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Abstract—Forced convective flow of alumina-water nanofluid with different shapes of nanoparticles through pin-fins
of circular cross-section aligned in an equilateral triangular array was analyzed using finite volume methodology. The
effect of the shape of alumina nanoparticles on heat transfer across the periodic equilateral triangular array has never
been studied in the past. Four different shapes of nanoparticles were considered: spherical, cylindrical, bricks, and
platelets. Using non-spherical (cylindrical, bricks, and platelets) nanoparticles resulted in a thinning thermal boundary
layer, which resulted in a significant enhancement in heat transfer rates across the array. The mean Nusselt number was
augmented by 22% when platelet shaped nanoparticles were utilized in place of spherical shaped nanoparticles. Like-
wise, the mean Nusselt number was augmented by 17% when cylindrical nanoparticles were used, in place of spherical
nanoparticles, at the highest values of other parameters. The increment in effective viscosity of the nanofluid was the
highest for platelet-shaped nanoparticles, which resulted in a greater pressure drop compared to other shapes of
nanoparticles such as cylindrical, bricks, and spherical for all values of particle concentration. The results in the present
article are validated extensively with accessible experimental and numerical studies.
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INTRODUCTION

Periodic arrays of pin-fins with a convective flow generally occur
in numerous crucial engineering processes such as food process-
ing, compact heat-exchange systems, nuclear reactors, polymer pro-
cessing, and filtration [1-5]. The utilization of pin-fin heat exchangers/
sinks is becoming prevalent in various thermal engineering pro-
cesses due to their high heat transfer coefficients resulting from
the disruption of the boundary layer caused by mixing effects and,
besides, high surface area to volume ratio [6,7]. A vital application
involving pin-fin arrays is the thermal management of electronic
components such as transistors, printing circuit boards (PCB), and
an integrated set of electronic circuits [8,9]. When an external energy
source such as a pump or a blower is used, forced convection is
said to occur across multiple heated electronic components in PCB
or an integrated set of electronic circuits imitating a pin-fin heat
exchanger.

At present, the focus of research is on analyzing the hydro-ther-
mal performance of such heat-exchange systems for better energy
management. For this purpose, the utilization of nanofluids, which
are the suspension of nano-sized particles in base fluids, instead of
conventional fluids such as water, oils, and ethylene as an energy
carrier fluid, is gaining popularity due to their enhanced thermal
conductivity. In the present work, alumina (ALO;)-water nanofluid
is considered as a cooling fluid flowing through an equilateral tri-
angular array of pin-fins. The equilateral triangular array of cylin-
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ders (pin-fins) has high heat transfer coefficients compared to a
square array of cylinders and is preferred when the pressure drop
is steep [3]. Also, the efficiency of the triangular array of cylinders
is higher as more tubes can be accommodated within it. Erstwhile
studies involving pin-fin heat exchangers mainly focus on various
geometrical parameters such as fin shape and size, the arrange-
ment of fins, porosity, and type of cooling fluids. Nevertheless, the
effect of the shape of nanoparticles in a nanofluid on the hydro-ther-
mal behavior of a pin-fin heat exchanger is not being analyzed in
the scientific literature.

Researchers have examined the convective heat transfer across
periodic array geometry in heat exchange-systems to find ways to
improve the heat transfer rates. Ram et al. [10] analyzed the cross
flow in an inline square array of periodic cylinders and postulated
mathematical equations for drag and average Nusselt numbers.
However, Asif and Dhiman [11] analyzed the fluid flow through
the periodic triangular array of cylinders. The flow and thermal
characteristics are depicted thoroughly with the alteration of aver-
age drag coefficient, local and average Nusselt numbers against Re,
Pr, and porosity. Wung and Chen [12] and Chen and Wung [13]
employed an inline square array and a staggering array of cylinders
to analyze the flow and heat transfer across the respective arrays,
and the experimental outcome of Zukauskas et al. [14] for tube
banks concurred thoroughly with them [12,13]. A critical numeri-
cal study related to periodic arrays (triangular and square) of cyl-
inders is reported by Martin et al. [3]. The study stipulates the
power-law correlations for frictional losses and Nusselt number for
available area fractions more significant than 0.8.

Recently, the use of nanofluids as an energy carrier fluid has
taken the lead in heat-exchange systems. More and more research-
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ers are using nanofluids [15-24] for the sole reason of their improved
thermal conductivity and better stability. Asif et al. [23] analyzed
the forced convective flow of alumina-water nanofluid across an
inline and a staggered array of cylinders in a heat exchanger. Their
study [23] revealed that the mean Nusselt number is increased by
20% in the inline array and by 60% in the staggered array when
nanoparticle diameter is reduced from 50 nm to 10 nm. Sheik-
holeslami and Farshad [24] examined the turbulent nanoparticle
transport inside a tube with quad-channel tapes involving solar radi-
ation. They demonstrated that better mixing happens with such
devices and the rate of cooling is augmented. Selvakumar and Dhina-
karan [25] studied forced convective heat transfer using nanofluids
past a circular cylinder using single and multiphase approaches.
They calculated effective thermal conductivity and viscosity using
correlations that incorporate the effects of nanoparticle diameter
and temperature. Lavasani and Bayat [26] compared forced con-
vective heat transfer and pressure drop between cam-shaped and
circular tube banks using alumina-water nanofluid for inline and
staggered arrangements. They [26] used the Brinkman equation
[27] and the Maxwell-Garnett [28] model for calculating effective
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viscosity and thermal conductivity. They [26] deduced that cam-
shaped tubes have higher heat transfer rates in comparison to cir-
cular tubes. Also, high thermal efficiency is observed in the stag-
gered arrangement for both kinds of tube bundles.

The majority of the studies involving nanofluids do not consider
the shape of the nanoparticle. In contrast, only a few studies are
available that inquire about the effect of the shape of nanoparticles
in various systems. Nguyen et al. [29] studied the change in ther-
mal characteristics for the flow of different shaped CuO nanopar-
ticle-water nanofluid across a wavy-channel with obstacles and
developed mathematical correlations for mean Nusselt number.
Ellahi et al. [30] analyzed the effect of the shape of the nanosize
particle in CuO-water nanofluids flowing inside an inverted cone.
They [30] showed that entropy of the system increased when plate-
let-shaped nanoparticles were employed. Vanakhi et al. [31] stud-
ied the influence of different shapes of SiO, nanoparticles. Their
results demonstrated an increment in the mean Nusselt number of
the channel when platelet-shaped SiO, nanoparticles were used in
place of spherical ones.

The aforesaid brief literature survey provides the evidence that
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Fig. 1. (a) Flow schematic, (b) computatlonal domain, (c) mesh around cylinder 1, and (d) mesh around cylinder 3 in a pin-fin type heat-

exchanger.
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the researchers have analyzed the flow of nanofluids across arrays
of cylinders. Still, no studies are available that portray the alumina
nanoparticle-shape effect on hydro-thermal behavior through peri-
odic arrays of pin-fins arranged in an equilateral triangular arrange-
ment in a heat exchanger. Therefore, it is important to fill this
research gap. Hence, the present numerical study was performed
to quantify the various control parameters across a periodic trian-
gular array of pin-fins for the forced convective flow of alumina-
water nanofluids having differently shaped nanoparticles. The best-
suited shape of nanoparticles for heat transfer enhancement across
the equilateral triangular array of circular cross-section pin-fins has
been proposed via the present analysis. The finite volume method
was employed for the current computational framework, and the
effect of Re, particle concentration and shape of alumina nanopar-
ticle on flow and thermal characteristics were determined.

PROBLEM STATEMENT

Schematically, Fig. 1(a) depicts the convective flow of alumina-
water nanofluid through heated pin-fins in a heat exchanger. The
cylinders are arranged so that if the three pin-fins are connected in
the array, they form an equilateral triangle. The simulations are car-
ried out by simplifying a fundamental unit cell, as shown in Fig.
1(b), which repeats itself in space at transverse distance L, making
the inlet and outlet a periodic boundary. The cylinder’s diameter is
denoted as D, and the center to center distance between the cylin-
ders is L. The position of the cylinders in the triangular array is
determined by using porosity & relation with spacing ratio L/D [3]
as:

5:1_2%(%)4 M

The laminar flow is considered to be in the y-direction, as depicted
in Fig. 1. The various physical parameters used in the present anal-
ysis are Re, which is varied in the range 10-200, nanoparticle con-
centration ¢ in the range 0.01-0.04, and four distinct shapes of
AlLO; nanoparticles: spherical, bricks, cylindrical, and platelets. Our
previous studies have already analyzed the effect of porosity on con-
vective heat transfer across periodic arrays [10,11,32]. Hence, the
porosity of the array of cylinders is fixed at 0.8, which corresponds
to the ratio of the transverse and longitudinal distance between the
cylinders as less than two and a common occurrence in industrial
operations [33].

MATHEMATICAL MODEL AND BOUNDARY
CONDITIONS

To solve the present problem the assumptions are made while
writing mathematical expressions for the conservation of mass,
momentum, and energy (Egs. (2)-(5)): Flow is steady; laminar, and
two-dimensional; the fluid is incompressible, Newtonian, with con-
stant thermophysical properties; the end effects are negligible and
negligible viscous dissipation.

ou  ov
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where 9,,= Loy o= k, and Pr= (’l&) . The equations men-
Py (0 k/;
tioned above are made non-dimensional by using diameter D as
the length scale for x and y coordinates and ¢/D as the velocity scale
for obtaining non-dimensional velocity i [=uD/c¢;] & v [=vD/cy].
T is the dimensionless temperature being defined as T=(T-T,.)/
(T,~T.,), where T is dimensional temperature. A scaling factor pfogfz/
D’ is used for getting non-dimensional pressure p [=pD’/pof].
The subscripts nf and f stand for nanofluid and fluid, respectively.
The non-dimensional governing Egs. (2)-(5) are solved by em-
ploying the ensuing boundary conditions: At the inlet, uniform
flow in the y-direction is assumed. No-slip velocity condition and
constant wall temperature are prescribed at cylindrical walls. The
periodic boundary condition is applied at the inlet and outlet,
which in mathematical terms means:

uin:u

0’ Gin = {}out and Tin = Taut (6)

out=

subscripts ‘i and ‘ouf represent the inlet and outlet periodic bound-
aries, respectively.

The surfaces which are in contact with the pin-fins vertically (sym-
metric plane) have no flow in the longitudinal direction, and the
normal gradients of velocity as well as temperature are negligible.

Local Nusselt number (Nu,) is utilized to measure the heat trans-
fer rates from the pin-fins and represented as

h,D  aT
Nu,= —kL =5 )
nf 172

where h is the coefficient of heat transfer, r is the cylinder’s surface,

and defined as r=+/%*+y”=1/2. On integrating Nu, over the cylin-
drical surface, the mean Nusselt number Nu,, of each cylinder is
obtained as

Nu,,= }jNquH ®)
0

The pressure drop AP across the array is defined as
AP:PM_ Puut (9)

where P, and P, represent the inlet and outlet pressures, respec-
tively.

Furthermore, pumping power (PP) is also calculated using pres-
sure drop and is defined as

PP=APV; (10)

where V; represents the volumetric flow rate across the array.

The individual thermo-physical properties of alumina and water
are presented in Table 1. The effective density 0, and heat capac-
ity ¢, , of the nanofluid are calculated as [34]:
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Table 1. Thermo-physical properties of base fluid and nanoparti-

dles [25]

Thermo-physical property Water  Alumina (Al,O;)
Thermal conductivity (W/m-K) 0.6 40
Dynamic viscosity (kg/m-s) 0.001 -

Density (kg/m”®) 997 3,970
Heat capacitance (J/kg-K) 4,179 765
Py=(=P)pr+dp, (1n
(/xp)an(l— ¢)(,a:p)f+¢(pcp)p (12)

where ¢ is the nanoparticle concentration, and subscript ‘p’ stands
for nanoparticles.

The effective thermal conductivity and effective viscosity of the
nanofluid having spherical nanoparticles are estimated as [35]:

k T 10 k 0.03
1+ 4.4Re%Pr0 —) (—E) s (13)
k ro (Tf k

d -0.3
&y 34.87(3‘;’) & (14)
ﬂnf

where Re, is the nanoparticle Reynolds number because of Brown-
ian motion.

Re,= w (15)
mitd,

where Pr; is Prandtl number of base fluid; T and Tj, are the tem-
peratures of the nanofluid and freezing point of base fluid (water),
respectively; Kj is the Boltzmann constant (1.38x10™%); d, is the
diameter of spherical nanoparticle, which is fixed at 25 nm and d;
is the diameter of the base fluid molecule which is given as
6M )1/ 3

d=01( L

16
Nap, (16)

where N is the Avogadro number, and M is the molecular weight
of water.

The effective thermal conductivity and effective viscosity of the
nanofluid with non-spherical shaped nanoparticles are calculated
as [36]:

k
1404 17)
ky
'Lﬁf_l 2

=1+n,¢+n,¢ (18)
Hy

where ¢ is the thermal conductivity enhancement coefficient and
7, and 7, are viscosity enhancement coefficients for non-spheri-
cal particles. The values of these coefficients for varied shapes are
given in Table 2 along with the aspect ratios of different shapes of
nanoparticles. The characterization of different shapes of nanopar-
ticles is shown in Fig. 2.

The present analysis is a single-phase approach for modeling
nanofluids, which considers the mixture of nanosized particles and
base fluid as a single homogeneous phase. Both nanoparticles and
base fluid are assumed to be in thermal equilibrium without any
slip between their molecules. In a single-phase approach, the effec-

Table 2. Thermophysical properties enhancement coefficients [36]

Nanoparticle shape Ok m 7 Aspect ratio
Bricks 337 19 4714 1:1:1
Cylindrical 3.95 135 9044 1:8
Platelets 2.61 37.1 612.6 1:1/8
(a) Brick (b) Cylinder
40 y
80 nm
40 nmI
10 nm
(c) Platelet (d) Sphere
10 nm

Fig. 2. Characterization of different shapes of nanoparticles [35,36].

tive properties of the nanofluid are calculated for substitution in
the governing equations. By putting the values of various coeffi-
cients given in Table 2 in Egs. (17) and (18), effective thermal con-
ductivity and effective viscosity of nanofluid are calculated for dif-
ferent nanoparticle shapes. These calculated values are then used
in the governing Eqs. (3)-(5) to calculate various flow and heat trans-
fer parameters.

MESH SENSITIVITY AND VALIDATION

The mesh sensitivity is examined by generating five unstructured
grids using ANSYS design modeler. The five grids are classed as
coarset, coarse, fine, very fine, and ultra-fine, as depicted in Table 3.
The disparity between the mean Nusselt number obtained using
coarser and ultra-fine grids is 0.14%, proving that the grid is inde-
pendent of its size. Hence, the fine grid is used in the present anal-
ysis considering the computational expenses. The magnified grid
around the cylinders is shown in Fig. 1(c) and 1(d).

To verify the reliability of the present computational model, the
results are validated with the available experimental and numeri-
cal data in the literature [3,14,25,37]. Zukauskas [14] proposed the
following correlation for the average Nusselt number of a cylinder

Table 3. Grid sensitivity analysis

Grid Number of cells Average Nusselt number
Coarser 17,276 4.8217
Coarse 21,840 4.8198
Fine 24,094 48173
Very fine 32,998 4.8169
Ultrafine 47,094 4.8148

Korean J. Chem. Eng.(Vol. 38, No. 4)
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Re Table 4. Nusselt number comparison of the present study with the

Fig. 3. Comparison of present results with (a) experimental results

literature [25] using Corcione’s [35] correlation at Re=40

of Zukauskas [14] and (b) the numerical work of Martin et d, Selvakumar and Deviation
al. [3]. ?  (m) Dhinakaran[25] T ()
0.02 10 7.0798 7.0220 0.82
in a staggered array of cylinders: 50 6.8987 6.8834 022
ppa0ss s 10 8.2907 8.3257 0.42
Num:nRe0'4Prf0'36(§;f) (19) ' 50 7.2541 7.2996 0.62
Fig. 3(a) shows that the heat transfer outcomes acquired in the pres- 29
ent study, with air as the working fluid, and the experimental results
of Zukauskas [14] estimated from Eq. (19) are matching closely ——®—— Martinetal [3]
. o —&—— Present
with each other. In addition, the mean Nusselt number (Nu,,) -
obtained in the present study is analyzed in contrast to the com- 3
putational results of Martin et al. [3] (Fig. 3(b)). For that purpose, z ol
computations are performed at £=0.99 and air is utilized as a z
working fluid. The results of both studies are close to each other. E
Another essential formulation for the flow across a heated cir- =
cular cylinder is given by Lange et al. [37] for Re<200 for the flow 5
of air as: §
E et
Nu,,=0.082Re**+0.734Re” (20) 2
=]
»=0.05+0.226Re** (21) “
The present values of average Nusselt number at porosity, £=0.99
when each cylinder behaves as an individual cylinder [11] are 13l L L L L L L !
0 25 50 75 100 125 150 175

matching closely with the results of Lange et al. [37], which are
estimated by Eqs. (20) and (21) (Fig. 4).

The present method is also verified by considering the flow of
alumina-water nanofluid around a single-cylinder using the cor-
relations [35] employed in the present study for spherical particles,
and the outcomes are similar to the results available in the litera-
ture [25], as illustrated in Table 4. Apart from heat transfer results,
validation is also comprehended for the flow results. The pressure

April, 2021

Re

Fig. 5. Comparison of pressure drop obtained in the present study
with the literature [3].

drop obtained in the present work using air as working fluid is non-
dimensionalized in accordance with Martin et al. [3], and the result-
ing dimensionless pressure drop is in close resemblance with the
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(a) Re=10 (b) Re=50

N.H

Fig. 6. Streamlines across an array of cylinders for spherical shaped
nanoparticles at different Re and ¢=0.04.

dimensionless pressure drop reported in the literature [3] (Fig. 5).
RESULTS AND DISCUSSION

The computations were carried out for Re in the range 10-200,
@in the range 0.01-0.04, and four shapes of nanoparticles, i.e., spher-
ical, bricks, cylindrical, and platelets at a fixed value of £=0.8. The
outcomes were then demonstrated by streamlines, isotherms, plots
of local Nusselt numbers, mean Nusselt number, pressure drop,
and pumping power of the triangular array of pin-fins. Mathemat-
ical correlations were derived to calculate the mean Nusselt number
of the triangular array for different shapes of alumina nanoparti-
cles under the present conditions.

1. Streamlines and Isotherms

In the present investigation, the fluid inertia has a profound effect
on the hydro-thermal behavior across the triangular array of pin-
fins for the flow of alumina-based nanofluids. Fig. 6 shows the
streamlines across the triangular array at different Re for the flow
of alumina-water nanofluid having spherical alumina particles.
The nanofluid recirculation zone develops at the aft of the cylin-
ders at Re=50, which grows in size as the inertial forces increase.
At Re=200, the recirculation zone emanating from the aft of a cyl-
inder in the array is extending to the front of the adjacent cylin-
der in the same column due to momentum gained by the fluid at
increased inertia. The size of this recirculation bubble is growing
in width, and a fair quantity of nanofluid is trapped inside this bub-
ble, forcing the fluid to flow towards the adjacent cylinders. The
interaction between the subsequent cylinders is maximum at Re=
200 due to the appearance of the recirculation zone behind the
cylinders. The streamlines are getting nearer to the surfaces of the
cylinders at higher Re, and the lean boundary layer is forming on
the surfaces of the cylinders.

(a) Re=10

(b) Re=50

(d) Re=200

015 ‘
H\ o8
015 0 qsi

o
~ D‘I

Fig. 7. Isotherms across an array of cylinders for spherical shaped
nanoparticles at different Re.

The isotherms are getting denser around the surfaces of the
three cylinders constituting the array on increasing Re, as depicted
in Fig. 7, indicating the rise in the thermal gradients. At Re=10, the
viscous forces are not negligible compared to inertial forces, and
heat transfer is not entirely controlled by convection; rather, con-
duction also plays a part in contributing to the heat transfer. The
thermal boundary layer is thicker at low Re, and its width decreases
with an increase in Re, which ultimately causes higher heat trans-
fer rates. When Re is increased, the crowding of isotherms in the
proximity of the cylinders takes place (Fig. 7). The accumulation
of isotherms near the surfaces of the cylinders at higher Re is due
to the wake recirculation at the rear of the cylinders. It is also ob-
served that the isotherms are clustered at the front of upstream
cylinders. This can be due to the reality that the unheated bulk nano-
fluid first comes into the contact of upstream cylinders, which are
at a higher temperature and result in steeper temperature gradi-
ents. For Re>50, thermal plumes originate from the aft of the cyl-
inders, and these thermal plumes are getting sharper at Re=100
and 200. The emergence of thermal plumes is momentum driven
in the present situation as buoyancy has not been taken into account.
Fig. 8 demonstrates the thermal patterns across the triangular array
for different shapes of nanoparticles. The isotherms are getting
denser near the surfaces of the cylinders when cylindrical or plate-
let-shaped particles are used, which indicates that thermal gradi-
ents are more near the surface when spherical nanoparticles are
replaced with non-spherical ones and an increment in thermal gradi-
ent will eventually augment heat transfer from the cylinders. In the
domain, the total surface area between fluid and solid interface
changes on employing the different shapes of nanoparticles in a
base fluid. The thermal conductivity of a nanofluid is directly pro-
portional to the interfacial area [36]. It is known from the present
calculations using Eq. (17) that platelet-shaped nanoparticles have

Korean J. Chem. Eng.(Vol. 38, No. 4)
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Fig. 8. Isotherms across an array of cylinders for different shapes of
nanoparticles at Re=200.

the highest thermal conductivity for a given nanoparticle concen-
tration. So it can be said that the interfacial surface area is the
highest for platelet-shaped nanoparticles employed in a nanofluid
and which is also the cause of augmentation in thermal gradients
when platelet-shaped particles are used in a base fluid. Hence it is
augmenting the overall heat transfer.

Fig. 9 describes the aftermath of particle volume fraction, ¢ on
the isotherms at Re=200 for platelet-shaped nanoparticles, fol-
lowed by cylindrical and brick-shaped nanoparticles. For brevity,
the effect of ¢ on thermal patterns across the triangular array of
cylinders is shown only for platelet-shaped particles. It is observed
that on increasing ¢ from 0.01 to 0.04, the isotherms are getting
denser in the vicinity of cylinders. The thermal plumes are also get-

(a) y=0.5
16 Spherical
e Bricks
N e Cylindrical
/. —=——= Platelets

(a) $=0.01 (b) ¢ =0.02

Y

Fig. 9. Isotherms across an array for platelet-shaped nanoparticles
at different volume fractions and fixed Re=200.

ting sharper at higher concentrations of nanoparticles. These two
observations resulted from an increment in the effective thermal
conductivity of the nanofluid at higher values of ¢ and culminated
in a surge in temperature gradients. The thermal boundary layer
thinning is also taking place on increasing ¢ which results in higher
heat transfer rates.

Nanoparticle shape has a more profound impact on the veloc-
ity distribution across the array, as shown in Fig. 10. The velocity
magnitude across the triangular array is significantly higher for
cylindrical and platelet-shaped nanoparticles. Even the brick-shaped
nanoparticles cause an increment in the velocity distribution across
the array; although the increase is not at par with cylindrical and
platelet-shaped nanoparticles. This increment in the velocity can

(b) y=1.63
16

vD/ol f

Fig. 10. Impact of nanoparticle shapes on velocity profile across periodic array at different locations.
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Fig. 11. Effect of nanoparticle shapes on local Nusselt number over cylinder 3 at ¢=0.04 and different Re.

be ascribed to an increment in effective viscosity of nanofluids
when non-spherical alumina nanoparticles are used for a fixed Re
and nanoparticle volume fraction.
2. Nusselt Number

The impact of the shape of the alumina nanoparticle on the local
Nusselt number Nu,, around the surface of a cylinder in an equi-
lateral triangular array is shown in Fig. 11. At Re=10, the variation
in Nu, allocation on the surface of cylinder 3 with the shape of
the nanoparticles is insignificant. On increasing Re, the difference
in Nuy is getting noticeable with the shape of the nanoparticle
(Fig. 11). At Re=200, the difference among Nu, for differently
shaped nanoparticles is the highest. Platelet-shaped nanoparticles
have greater values of Nu, with cylindrical particles coming sec-
ond. The distribution of Nu, on the cylinder surface for brick-
shaped nanoparticles is also higher than the distribution of Nu,
for spherical nanoparticles, although much lesser than platelet and
cylindrically shaped nanoparticles (Fig. 11). The more elongated a
particle is, the higher will be the heat transfer [36]. The local max-
ima for Nu, are not occurring at the frontal stagnation point (6=
0°) for all Re values; rather, it appears further away on the cylin-
der’s surface because the fluid arriving at the front stagnation point
is heated already by the preceding cylinder in the same column.
The minimum value of Nuy, is found at the separation point for all
values of Re except Re=10 because no flow separation is taking

place at Re=10 (Fig. 6). For Re>10, Nuy is increasing slightly up to
the rear stagnation point (0= 180%), as shown in Fig. 11, due to the
emergence of the recirculation bubble behind the cylinder’s sur-
face (Fig. 6), which is continuously extracting heat from the heated
cylinder. Fig. 12 depicts the alteration in the appropriation of Nu,
on the surface of cylinder 3 with ¢ for distinct shapes of alumina
nanoparticles. The highest values of Nu, appear at ¢=0.04 for all
shapes of nanoparticles. This is because the higher the ¢, the
higher will be the augmentation in the thermal conductivity of the
nanofluid, which will eventually lead to a higher rate of heat trans-
fer. The increment in Nu, values with ¢ is maximum for platelet-
shaped nanoparticles.

Fig. 13 displays the change in mean Nusselt number Nu,, of the
triangular array of circular pin-fins with ¢, Re, and shape of the
alumina nanoparticles. The highest Nu,, has appeared for platelet-
shaped nanoparticles for all values of ¢ and Re and followed by
cylindrical, brick, and spherical-shaped nanoparticles. The pri-
mary reason for high transfer rates in platelet-shaped particles fol-
lowed by cylindrical and brick-shaped nanoparticles is their elongated
structure compared to spherical particles [38]. At ¢=0.04 and Re=
200, the Nu,, is enhanced by 22% when spherical particles are
replaced by platelet ones and by 17% when replaced by cylindri-
cal ones. The enhancement in heat transfer is more considerable at
higher Re. However, heat transfer enhancement is also taking place

Korean J. Chem. Eng.(Vol. 38, No. 4)
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Fig. 12. Effect of particle concentration on local Nusselt number on cylinder 3 at Re=200 for different shapes. @is the angle determined anti-
clockwise from the aft of the cylinder.
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Fig. 13. Variation of mean Nusselt number of the array with nanoparticle shapes (a) at different ¢ and Re=200 and (b) at different Re and

$=0.04.

at lower Re (<200) when the spherical nanoparticles are replaced
by other shapes, but the influence of shapes of nanoparticles on
heat transfer is quite significant at Re=200.

The data obtained from the present study is used to develop
mathematical correlations for Nu,, using regression analysis, and
the following correlations are established for the four shapes of

nanoparticles:

April, 2021

Nu,,=3.63[1+1.02x10" "¢ *Re"*]
Nu,,=3.66[1+9.29x10"*#"'Re"*]
Nu,=3.78[1+4.6x10"%#*Re*®]

Nu,=3.85[1+2.6x10"%#"**Re'”]

(spherical)
(bricks)
(cylindrical)

(platelets)

(22)
(23)
(24)

(25)

The coefficient of determination (R) for the above Egs. (22)-(25)
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Fig. 14. Comparison between the present results and curves obtained
from the correlations (Egs. (22) and (25)).

is nearly close to 1, and the standard error is falling under 0.2, which
proves the accuracy of these correlations. The comparison between
the present computational results and correlation values is shown
in Fig. 14. For the sake of brevity, the comparison for spherical
and platelet-shaped nanoparticles is presented. More than 95% of
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the values obtained in the present study are lying on the curves
obtained from the derived correlations, as depicted in Fig. 13.
3. Pressure Drop

The use of nanofluids certainly enhances heat transfer across heat
exchange systems, such as the present one. However, it comes with
an adverse effect of an increment in the effective viscosity, which
subsequently results in relatively high pressure drops with respect
to normal working fluids such as water, air, etc. Figs. 15(a) and
15(b) depict the variation in pressure drop with nanoparticle con-
centration and Re, respectively, for different shapes of nanoparti-
cles. At the lowest nanoparticle concentration of ¢=1%, there is a
slight difference in pressure drop obtained for various shaped
nanoparticles (Fig. 15(a)). The pressure drop across the heat ex-
change array is rising when the particle concentration is increased
due to an increment in the suspension (effective) viscosity of the
working fluid with the addition of nanoparticles. The increment in
effective viscosity of the nanofluid is the highest for platelet-shaped
nanoparticles, which results in a greater pressure drop compared
to other shapes of nanoparticles such as cylindrical, bricks, and
spherical for all values of particle concentration. The pressure drop
is also increasing with Re, as shown in Fig. 15(b), which is a direct
consequence of augmentation in the fluid velocity. Meanwhile, at a
fixed Re, the pressure drop is the highest for platelet-shaped nano-
particles. It is noticeable from Fig. 8 that nanofluid having platelet-
shaped alumina nanoparticles has the utmost velocity magnitude
inside the array channel. On the other hand, nanofluid having spheri-
cal shaped nanoparticles has the lowermost pressure drop.
4. Pumping Power

Fig. 16 shows the change in pumping power (PP) required to
pump the alumina nanofluid as a function of nanoparticle con-
centration and Re for different shapes of nanoparticles. Pumping
power increases with an augmentation in nanofluid concentration
for all shapes of nanoparticles (Fig. 16(a)). This is because the vis-
cosity of the nanofluid increases with the surge in nanoparticle con-
centration; higher nanoparticle concentration in nanofluids causes
fluid shear-thickening [39,40], which is the leading cause of aug-
mentation in the effective viscosity of the nanofluids.

The pumping power also surges with proliferation in Re, as de-

(b) 10—

Pressure drop ( * 107) (Pa)

1 1 |
50 100 150 200

Re

Fig. 15. Variation of the pressure drop with the volume fraction of nanofluid and Re for different nanoparticle shapes.
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Fig. 16. Variation of the pumping power PP with the volume fraction of nanofluid and Re for different nanoparticle shapes.

picted in Fig. 16(b). The reason is an increment in the fluid velocity,
which ultimately leads to greater pressure drop and higher pump-
ing power required to pump the nanofluid. Pumping power is the
highest when platelet-shaped particles are used due to the higher
resultant viscosity of nanofluids, followed by cylindrical, brick, and
spherical-shaped nanoparticles. The viscosity of nanofluid with
non-spherical particles is greater in comparison to the nanofluid
with spherical particles at any given concentration of nanoparticles.
The rod-like structure of non-spherical nanoparticles and their
elongated agglomerate hinders the Brownian motion of the parti-
cles for these rod-like elongated particles. Brownian motion includes
both translation and rotational motion of the nanoparticles. This
hindrance restricts the movement of nanofluids, causing an incre-
ment in the resultant viscosity of nanofluids, which in turn results
in higher pumping power [36,38].

When the concentration of nanoparticles is low;, the distance
between the respective nanoparticles is larger than the longest nano-
particle; then, the rotational and translational motion of nanopar-
ticles is not hindered by one another. Hence, the nanofluid will
have low viscosity irrespective of the shape of the nanoparticle. For
the higher concentration of nanofluids, the respective nanoparti-
cles start colliding with each other. The rod-like nanoparticles form
random clusters and agglomeration and elongate in such a way
that limits both translational and rotational movements [36,38].
This restriction in normal flow causes an elevation in viscosity and
pumping power needed to pump the nanofluid increases.

At the lowest values of nanoparticle concentration and Re (ie.,
at ¢=1% and Re=10), there is only a meager disparity between
the pumping power for spherical and brick-shaped nanoparticles.

CONCLUSIONS

The present work comprehensively demonstrates the effect of
alumina nanoparticle shape, nanoparticle concentration (0.01-0.04),
and Reynolds number (10-200) on heat transfer from an equilat-
eral triangular array of heated cylinders in a pin-fin type heat-ex-
changer. Comparing the heat transfer results obtained with differ-

April, 2021

ent shapes of nanoparticles shows that platelet-shaped nanoparti-
cles are best suited for higher heat transfer rates. The results de-
monstrate that using platelet-shaped alumina nanoparticles in place
of spherical ones enhances the heat transfer across the triangular
array of pin-fins up to 22% at Re=200 and ¢$=0.04, followed by
cylindrical-shaped nanoparticles (up by 17%). For the platelet-shaped
nanoparticles, streamwise local velocity has the highest value, caus-
ing higher heat transfer due to increased fluid inertia. Brick-shaped
nanoparticles do not have a significant effect on heat transfer rates;
replacing spherical-shaped particles with brick-shaped nanoparti-
cles only enhanced heat transfer rates by 2% at Re=200 and ¢=
0.04. Hence, brick-shaped nanoparticles are not the best for im-
proving heat transfer rates. Besides, an unnecessary increase in the
resultant viscosity of nanofluids makes them unsuitable for indus-
trial use. The Re has a profound effect on heat transfer, which is
evident due to increased fluid inertia and the momentum gained
by the fluid at higher Re. The Nu,, augments by 137% for platelet-
shaped nanoparticles when Re is increased from 10 to 200 at ¢=
0.04. Similarly, for cylindrical nanoparticles, Nu,, augments by 120%
when Re is increased from 10 to 200 at ¢=0.04. An increase in
nanoparticle volume fraction from 0.01 to 0.04 enhances the Nu,,
by 23% for platelet-shaped nanoparticles at Re=200 and by 15%
for cylindrical nanoparticles. It is recognized that pressure drop
and pumping power increase with an increase in nanoparticle vol-
ume fraction and Re. Alumina-water nanofluid with platelet-shaped
nanoparticles displayed the maximum pressure drop and pump-
ing power due to the higher resultant viscosity of nanofluids when
platelet-shaped nanoparticles were used.

NOMENCLATURE

o

: coefficient of pressure

: specific heat of the fluid [J/Kg-K]

: cylinder diameter [m]

: convective heat transfer coefficient [W/m”-K]

: thermal conductivity of fluid [W/m-K]

: center to center distance between cylinders [m]

- Ky)
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Nu,, :average Nusselt number

Nu, :local Nusselt number

Pr  :Prandtl number

p  :pressure [Pa]

: dimensionless pressure

:radius of the cylinder [m]
:Reynolds number

: dimensionless temperature

: free stream temperature [K]
:volume averaged velocity [m/s]

: cross stream velocity [m/s]

: dimensionless cross-stream velocity
: stream-wise velocity [m/s]

: dimensionless stream-wise velocity
: cartesian co-ordinates [m]

: dimensionless cartesian co-ordinates
: thermal diffusivity [m?/s]

: kinematic viscosity [m”/s]

: porosity of the array

: viscosity [Pa-s]

: density [kg/m’]

: stream function

: nanoparticle volume fraction

: surface angle [degree]

oo
= o

%&sbtmcg\gvx::: << e cH-
~<

Subscripts
w  owall
f :fluid
oo :free stream
nf  :nanofluid
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