value of
Nu gets increases and further gets decreases as LO changes
from R/9 to R/8, as mentioned in Figure 14. The extent of
the recirculation phenomenon is much more pronounced
(because the interfin gap at TO = R/8 is very less, which in
turn provides flow resistance, and this flow resistance gets
reduces as LO varies from 0 to R/9 and again increases as
LO changes from R/9 to R/8). And this variation in the
extent of circulation phenomenon affects the average fluid
and the fin temperature, i.e., surrounding fluid temperature
increases for LO (0 to R/9) and decreases for LO (changing
from R/9 to R/9), as shown in Figure 15 (as part of supple-
mental material).

Further, upon varying LO (0 to R/8) at a fixed value of
TO’s, the value of frictional losses has been evaluated for
all the considered Re ranges, as shown in Figure 16. It has
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been found that the friction factor (based upon the pressure
drop) gets reduced upon increasing LO from 0 to R/9 and
further gets increases from LO = R/9 to R/8 (at fixed TO =
R/10 and R/9). It may be because lesser flow resistance is
offered due to the ease of fluid flow in between the fins to
the incoming fluid upon changing LO from 0 to R/9,
which leads to a lesser extent of recirculation phenomenon
at the fin wake and vice versa for LO changing from R/9
to R/8, as mentioned in Figure 17 (as part of supplemental
material). However, upon varying LO from 0 to R/9 (at
fixed TO = R/8), the frictional losses increase and further
decrease as LO changes from R/9 to R/8. It may be
because, upon changing LO from 0 to R/9 (at fixed TO
= R/8), flow can pass in between as well as from either
side, i.e., it contributes from both ways, whereas the higher
flow resistance comes into phenomenon from either side
of the fins, when LO changes from R/9 to R/8, leading
to reduce the heat transfer rate.

Moreover, the HTPF value provides the fins usability
upon gauging the relative gain in Nu w.r.t relative gain in
pressure drop. The highest value of HTPF (/=1.33) is
accounted for TO = LO = R/10 at Re = 15000, as shown in
Figure 18. The illustration of the involved step for fetching
out optimum Nu using CSA is shown in Figure 19. The
highest obtained value of HTPF is mainly because the fin
(at TO = LO = R/10) is vigorously contributing to enhancing
the heat transfer rate from either side as well as in between
the fin gap. The relative gain in pressure drop is much lesser
than the relative gain in Nu for all the considered split and
unsplit HF and this leads to providing a higher (greater than
unity) HTPF value than the CF. And, this remarks that split-
ting HF (in transverse as well as in longitudinal direction)
requires less pumping effort than CF. Moreover, work done

by Hempijid and Kittichaikarn [32] on the pin-fin-based
heat sink, Tikadar et al. [33] on min-channel, and Alfellag
et al. [34] over plate fin with inclined slotter over the range
of Re found the HTPF value as 1.013, 1.42, and 1.54.

8. Mathematical Model Using RSM

For obtaining the mathematical model, the response surface
method has utilized full factorial method of design of exper-
iment with response parameter Nu and variable elements as
dimensionless longitudinal offset LO∗, dimensionless trans-
verse offset TO∗, and Re. The response surface method uses
regression and a statistical approach to formulate the objec-
tive function, and the detailed step is mentioned in the refer-
ence [35]. In order to develop the approximate model, the
response surface plot has been used as shown in Figures 20
and 21. Here, the numerical result forms the second-order
polynomial function for Nu is obtained using MINITAB
17. The mathematical correlations have been formed with
a determination coefficient R2 of 99.90%, as given in Equa-
tions (11) and (12).

Nu = 92:37 + 0:026999 × Reð Þ − 108:2 × TO∗ð Þ
− 68:7 × LO∗ð Þ − 0:00000035 × Re × Reð Þ
+ 337 × LO∗ × LO∗ð Þ − 0:01266 × Re × TO∗ð Þ
+ 0:00006 × Re × LO∗ð Þ + 225 × TO∗ × LO∗ð Þ,

ð11Þ

for 3000 ≤ Re ≤ 15000, TO∗ < 0:125, and 0 ≤ LO∗ ≤ 0:125:
The ANOVA for the Nu model for Equation (11) is

given in Table 2.

Nu = 78:96 + 0:024491 × Reð Þ − 72:6 × LO∗ð Þ
− 0:00000035 × Re × Reð Þ + 593 × LO∗ × LO∗ð Þ
+ 0:00324 × Re × LO∗ð Þ,

ð12Þ

for 3000 ≤ Re ≤ 15000,TO∗ = 0:125, and 0 ≤ LO∗ ≤ 0:125.
Detail equations supporting the calculation of various

parametric values are given in Table S1 (refer to
supplementary material section).

The ANOVA for the Nu model for Equation (12) is
given in Table 3.

9. Ratification of Mathematical Model

The two different mathematical correlations have been
developed using input variables corresponding to the given
constraint. Then, the accuracy of the developed model was
checked using the P value mentioned in the ANOVA
(Table 2) part of the supplemental material (for Equation
(11)) and (Table 3) part of the supplemental material (for
Equation (12)). Results show that the obtained value of P
is less than 0.05 for both the developed model (mentioned
as Equations (11) and (12)), which indirectly signifies better
accuracy. Moreover, the determination coefficient (R2) for
adjusted R2 has been examined to recheck the accuracy. As
a result, the value for R2 and adjusted R2 for Equation (11)
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is 99.97% and 99.93% and for Equation (12), is 99.98% and
99.94%, respectively, which signifies higher accuracy (as
both are greater than 90%).

10. CSA Outcomes

The cuckoo search algorithm (CSA) has been carried out for
the offset-based hemispherical fin. The maximum value of
the Nu number has been obtained at the optimum value of
the said variable using CSA based upon a single-objective
function. The CSA algorithm is embedded into MATLAB
and executed using a workstation-based Intel Xeon CPU
E31245 with 8GB RAM (3.30GHz).

For getting the optimum value of TO∗, LO∗, and Re, the
desired step for CSA are mentioned in Figure 19, and also,
the required steps are mentioned below:

(i) Commence the procedure by taking M = 20 (pop-
ulation size) and nmax = 30 (maximum iteration)
with Pa = 0:25 (as probability factor) and λ = 2
(CSA parameter)
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(ii) Arbitrarily create and site the M number of host
bird nests. The obtained former nest should be well
characterized by arbitrarily selected. The arbi-
trarily created nest location is well described by
the randomly opted Re, TO∗, and LO∗ (as input
within the given range of extent)

(iii) Start by taking the first iteration n equals zero

(iv) Further, take n = n + 1 as the subsequent iterations

(v) Exhibit the Nu (as a fitness value using Equations
(11) and (12)) for the opted host nest
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(vi) Investigate the entire opted nest and look out for
such nest which is providing maximum value of
Nu and takes that as the best nest out of all

(vii) In order to get the new nest further, use Equation
(10)

(viii) Again find out the Nu for xiðn + 1Þ

(ix) Randomly spot and take a nest xjðnÞ from the
given M (population size) and eventually study
and equate with xiðn + 1Þ

(x) Examine the former result, i.e., whether xiðn + 1Þ
comes out to be better than xjðnÞ and if so, then
former (xiðn + 1Þ) by later (xjðnÞ)
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(xi) Now, upon studying the considered nest, sort out
them as per the receding order of Nu vale

(xii) Out of the taken nests, replace the probability fac-
tor (Pa) of the nest pertaining least Nu value
(which is obtained using Equation (10)).

(xiii) Lastly, repeat step number 4, if the number of iter-
ations is lesser than nmax else, move to the upcom-
ing step

(xiv) Lastly, obtain the best solution with its correlated
Nu

The convergence trait of the cuckoo search algorithm
obtained while solving the said problem is mentioned in
Figure 22. Further, the desired objective, i.e., to fetch the
maximum value of the Nusselt number corresponding to
the independent variables TO∗, LO∗, and Re using CSA, is
obtained with 2.05% accuracy compared to numerical work,
depicted in Table 4. At last, a comparison plot has been pre-
sented between the CSA and numerically obtained out-
comes, which are within ±2.20%, as depicted in Figure 23.

11. Conclusions

The prime focus of the current work is to augment the heat
transfer phenomenon using an HF. Initially, the CF was
validated using established experimental work and found
to be in order with reasonable accuracy. Further, the longi-
tudinal and transverse offsets-based split modification is
done to elevate the heat transfer with pressure drop penal-
ties. The split-based fins help augment the heat transfer
upon creating a recirculation zone at the fins’ wake. For
the small split gap, the difficulty of fluid flow between the
gap leads to a higher frictional loss in the system, leading
to more solid-fluid interaction. A previous work [25] has
numerically worked on split elliptical-based fins and found
the highest value of PEC (performance evaluation criterion)
as 1.225, whereas the highest value of HTPF in the present
work is 1.33. The other vital points based on the current
work are mentioned below:

Table 2: ANOVA for the Nu model for Equation (11).

Source DF Adj SS Adj MS F value P value

Model 8 237613 29702 8603.27 P ≤ 0:001

Linear 3 196422 65474 18964.94 P ≤ 0:001

Square 2 1020 510 147.80 P ≤ 0:001
2-way interaction 3 11 4 1.08 0.377

S 1.85806 R2 99.97%

R-sq(adj) 99.95% R2 (pred) 99.93%

Table 3: ANOVA for the Nu model for Equation (12).

Source DF Adj SS Adj MS F value P value

Model 5 111363 22272.5 9752.54 P ≤ 0:001

Linear 2 91621 45810.6 20059.21 P ≤ 0:001

Square 2 478 239.1 104.69 P ≤ 0:001
2-way interaction 3 9 9.1 3.97 0.074

S 1.51121 R-sq 99.98%

R-sq(adj) 99.97% R-sq(pred) 99.94%
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Figure 22: Convergence plot for Nu vs. number of iterations
obtained using CSA.

Table 4: Validation of the developed model with optimal
parameter settings.

Parameters Re TO∗ LO∗ Nu

Predicted 15000 0.1 0 392.16

Experimented 15000 0.1 0 384.1059

Error percentage (%) 2.05
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Figure 23: Comparative analysis of Nu based upon CSA and
numerical.
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(i) The value of HTPF for the HF is higher than the
CF. It is due to lower pressure drop penalties asso-
ciated with a lower Nu value than the cylindrical
fin

(ii) The hemispherical shape helps the fluid glide over
it, thus delaying the flow separation. In contrast,
the early flow detachment in CF augments Nu at
higher pressure drop penalties

(iii) Upon splitting the HF, the Nu value increases with
a slight frictional loss

(iv) Upon increasing TO, the ease of fluid flow
increases and reduces the frictional loss; thus, the
heat transfer rate also reduces

(v) Upon increasing LO at fixed TO, the interfin gap
changes, modifying the flow by creating the recir-
culation zone at the fins wake and affecting the
heat transfer rate

(vi) The highest value of Nu (/=384.10) and HTPF
(/=1.33) are obtained at TO = R/10 (at LO = 0
and R/10) for Re = 15000

(vii) The response surface method is used to develop a
correlation for Nu based on independent variables
(TO∗, LO∗, and Re)

(viii) The optimum value of Nu (/=392.16) is obtained at
TO∗ = 0:1, LO∗ = 0, and Re = 15000 using CSA
with an error of 2.20% compared to numerical
work

Nomenclature

Ab: Base plate area (mm2)
Ac: Channel cross-section area (mm2)
CSA: Cuckoo search algorithm
cp: Specific heat (J/(kgK))
D: Cylindrical fin diameter (mm)
Dh: Hydraulic mean diameter (mm)
f : Frictional factor
hf : Fin height (mm)
Hd : Computational domain height (mm)
HTPF: Hydrothermal performance factor
kf : Fluid thermal conductivity (W/(mK))
Lb: Base plate length (mm)
Ld : Length of computational domain (mm)
LO: Longitudinal offset (mm)
LO∗: Longitudinal offset (dimensionless)
Nu: Nusselt number
Nuo: Nusselt number of the base case
ΔP: Pressure drop (Pa)
ΔPo: Pressure drop of base case (Pa)
Pa: Probability factor utilized in CSA
Pr: Prandtl number
Qb: Heat flux (W/m2)
R: Radius of hemispherical fin
Re: Reynolds number
n: Number of iterations

tb: Base plate thickness (mm)
nmax: Maximum number of iteration
Toutlet: Outlet temperature (K)
T f : Average fin surface temperature (K)
TO: Transverse offset (mm)
TO∗: Transverse offset (dimensionless)
u: Inlet flow velocity (m/s)
u!: Velocity vector
Wd : Computational domain width (mm)
x: Host bird nest in CSA
X, Y , Z: Computational domain coordinates (m)
DF: Degree of freedom
F value: MS/MSE (mean square error)
SS: Square of sum
MS: Mean square
Adj: Adjusted
Pred: Predicted

Greek Symbols

β: Step size used in CSA
λ: Cuckoo search algorithm parameter
μ: Dynamic viscosity (Pa s)
ρ: Density (kg/m3)
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