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Abstract
A three-dimensional computational fluid dynamics (CFD) study is carried out to explore the effect of duct cross section on 
the thermo-hydraulic performance of various ducts. A finite volume-based scheme with an SST k-omega model and mix-
ture model (two-phase model) was used to obtain more realistic results. A two-phase mixture model was used to consider 
the movement between base fluid and nanoparticles. Al2O3 nanoparticle having a volume fraction of 0.01% and 42 nm as 
particle size, the heat transfer and friction factor characteristic are studied for turbulent flow regime (3000 < Re < 9000) with 
variable thermo-physical properties. A maximum enhancement of 86% in heat transfer rate is obtained for the serpentine 
duct compared to the conventional circular duct at Re = 4500. Owing to a significantly lower increase in pressure drop, 
the elliptical duct has the highest thermo-hydraulic performance parameter of 1.54 relative to the circular duct. Further, to 
analyze the heat transfer quality, the entropy generation rate is studied, and it is observed that the square duct reported the 
highest with an increase of 60% and the elliptical duct the lowest with a reduction of 54% relative to the circular duct. This 
study can aid in choosing the duct geometry to enhance the heat transfer rate with nanofluid for applications such as solar-
thermal, heat exchangers, etc.
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Abbreviations
A	� Amplitude, m
CFD	� Computational Fluid Dynamics
dp	� Diameter of nanoparticle, m
�p	� Density of particle, kg m-3

�f	� Dynamic Viscosity of fluid
Tf	� Fluid Temperature, K
f	� Friction factor
fref	� Friction factor of circular geometry
q	� Heat Flux, W m-2

h	� Heat transfer coefficient, W m-2 K-1

Dh	� Hydraulic Diameter, m
L	� Length, m
ΔP	� Pressure Drop, Pa
Nu	� Nusselt Number

Nuref	� Nusselt Number of reference geometry
k	� Thermal Conductivity, W m-1 K-1

�	� Thermo-hydraulic Performance Parameter
Sgen	� Total heat generation
TKE	� Turbulence Kinetic Energy, m2 s-2

Re	� Reynolds Number
U	� Velocity, m s-1

�p	� Volume Fraction of particle
Tw	� Wall Temperature, K
�	� Wavelength, m

Introduction

One of the primary concerns of studies on thermal systems 
is the amelioration of heat transfer rate with a minimal addi-
tional pressure drop that can offset the gains achieved. Com-
pared to fluids, metallic solids have a higher thermal conduc-
tivity, making them a feasible alternative for thermal flow 
devices. The next task is to figure out the size of the particles 
and the concentration that is to be used. Particle sizes in the 
range of millimeters or micrometers can cause sedimentation 
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or settling of particles at the bottom of the base fluid due 
to gravitational effects. Hence, the nanoscale range of size 
is preferred for these particles, and when they are added 
to the base fluid, it is called a nanofluid [1]. Additionally, 
as the surface area is higher than micro-size particles, the 
thermal response is faster to cause the temperature change 
when used in a base fluid. In 1993, particles such as oxides 
of aluminum, titanium, and silicon were used within a size 
range of 1 and 100 nm in water [1]. The thermal conductiv-
ity and viscosity of the fluid increased with the addition of 
the particles by 32% and 11%, respectively. Later, Choi [2] 
named the mixture “nanofluid,” which can enhance the heat 
transfer rate in a given size thermal system, thereby saving 
material expense and size. Nanofluids have been employed 
for various heat transfer applications, such as industrial 
cooling applications, smart fluids disseminating heat from 
battery-operated compact electronic devices, and coolants 
in nuclear reactors and automobile engines. In recent times, 
studies have reported the application of ultrasonic vibration 
in nanofluid heat exchangers and liquid-cooled CPUs result-
ing in higher outlet temperatures [3].

Enhanced thermal conductivity makes them a feasible 
choice for enhancing heat transfer rates. With copper as nan-
oparticles in ethylene glycol, Eastmann et al. [4] reported a 
40% increase in thermal conductivity for a concentration 
of φ = 0.3%. Lee et al. [5] obtained a 3% to 23% enhance-
ment for oxides of aluminum and copper nanoparticles in 
water and ethylene glycol for volume φ in the range of 1 to 
4%. For a similar configuration, Das et al. [6] reported a 2 
to 36% enhancement for various inlet temperatures. Wen 
and Ding [7] used γ-Al2O3 nanoparticles in de-ionized water 
for 0.19 < φ < 1.6 and reported a 10% increase in thermal 
conductivity. Chon et al. [8] developed an empirical cor-
relation with temperature and particle size as variables for 
determining nanofluid thermal conductivity. Chopkar et al. 
[9] prepared ethylene glycol and Al70Cu30 nanofluid for a 
volume fraction less than 1% and observed an increase of 1.2 
to 2 times increase in thermal conductivity. For CuO, SiO2, 
and multi-walled carbon nanotubes in various base fluids, 
Hwang et al. [10] reported a 1.05 to 1.09 increase in thermal 
conductivity for fixed particle size and varying concentra-
tion. Li and Peterson [11] studied Al2O3 and CuO nanopar-
ticles in water at varying temperatures (27.5 to 33.4 °C) and 
obtained an increase in thermal conductivity in the range of 
1.15 to 1.51. Liu et al. [11] studied Cu-water nanofluid for 
concentrations less than 0.2% for varying particle diameters 
from 50 to 300 and reported that smaller particle diameters 
contribute to maximum thermal conductivity enhancement 
of 1.24.

When considering the size variation for spherical shape 
nanoparticles, it is obtained that variation in thermal con-
ductivity for nanoparticles in water and ethylene glycol is 
not monotonic, and results are non-conclusive. This was 

due to the uncertainties in the specifications provided in the 
research articles, as the particle size and shape are often 
reported from the powder manufacturer’s datasheet [12]. 
Base fluid also influences the thermal conductivity of the 
resulting nanofluid apart from nanoparticle size, shape, and 
concentration. Xie et al. [13] studied three base fluids for 
Al2O3 of similar size and concentration and reported that 
enhancement in thermal conductivity is higher for a base 
fluid with lower thermal conductivity. Since heat transfer 
augmentation is required for lower thermal conductivity 
fluids, the above observation was an encouraging aspect for 
many applications involving working fluids with low thermal 
conductivity.

Even though nanofluids result from dispersing nanopar-
ticles in a fluid, for numerical analyses, certain assumptions 
are made, and nanofluids are modeled as single-phase. The 
analyses can be done using the homogenous, dispersion 
and Buongiorno model, wherein governing equations are 
solved only for the liquid phase. The homogenous model 
assumes that the particle size is ultrafine; and hence, the 
slip of nanoparticles and base fluids can be negligible [14]. 
Further, this model neglects internal forces and thermal 
exchange between them with an assumption of effective 
fluid properties. Using a homogenous model, Saha and Paul 
[15] numerically studied the effect of oxides of aluminum 
and titanium in water on the heat transfer features of a hori-
zontal tube. They reported that apart from flow velocity, 
particle concentration and size also influenced the entropy 
generation and heat transfer rate. Demir et al. [16] studied a 
similar nanofluid for constant wall temperature for various 
ϕ using a single-phase homogenous model and reported the 
trade-off between increased heat transfer and accompany-
ing pressure drop. Later, the heat transfer characteristics of 
crossflow around the tube bank were studied for constant 
wall temperature with Al2O3 nanofluid for laminar flow and 
reported that heat transfer rate augmentation can be calcu-
lated using the ratio of properties to the fluid [17].

As the random motion of nanoparticles causes energy 
exchange along with small changes in velocity and tem-
perature in nanofluids, Xuan and Roetzel [18] modified the 
homogenous model and introduced the thermal dispersion 
model. Later, Khanafer et al. [19] and Mojarrad et al. [20] 
developed correlations for determining thermal conductivity 
in the dispersion model. Using this model, Kumar et al. [21] 
analyzed Cu-water nanofluid and observed that the disper-
sion model shows a significant effect of nanoparticles on 
thermal boundary layer thickness in a two-dimensional cav-
ity. Also, they reported increased thermal conductivity in the 
zones where velocity was maximum. Later, using the same 
model, the laminar flow of nanofluid in circular tubes results 
agreed with the experimental results [22, 23]. Further, the 
non-uniform distribution of nanoparticles in circular tubes 
was studied using various nanoparticles in water [23–25]
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As the movement between nanoparticles and base fluid 
molecules has to be considered to obtain more realistic 
results, two-phase modeling was employed, wherein two dif-
ferent phases were modeled for nanoparticles and fluid [26].
The nanoparticles, under these conditions, move relative to 
the base fluid with a slip velocity. In the mixture model, each 
phase is assumed to have different velocity and concentra-
tion regions wherein the base fluid influences nanoparticles 
using drag and turbulence [27]. While the nanoparticles 
reduce the momentum and turbulence dissipation of the base 
fluid. Compared to the VOF model, this allows for different 
phase velocities and requires less computational time for 
acceptable accuracy in various two-phase problems [28]. 
Owing to this, most of the studies on nanofluid have used 
the mixture model. Labib et al. [29] studied the effect of 
Al2O3 in both water and ethylene glycol for laminar flow and 
reported a higher heat transfer rate with the latter. Then they 
combined Al2O3 and CNTs in water, as hybrid nanofluids 
and observed that the augmentation in convective heat trans-
fer was significant owing to shear thinning behavior result-
ing in thinner boundary layer. Similarly, the heat transfer 
performance of Al2O3–Cu hybrid nanofluid was compared 
to Al2O3 nanofluid for laminar flow, and it was reported that 
the hybrid nanofluid enhanced the heat transfer rate by 4.7% 
[30]. With Al2O3 nanofluid, Mirmasoumi and Behzadmehr 
[31] reported that nanoparticle concentration in the fully 
developed regions does not significantly impact the hydrau-
lic parameters. Heat transfer and entropy generation for flow 
inside an annular pipe with a porous medium were studied 
for Al2O3-water as a working fluid [32]. For increased con-
centration and porous thickness, thermal entropy generation 
decreased; while, the frictional part increased. For laminar 
forced convection using Al2O3-water, Moraveji and Ardehali 
[33] proved that the mixture model was the best compared 
to the single phase, VOF, and Eulerian model considering 
the accuracy and speed of computations.

For various duct cross sections in the twisted mini chan-
nels, namely square, rectangular, triangular, and ellipti-
cal, Khoshvaght-Aliabadi et al. [34] reported that thermo-
hydraulic performance was maximum for a nanofluid 
concentration of 1% in laminar flow regime. With helical 
tubes, heat transfer rate enhancement was significant owing 
to centrifugal force and improved heat conduction with a 
3% volume fraction [35]. In car radiators made of flat tubes, 
using alumina nanoparticles with water and ethylene glycol 
as base fluids resulted in significantly higher heat transfer 
rates of up to 40% [36]. Ghasemi et al. [37] studied the lami-
nar convective heat transfer of CuO-water in heat sinks with 
circular and rectangular cross sections and reported higher 
values for the latter with lower thermal resistance. In radial 
flow cooling systems, maximum enhancement in heat trans-
fer was reported to be twice that of the base fluid for a higher 
volume fraction [38]. For higher volume fractions in circular 

tubes, the thermal and hydraulic performance of γAl2O3 with 
water and ethylene glycol was studied for laminar and tur-
bulent flow regimes. For laminar flow, enhancement in heat 
transfer rate was found to be 60%. Whereas for turbulent 
regimes, higher augmentation in heat transfer coefficient was 
obtained for entry length.

Apart from studies in the laminar flow regime, the ther-
mal and hydraulic features of nanofluid flow in turbulent 
flow conditions were also explored. Behzadmehr et  al. 
[39] reported that 1% of Cu in water for flow in a circular 
tube enhances the heat transfer rate by 15%. Further, they 
observed that particles can absorb velocity fluctuations and 
reduce the turbulent kinetic energy. Single phase, mixture 
model, and Eulerian model were used to simulate nanoflu-
ids of similar characteristics in horizontal tubes [40]. They 
observed that the mixture model gave more precise results 
than the other two. Further, the increase in volume fraction 
results in a reduction in the rate of thermal enhancement. 
The thermal and hydraulic features of Al2O3-water inside 
uniformly heated square tubes revealed that at lower Re, 
the entropy generation due to heat transfer increases. At 
lower Re, the entropy generation due to friction dominates 
[41]. The second law analysis of Al2O3 in water and ethyl-
ene glycol was investigated in a uniformly heated circular 
pipe for laminar and turbulent flow [42]. For Al2O3 in water, 
the thermal performance improvement was observed up to 
Re = 40000. But for Al2O3 in ethylene glycol, the thermal 
performance improvement was obtained for Re < 11. Heja-
zian et al. [43] studied the nanofluid flow inside a horizon-
tal circular tube exposed to saturated steam. They reported 
that the mixture model predicts closer to experimental data, 
and the heat transfer coefficient increases with an increase 
in particle volume fraction and Re. Yang et al. [44] stud-
ied the heat transfer characteristics of nanofluid in a wavy 
channel and observed that apart from volume fraction, the 
wavelength and amplitude of the duct also affect the heat 
transfer rate.

For different radius ratios annuli, Siavashi and Jamali [45] 
studied the entropy generation features of TiO2 in water and 
reported that radius ratio has a significant impact on entropy 
generation. Yang et al. [46] studied the impact of rib grooves 
on the performance of nanofluid in a channel at a constant 
temperature. It is found that smaller rib grooves enhance the 
heat transfer rate. Heat transfer characteristics of Al2O3 and 
CuO in water were studied for an equilateral triangular duct 
with vortex generators [47]. Higher heat transfer enhance-
ment was obtained for Al2O3 with a maximum performance 
of 45% relative to water. For volume fraction less than 2%, 
the single-phase model predicts the heat transfer behavior 
accurately. Whereas for higher volume fractions, a mixture 
model is needed to predict results with reasonable accuracy 
[48]. Khaboshan & Nazif [49] compared the thermo-hydrau-
lic performance of alternating oval and circular ducts for 
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similar nanofluid and operating conditions. It is observed 
that the heat transfer coefficient in alternating oval ducts is 
higher than circular but at the cost of higher pressure drop. 
Corrugated channels with different wave shapes were inves-
tigated for Al2O3 nanofluid [50]. It is found that the highest 
heat transfer rate is obtained for trapezoidal shape. However, 
thermo-hydraulic performance is higher for sinusoidal con-
figuration owing to lower phase shift in the duct’s shape. 
Similarly, a comparison of straight channels was carried out 
with semicircle corrugation and trapezoidal corrugation for 
Al2O3 and SiO2 in water for lower volume fractions [51]. 
The highest performance was recorded for trapezoidal corru-
gation and SiO2 nanofluid at ϕ = 2%. With a hybrid nanofluid 
in a triangular corrugated channel, a maximum heat transfer 
enhancement of 26% was obtained owing to interrupting 
boundary layers [52].

From the literature, it is evident that ample studies have 
been conducted using nanofluid to enhance the heat transfer 
rate in the laminar flow regime. However, the studies have 
not considered the trade-off between enhancement in heat 
transfer rate to the additional pressure drop due to higher 
viscosity for the base fluids. In addition, only limited studies 
have explored the nanofluid flow through ducts in the turbu-
lent flow regime using the two-phase model. Further, there is 
no study available that has compared the thermo-hydraulic 
and entropy generation features using a two-phase model 
in the turbulent regime for various duct cross sections. In 
this regard, the authors have conducted a numerical study of 
nanofluid flow in varying cross section ducts in the turbulent 
flow regime using the two-phase mixture model with vari-
able properties. With a validated methodology, heat transfer 
and fluid flow characteristics of the ducts were studied. Fur-
ther, thermo-hydraulic performance parameter and entropy 

generation rate is also analyzed to determine the quality of 
heat transfer. With the results obtained, the optimum geom-
etry for lower and higher Re can be predicted, aiding future 
research for potential applications such as parabolic trough 
solar collectors [53, 54], compound parabolic concentrators 
[55]and evacuated tube solar water heaters [56]

Methodology

Description of the problem

In the present study, the forced convection of nanofluid is 
analyzed through different ducts, and the effect of duct cross 
section on the heat transfer. The duct geometries are cir-
cular (reference geometry), square, triangular, serpentine, 
and elliptical. With water (base fluid) and alumina parti-
cles (nanoparticles), the nanofluid has a volume fraction of 
0.01%. The average nanoparticle diameter considered for the 
simulation is 42 nm. The ducts are designed such that the 
hydraulic diameter is 0.01 m and the length is 1 m, as shown 
in Fig. 1. Based on the hydraulic diameter of the geometry, 
the Reynolds number (Re) is defined and is varied from 3000 
to 9000. A uniform heat flux of 5000 W m2 is applied to the 
smooth duct walls.

Computational domain and meshing

The ducts are modeled using the Design Modeler of ANSYS 
2022 R1. The domain is discretized using poly-hexacore ele-
ments, as shown in Fig. 2 for the serpentine duct. It was 
assured that the wall y + is much less (~ 1) for all the ducts 
to capture the flow physics of the problem near the walls. 

(a) (b) (c)

�

(d)

A  

(e)

Fig. 1   Various ducts used in this study: a circular, b square, c Triangular, d Elliptical, e Serpentine
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Further, a grid independence study was carried out to ensure 
that the grid developed is sufficient to produce reasonably 
accurate results without compromising on the computational 
time.

CFD analysis

To explore the heat transfer and fluid flow features of nano-
fluid flow through various duct cross sections, a 3-D CFD 
simulation is carried out. The governing equations of conti-
nuity, momentum, energy, and other boundary conditions are 
discretized using a Finite volume-based scheme. The pres-
sure–velocity coupling is carried out using Semi Implicit 
Method for Pressure Linked equations (SIMPLE). With the 
SST k-omega model, the convergence criteria were set to 
1e-6, and the wall temperature was monitored to ensure a 
steady state.

To obtain more realistic results, the movement between 
nanoparticles and base fluid molecules was modeled using 
a two-phase approach. The nanoparticles, under these con-
ditions, move relative to the base fluid with a slip velocity. 
Using the mixture model, each phase is assumed to have 
different velocity and concentration regions wherein the base 
fluid influences nanoparticles using drag and turbulence. It 
considers the base fluid (water) and nanoparticle (Al2O3) to 
be strongly coupled, and the secondary phase (nanoparticles) 
closely follows the field. Both phases have their velocity 
vector fields using the concept of slip velocity and volume 
concentration inside the considered control volume. Addi-
tionally, the primary phase (nanofluid) affects secondary 
phase flow by exerting drag force [57] on the nanoparticles. 
It is assumed that the nanoparticles have uniform spherical 
shape and size.

The volume fraction equation is given as:

where ��⃗Vm is the mixture velocity and is given as

where �s denotes the volume fraction of the phases. Since 
the phases are water and Al2O3, the volume fraction of the 
nanoparticle and the latter are �p and (1-�p) , respectively.

(1)∇ ⋅

(

𝜙p𝜌p
����⃗Vm

)

= ∇ ⋅

(

𝜙p𝜌p
������⃗Vdr,p

)

(2)����⃗Vm =

∑n

s = 1

𝜙s𝜌s
���⃗Vs

𝜌m

Drift velocity or relative velocity corresponding to nano-
particles and the base fluid is determined as follows [58]:

The relation between drift velocity and slip velocity is 
determined as follows:

where ��⃗Vpf is the slip velocity

In which acceleration ( �⃗a) is given as:

Further in this study, nanofluid properties depend upon tem-
perature, incorporated in the simulation using a user-defined 
function.

To assess the thermo-hydraulic features of various duct 
configurations studied, the following parameters are employed.

The average heat transfer coefficient over the duct walls 
are obtained as,

The average Nusselt number (Nu) is obtained based on the 
hydraulic diameter of the duct (Dh) and is given by.

Hydraulic performance is evaluated using the friction factor 
(f), given by

Thermo-hydraulic performance parameter (THPP) is evalu-
ated considering the base case as the conventionally used cir-
cular duct and is obtained by [59]

(3)������⃗Vdr,p =
���⃗Vp −

����⃗Vm

(4)������⃗Vdr,p =
����⃗Vpf −

∑n

s = 1
����⃗Vpf

𝜙p𝜌p

𝜌m

(5)����⃗Vpf =

ρpd
2
p

18μffdrag

ρp − ρm

ρp

�⃗a

(6)a = g −
(

Vm ⋅ ∇
)

Vm

(7)h =
q

Tw − Tf

(8)Nu =
hDh

k

(9)f =
ΔPDh

2�LU2

Fig. 2   Serpentine duct domain 
discretized using poly-hexacore 
cells
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To assess the quality of heat transfer, a second law analy-
sis is done using entropy generation analysis, and the expres-
sion [60] for the same is given by
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)1∕ 3
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Fig. 3   a Grid independence study and b comparison of the results of the present CFD study with the experimental results [40]
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ent geometries

Fig. 5   Streamlines of velocity at the longitudinal plane for serpentine 
geometry at Re = 9000 with magnified view of recirculation regions 
at the crest and trough
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Grid independence and validation

A Grid independence study has been conducted, as shown 
in Fig. 3a to ensure that there is no discrepancy in the results 
with grid variation. With the optimum grid size, further 

simulations are carried out. The results obtained with the 
present CFD methodology are compared with experimental 
findings [40], to examine the precision and to ensure reason-
able accuracy of the two-phase mixture model for the chosen 
problem definition (Fig. 3). Upon comparing the Nusselt 

Fig. 6   Turbulent kinetic energy 
contours for a Square, b Circu-
lar, cTriangular, d Serpentine 
and e Elliptical at Re = 4500 at 
various cross-planes
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number (Nu) variation with the Reynolds number (Re), 
it is obtained that the maximum deviation of the present 
CFD results is 3.4% with an average of 2%. As the results 
obtained were reasonably accurate, the same methodology 
has been used to carry out further simulations.

Results and discussion

A 3-D numerical investigation of flow and heat transfer char-
acteristics has been carried out for ducts of various cross 
sections in the turbulent flow regime (3000 < Re < 9000). 
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Fig. 7   Variation of Nusselt Enhancement factor with Reynolds for 
different geometries

Fig. 8   Secondary flow velocity 
contours at midplane of the a 
circular, b square, c triangular, 
d serpentine, e elliptical geom-
etry for Re = 4500
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The cross sectional ducts compared are circular, square, tri-
angular, Serpentine, and elliptical, for a similar hydraulic 
diameter and length. The findings have been established 
using characteristic plots such as Nusselt number (Nu), fric-
tion factor (f), Nusselt number enhancement factor, friction 
factor enhancement, entropy generation ( Sgen ) and thermo-
hydraulic performance parameter (THPP). Further, for flow 
visualization, contour plots such as velocity, pressure, turbu-
lent kinetic energy (TKE), entropy generation, and stream-
lines are used.

Heat transfer characteristics

With an increase in Re, it is observed that Nu increases 
for all duct cross sections, attributed to the reduction in 
boundary layer thickness with an increase in flow velocity 
(Fig. 4). Upon comparison, it is evident that serpentine duct 
has the highest heat transfer characteristics for the range of 
Re. Compared to circular duct, maximum enhancement in 
Nu is 64% at Re = 3000 for serpentine duct. However, for 
higher Re, the enhancement in Nu reduces to 21% owing 
to recirculation zones formed near the crest and trough, as 
shown in Fig. 5. The duct with a square cross section has 
the lowest heat transfer features compared to all other ducts. 
Upon comparison to the circular, a 54% reduction in Nu is 
obtained. Further, the contours of turbulent kinetic energy 
(TKE) reveal that serpentine and elliptical ducts have higher 
TKE indicating better mixing and enhanced heat transfer, as 
shown in Fig. 6.

To evaluate the enhancement in heat transfer rate, the 
conventional circular geometry is considered as the base 
geometry. It is observed that Nu enhancement increases 
with Re up to 4500, and with a further increase, it reduces 
(Fig. 7). For serpentine and elliptical duct, the enhancement 

in Nu is higher than 1. Whereas, for the triangular duct, 
beyond Re = 4500, the enhancement in Nu drops, and for 
the square duct, it underperforms the circular duct at all Re. 
The highest enhancement factor is achieved for serpentine at 
Re = 4500, having a value of 1.87, and this value decreases 
subsequently as Re decreases, and a similar trend is exhib-
ited by the elliptical duct.

It is observed that secondary flow near the walls is higher 
for serpentine and elliptical ducts in comparison with circu-
lar and square ducts, wherein it is almost stagnant (Fig. 8). 
Owing to this, there is a better mixing of hot and cold fluid 
leading to higher convective heat transfer. It is also worth 
noting that in the triangular and circular duct, even though 
the maximum velocity of secondary flow is higher, it is lim-
ited to a small portion of the duct walls. This is also evi-
dent from the fluid temperature contours Fig. 9, in circular, 
square, and triangular, the fluid temperatures near the walls 
are higher, indicating higher viscous resistance. This high-
temperature region near the wall acts as thermal resistance 
reducing the rate of heat transfer.

Further, from the heat transfer variation along the length 
of the duct (Fig. 10), it is observed that the serpentine duct 
has a higher heat transfer coefficient for the entire length of 
the duct. It is observed that due to the presence of crest and 
trough, the heat transfer coefficient varies along the length 
with maximum at the crest and minimum at the trough. 
This is attributed to the separation and re-attachment of the 
boundary layer. Upon comparison to circular ducts, elliptical 
and serpentine ducts have higher heat transfer coefficients 
along the length of the duct; whereas, square and triangular 
ducts underperform even though the hydrodynamic entry 
length is higher in both cases. In square duct, the magnitude 
of heat transfer coefficient along the length of the duct is 
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less than that of circular duct (Fig. 10). Further from Fig. 9, 
it is observed that temperature of the fluid near the walls is 
higher for square duct, indicating thicker boundary layer. 
This high-temperature region acts as a hot spot retarding 
further heat transfer rate.

Hydraulic characteristics

Whenever heat transfer enhancement occurs, the obvious 
question is how much the pressure drops or does the increase 
in pressure drop offsets the gains in heat transfer in terms 

Fig. 12   Static pressure distribu-
tion across various cross section 
planes along the duct length a 
Circular duct, b Square duct, c 
Triangular duct, d Serpentine 
duct, e Elliptical duct
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of pumping power. It is observed that for all the duct geom-
etries, friction factor (f) increases with an increase in Reyn-
olds number (Re). For the serpentine duct, the f is highest 
for all Re compared to other duct geometries (Fig. 11). This 
is attributed to lower boundary layer thickness at higher 

flow rates and subsequently lower viscous resistance. 
The pressure drop in square duct is the least among them 
and elliptical, circular and triangular have almost similar 
characteristics.

Fig. 13   Contours of velocity 
magnitude across various cross 
section planes along the duct 
length
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For various cross section planes, as shown in Fig. 12, it 
is observed that static pressure variation within the plane is 
higher in serpentine ducts due to the presence of crests and 
troughs, and the non-uniformity increases along the length. 
This is attributed to the crests and troughs leading to higher 
resulting secondary flow velocity (Fig. 8). Whereas in square 
duct this non-uniformity in pressure distribution is minimal 
with lower secondary flow velocity. From the velocity mag-
nitude contours (Fig. 13), it is evident that the boundary 
layer thickness is higher for the serpentine duct and hence 
higher viscous resistance.

Further, upon comparison, it is noted that the average 
flow velocity is lower for serpentine ducts resulting in a 
higher friction factor. The average flow velocity is high-
est in the square duct leading to the lowest friction factor. 
Although in a triangular duct, the maximum velocity is 
higher, the average velocity is lower than that of a square 
duct due to lower velocity near the corners extending to 
larger area. Upon comparing the enhancement in f con-
sidering circular as the reference geometry, it is evident 
that serpentine duct and square duct have the highest and 
lowest values, respectively (Fig. 14).

Thermo‑hydraulic performance parameter

As the viscosity of nanofluids is higher, the heat transfer 
enhancement with the use of nanofluids should be compared 
to the additional pressure drop within the duct. Hence, the 
thermo-hydraulic performance parameter (THPP) is evalu-
ated by considering the circular duct as the reference case. 
It is observed that maximum THPP is attained at Re = 4500 
for serpentine and elliptical ducts. With a further increase in 

Re, thermo-hydraulic performance parameter of serpentine 
and elliptical ducts decreases. For Re ≥ 4500, serpentine duct 
underperforms the circular duct and for Re > 7500, the ellip-
tical duct shows underperformance. The triangular duct has 
higher THPP only for lower Re,; whereas, the square duct 
has THPP < 1 for all Re. Even though the highest enhance-
ment in heat transfer rate is obtained for the serpentine duct, 
maximum of THPP = 1.54 is obtained for elliptical geometry 
at Re = 4500. This is attributed to significantly lower pres-
sure drop features than the serpentine duct. The square duct 
has the lowest THPP owing to lower heat transfer enhance-
ment rate.
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Entropy generation

In this section, entropy generation analysis for different 
ducts is presented. Entropy generation considers the ther-
mal resistance during heat transfer as well as resistance to 
the fluid flow. [42] in heat transfer leads to a decrease in 
entropy and irreversibility in contrast to increasing pressure 
drop causes increased irreversibility and loss in exergy in 
systems. Therefore, to select the best-performing geometry 
it is essential to carry out second law analysis and analyze 
the quality of heat transfer. Further, the same can be used 
to find the optimum operating conditions for a particular 
geometry (Fig. 15).

The entropy generation rate due to heat transfer decreases 
with an increase in Re, as shown in Fig. 16. As the Re 
increases, the heat transfer rate increases attributed to lower 
thermal boundary layer thickness. With better heat transfer, 
the wall temperature is reduced, resulting in a lower tem-
perature gradient. Hence, at higher Re, the irreversibilities in 
heat transfer reduce, and subsequently, the entropy genera-
tion rate due to heat transfer decreases. For lower Re, square 
duct has the highest entropy generation and the lowest is 
obtained for serpentine and elliptical ducts. This is attributed 
to the presence of secondary flow with larger velocity and 

the flow separation-re-attachment because of the presence 
of crest and trough in serpentine duct. For the entire range of 
Re, elliptical duct has the lowest entropy generation rate due 
to heat transfer and the highest is exhibited by square duct.

The variation of entropy generation rate due to fluid fric-
tion with Re is shown in Fig. 17. For all the duct geom-
etries, entropy generation due to fluid friction increases with 
an increase in flow velocity due to a higher pressure drop. 
The square and serpentine ducts have the highest entropy 
generation; whereas, elliptical duct has the lowest for the 
range of Re. To account for entropy generation rate due to 
heat transfer and fluid friction, the variation of total entropy 
generation with Re is obtained as shown in Fig. 18. It is 
observed that for the present study, the relative magnitude 
of entropy generation due to fluid friction is lower than the 
entropy generation due to heat transfer rate. This is due to 
the reason that all the duct geometries studied have smooth 
walls. Total entropy generation rate is highest at lower Re 
for all the duct geometries studied. Elliptical and serpentine 
ducts have the lowest entropy generation rate at lower Re and 
the highest is attributed by the square geometry (Fig. 19). At 
higher Re, all the geometries have total entropy generation 
rate in a similar range except elliptical displaying the lowest.
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Fig. 19   Total entropy genera-
tion contours at x = 250, 500, 
750 mm cross-planes for a cir-
cular, b square, c triangular, d 
serpentine, e elliptical geometry 
for Re = 4500
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Conclusions

A 3-D two-phase CFD simulation of nanofluid in various duct 
configurations has been studied using a mixture model to ana-
lyze the impact of duct cross section on the thermo-hydraulic 
performance in the turbulent flow regime (3000 < Re < 9000). 
The simulations have been carried out for similar hydraulic 
diameter, length, and heat input. Apart from fluid flow and 
heat transfer, entropy generation analysis has been carried out 
to evaluate the quality of heat transfer. The following notable 
conclusions are drawn based on the analysis:

(a)	 Maximum enhancement of 86% in Nu is obtained for 
serpentine duct compared to the conventional circular 
duct at Re = 4500. Whereas a square duct underper-
forms the circular duct with a reduction of 20% in Nu. 
For Re > 4500, both square and triangular ducts have 
lower heat transfer characteristics than the circular 
duct.

(b)	 Higher value of TKE was noticed for serpentine and 
elliptical at the walls of the duct leading to better heat 
transfer.

(c)	 An additional increase of 2.73 times in friction factor 
is obtained for serpentine duct compared to conven-
tional circular duct at Re = 4500 owing to the presence 
of crest and troughs. For all other ducts, the increase in 
pressure drop is not significant relative to circular duct.

(d)	 Due to significantly lower increase in pressure drop, 
elliptical duct has highest thermo-hydraulic perfor-
mance parameter of 1.54. For Re > 7500, elliptical duct 
showed marginally higher performance. Whereas other 
ducts configurations underperformed the circular duct 
for higher Re.

(e)	 Entropy generation rate decreased with increase in 
flow velocity and at higher Re, all the duct configura-
tions have similar entropy generation characteristics. 
At Re = 4500, square duct reported highest entropy 
generation due to heat transfer with an increase of 
60% relative to circular duct. Whereas elliptical duct 
displayed lowest entropy generation, 54% lower than 
circular duct.

(f)	 At higher Re, the entropy generation characteristics 
were not significantly varying as it was for lower Re.

From the above observations, it can be concluded that for 
the same operating conditions elliptical geometry performed 
the best with good heat transfer rate and low friction factor 
and is preferable duct geometry for application involving 
nanofluid at lower Re. With the above results, elliptical col-
lector can be employed in various thermal applications to 
enhance the thermo-hydraulic performance at lower Re.
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