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Abstract: In this study, minimizing entropy generation in a
horizontal pipe is numerically investigated through two
passive techniques: in the first mode, the helical wire
inserts in the pipe were placed at three various ratios of
pitch ratio. The second mode is adding cupric oxide nano-
particles at various volume concentrations. Experiments
were conducted for Reynolds numbers ranging from 4,000
to 14,000 under a uniform heat flux scenario of 25,000W/m2.
The study utilized the ANSYS 14.5 software, employing the
K-omega standard model, which involves three primary
governing equations: continuity, momentum, and energy.
According to the data, it was determined that the helical
wire placed inside the pipe with a small pitch ratio decreased
the entropy generation number. Cupric oxide nanoparticles
also have a substantial impact on the entropy generation
number. The higher volume concentration models had lower
entropy generation numbers and Bejan numbers than the
other models. Comparative analyses further emphasize the
substantial advantages of using cupric oxide nanofluids and
helical-wire inserts, with efficiency gains ranging from 5.08
to 11.7%.
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nanofluids, helical airfoil, Bejan numbers

Nomenclature

A cross-sectional area ( )m
2

D inner diameter of the tube (m)
f friction factor
h heat transfer coefficient (W/m K

2 )
k thermal conductivity (W/mK)
L length of the tube (m)
Ns entropy generation number

′S
gen

entropy generation rate
m air mass flow rate (kg/s)
P.R pitch ratio of helical wire (m)
Pr Prandtl number
Nu Nusselt number
Q heat transfer (W)
′q heat flux (W/ )m

2

Re Reynolds number (UD/ν)
T steady state temperature (K)
∆P pressure drop (Pa)
v volumetric flow rate (m3/s)

Greek letters

ρ fluid density (kg/m3)
ν kinematic viscosity (m3/s)
μ dynamic viscosity (kg/ms)
∅ concentration

Subscripts

nf nanofluid
s solid
w water
i inlet
o outlet
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1 Introduction

Due to the scarcity of energy sources, energy conservation
has become a primary concern in thermodynamic systems.
The method of “heat transfer enhancement” employs both
active and passive techniques to expedite heat transfer in
thermal systems. Various strategies are employed in dif-
ferent heat exchanger applications to enhance efficiency.
Heat exchangers find extensive use in thermal systems,
including central heating, air conditioning, and various
chemical industrial processes. Eddy current components
like twisted tapes, coiled wires, vortex generators, and
vortex and conical rings have been developed to enhance
the thermohydraulic efficiency of heat exchangers by incor-
porating nanofluids. An intriguing approach involves sur-
face roughening with helical and transverse ribs, akin to
coiled wire inlays [1]. The insertion of coiled wire signifi-
cantly disrupts boundary layers, promoting the reconstruc-
tion of hydrodynamic, thermal, and boundary layers within
the pipe’s flow. Moreover, with helically coiled wires, sec-
ondary flow can be generated, accelerating the heat transfer
rate by enhancing vortex formation in turbulence.

Exergy analyses and the reduction of entropy genera-
tion through passive heat transfer enhancement methods
have been extensively studied theoretically, analytically,
and experimentally. Employing numerical methods, Ko
and Wu [2] delved into entropy production caused by tur-
bulence-forced convection in a curved rectangular channel
with external heating. They identified two sources of entropy
generation: frictional irreversibility near duct walls and heat
transfer irreversibility near the outer wall, which receives
external heat flux. You et al. [3] scrutinized the laminar
thermal augmentation of horizontal circular tubes with con-
ical strip inserts, focusing on minimizing entropy generation.
Results showed that non-staggered strips performed better
than staggered ones, exhibiting higher entropy generation
rates. In a separate investigation, Mwesigye et al. [4] con-
ducted a numerical evaluation of heat transfer and entropy
generation using a parabolic trough receiver with wall-remo-
vable twisted tape inserts. The findings demonstrated that
using twisted tape inserts at lower Reynolds numbers signifi-
cantly decreased the rate of entropy production.

Siavashi et al. [5] quantitatively analyzed natural con-
vection throughout a square container, incorporating a
porous medium supplied with fluid. They determined that
situation (a), which was more successful, represented the
best design, as it generated the least amount of entropy.
In a related study, Farzaneh-Gord et al. [6] explored the
optimal construction and functional conditions for inclined
tube heat exchangers in both turbulent and laminar flows. It
was found that optimizing the efficiency of this type of heat

exchanger involved employing the minimum rate of
entropy formation.

A number of studies have evaluated entropy evolution
while using nanofluids as working fluids. Chen and Liu [7]
performed a numerical analysis of entropy generation in a
fully developed mixed convective Al2O3–water nanofluid
in a channel. The findings showed that the average entropy
generation number of nanofluid is lower than that of pure
water. In a tube submerged in an isothermal external fluid,
Anand [8] investigated the calculation of entropy genera-
tion induced by nanofluid flow. It was found that the rate
of entropy formation decreased as the heat transfer rate
increased. Huminic and Huminic [9] used two different
types of nanofluids to investigate the thermal performance
and entropy generation in the spirally wound pipes of
tubular heat exchangers in the regime of laminar flow.
Entropy is generated less frequently as the volume concen-
tration of nanoparticles increases. Ebrahimi et al. [10]
investigated entropy generation in microchannels utilizing
longitudinal vortex generators and nanofluids with dif-
ferent Reynolds numbers. The results showed that using
nanofluids as working fluids reduced the degree of irrever-
sibility of rectangular microchannels. For both turbulent
and laminar modes, Moghaddami et al. [11] conducted a
study to investigate how nanoparticle incorporation affects
the formation of entropy in water–Al2O3 nanofluids flowing
in a circular conduit with a thermal boundary condition of
constant wall heat flux. The introduction of nanoparticles
enhances entropy formation whenever fluid flow (pressure
drop) exhibits a high degree of irreversibility. Keklikcioglu
and Ozceyhan [12] conducted a study on entropy generation
within a circular pipe equipped with a tightly coiled insert.
The insert featured equilateral triangular cross-section wires
with their edges aligned in the flow direction. The entropy
generation number increased with higher Reynolds numbers
and decreased with greater pitch ratios. In comparison to
alternative systems, co-generation with narrower wires exhib-
ited a lower entropy generation rate.

As previously mentioned, the presence of nanoparti-
cles enhances fluid heat transfer qualities while simulta-
neously increasing fluid flow pressure drop. The elevated
pressure drop results in irreversibility and energy loss
within the system, but the improved heat transfer proper-
ties limit entropy generation and irreversibility. Bejan’s con-
cept of minimizing entropy generation [13] suggests that the
optimal state for a thermal system is achieved when entropy
generation is reduced. In other words, the ideal design for a
heat exchanger considers how to enhance heat transfer effi-
ciency while minimizing pressure drop.

Since no prior research has presented an analysis of
entropy generation for a tube equipped with helical airfoil

2  Hussein Hayder Mohammed Ali et al.



(0030) cross-sectional coiled wire inserts, the current study
employs numerical methods to assess entropy generation
in such a configuration for CuO/water nanofluid flow. The
airfoil-shaped wire induces flow expansion near the wall,
significantly accelerating boundary layer breakdown. The
research aims to identify the optimal design and conditions
for minimizing entropy generation and promoting faster
heat transfer rates in nanofluid flow by disrupting the
laminar boundary layer.

2 Material and method

2.1 Numerical method

In this study, numerical analyses were carried out by
applying the finite volume method in ANSYS Fluent 14.5.
A single-phase model was identified as a flow condition of
nanoparticles with base fluid. The k-omega standard model
was chosen as the turbulence model. The relationship
between pressure and velocity was evaluated using the
SIMPLIC algorithm. To analyze the heat transfer, the k-
omega standard model uses three governing equations:
continuity, momentum, and energy, and these are given
in equations (1)–(3), respectively [14–16].

Continuity equation:
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2.2 Numerical model and boundary
conditions

In this quantitative study, experiments were carried out
using the Computational Fluid Dynamics method for the 3D
pipe with a helical airfoil (0030) cross-sectional area inserted
inside the test section as depicted in Figure 1. The Solidworks
program designed the geometric model, which consisted
of a straight pipe 40mm in diameter. There were three

primary portions to the pipe. To maintain a fully developed
flow through the pipe, the intake section should be 10D (about
400mm), the test section should be 5D (about 1,000mm), and
the outflow portion should be 200mm (5D) to prevent the
influence of backflow at the fluid outlet. For four tested nano-
particle volume concentrations of 0.15, 0.39, 1, and 2%, the
Reynolds numbers have ranged from 4,000 to 14,000.

2.2.1 Independence of grid

Rashidi et al. [17] highlight that numerical methods involve
estimation alongside experimental techniques, incorpor-
ating error rates. It is ensured grid independence in the
numerical model is vital for assessing the study’s conclu-
sions accurately. Various mesh types undergo separate
testing, observing related components’ values with com-
parable or identical Nusselt numbers. The selected grid
arrangement and cell size within the flow area are illu-
strated in Figure 2.

2.2.2 Thermophysical properties of nanofluids

Nanofluids can be thought of as single substances rather
than mixtures [18]. It has been shown that nanofluids have
superior thermophysical characteristics compared to basic
liquids. The following equations are provided for finding
the thermophysical characteristics of nanofluids [19]:
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The thermophysical properties of CuO and water used
in the computation of the thermophysical properties of
nanofluids are summarized in Table 1 [20,21].

Table 1: Thermo-physical properties of water and CuO

k (W/m °C) Cp (J/kg °C) ρ (kg/m3)

Water 0.589 4,185 999.1
CuO 69 535.6 6,350
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2.2.3 Calculation method

After determining the physical properties of the nanofluid,
it was submitted to the ANSYS 14.5 software for analysis.
According to the results of the analysis, the values of the
Reynolds number, heat transfer coefficient, friction factor,
entropy generation, Nusselt number, dimensionless entropy
generation number, and the Bejan number were obtained
according to the subsequent equations, respectively [12].

=
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Straight pipe may be calculated using the above for-
mula. It can be utilized for helical wires and nanofluidic
streamline inserts, however. The consequences of heat
transmission are described in the equation’s first part,
while fluid friction is discussed in the second term.

To assess the practical impact of heat transfer enhance-
ment methods on the thermodynamic performance of a heat
exchanger, it is essential to compare the entropy generation
rates before and after improvement. This evaluation is
conducted using the entropy production number (Ns), as
defined by equation (13).

=
′
′

N

S

S
.

n

s

gen,

gen,s

(13)

Heat transfer enhancement methods using <N 1s are
thermodynamically beneficial, as these methods reduce
the amount of irreversible unit performance and improve
the heat transfer rate [22].

In this study, the Bejan number, a dimensionless
number, is used to evaluate the performance of a thermal
system in terms of entropy generation. It denotes the pro-
portion of irreversibility caused by heat transfer to overall
irreversibility. As given by the equation [23]:

=
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S

S S
Be
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T P

gen,Δ
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(14)

The Bejan number has a value range of 0–1. When the
Bejan number approaches 1, heat transfer irreversibil-
ities are said to be greater than total fluid friction
irreversibilities.

Figure 1: The boundary conditions for test pipe.

Figure 2: Schematic of the pipe with the helical airfoil: (a) pipes with helical airfoil, (b) pipe’s longitudinal section with helical airfoil mesh, and
(c) airfoil mesh.
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3 Results and discussion

3.1 Validation of numerical study

The findings of numerical research should be compared to
well-known relationships, and the study should be validated.
In this research, the findings of an analysis utilizing just base
fluid water were compared to the Dittus–Boelter and Blasius
[23] equations for the Nusselt number and friction factor,
which are provided in equations (15) and (16), respectively.

=Nu 0.023 Re Pr ,
0.8 0.4 (15)

= −f 0.316 Re .
0.25 (16)

Both the Nusselt number and the friction factor were
compared to well-known correlations in the literature, as

shown in Figures 3 and 4. It was discovered that the numer-
ical research findings at various Reynolds numbers and the
values derived from well-known correlations are almost
identical and follow the same pattern. For the Nusselt
number and the friction factor, the greatest deviations
between numerical findings and correlation values were
±3–6% and ±1–7%, respectively.

3.2 Analysis of the generation of entropy

3.2.1 Entropy generation number

In the exploration of heat exchangers’ heat transfer and
pressure drop characteristics, a diverse range of fluids can
be employed. However, for a comprehensive assessment
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of the system’s performance, entropy generation values
before and after applying augmentation techniques need
to be compared to evaluate both fluid and thermodynamic
effectiveness. This is vital for gaining a holistic under-
standing of the thermal system’s behavior.

This study focuses on the assessment of tubular heat
exchangers utilizing nanofluids, with a particular emphasis
on investigating the entropy generation principle in pipes
featuring helical wing (0030) inserts. The primary objective
is to uncover the impact of these inserts on entropy genera-
tion. The helical airfoil inserts stimulate the redevelopment
of thermal and hydrodynamic boundary layers, inducing vor-
ticity and irreversibility in the flow, consequently leading to
increased entropy production within the pipe. This, in turn,
restricts the thermodynamic benefits of the system due to the
ascending trend of entropy generation.

In Figure 5(a–c), entropy generation numbers are
depicted for various Reynolds numbers (4,000–14,000)
and four-volume concentrations of CuO nanofluids (0.15,
0.39, 1, and 2% by volume fractions) at different pitch
ratios (P.R. = 3D, 4D, and 5D). Notably, as the Reynolds number
increases, the entropy generation number diminishes. Volume
concentrations also influence the rate of entropy formation,
showing a decreasing trend with higher concentrations. An

essential criterion for thermal system effectiveness is an
entropy production number smaller than unity. The compar-
isons in Figure 5(a)–(c) highlight significant observations. The
entropy generation number of water only at (Re = 14,000)
increases by 11.7% when comparing Figure 5(c) with Figure
5(a). Similar comparisons indicate an increase of 7% when
compared with Figure 5(b), and an increase of 5.56% for
mode water only compared with mode (∅ = 2%) in Figure
5(c). Further increases of 5.08, 5.23, and 5.39% are observed
when comparing mode number water only with mode num-
bers (∅ = 0.15%), (∅ = 0.39%), and (∅ = 1%), respectively.

In conclusion, the investigation delves into entropy gen-
eration within tubular heat exchangers employing helical
wing inserts, revealing intricate dynamics that influence
the thermodynamic behavior of the system. The detailed
insights from this analysis contribute to a more comprehen-
sive understanding of heat exchanger performance.

3.2.2 Thermal entropy generation

The thermal entropy generation for different Reynolds num-
bers with different pitch ratios (P.R = 3D, 4D, and 5D) at various
volume concentrations ( )∅ = 0, 0.15, 0.39, 1, and 2% of CuO

Figure 5: Entropy generation number versus Reynolds number for various volume concentrations at (a) P.R. = 3D (b) P.R. = 4D, and (c) P.R. = 5D.
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nanofluids is shown in Figure 6(a–e). As the Reynolds
number and pitch ratios of the nanofluid rise, the thermal
entropy generation decreases. Increased particle loading
speeds improve system performance while lowering the
thermal entropy generation number. The thermal entropy
production rises slowly with the increase in pitch ratios
due to the rising trend of frictional irreversibility and tur-
bulent intensity. As the volume concentration of the nano-
fluid rises, the thermal entropy generation decreases due
to the improved thermal and physical properties of the
nanofluid.

3.2.3 Frictional entropy generation

In Figure 7(a), the relationship between frictional entropy
generation and Reynolds number is depicted for various pitch
ratios (P.R = 3D, 4D, and 5D) in water alone. This illustration
reveals that pitch ratios contribute to an increase in the rate of
frictional entropy generation, attributed to fluid friction with
the twist tape, and conversely, an escalation in thermal entropy
generation. Upon comparing Figure 7(e) with Figure 7(a–d), a
notable reduction in the frictional entropy generation rate is
observed due to the volume concentration of the nanofluid,

Figure 6: Thermal entropy generation versus Reynolds number for various pitch ratios at (a) P.R = 3D, 4D, and 5D) at water only (b) P.R = 3D, 4D, and
5D with ∅ = 0.15, (c) P.R = 3D, 4D, and 5D with ∅ = 0.39, (d) P.R = 3D, 4D, and 5D with ∅ = 1, and (e) P.R = 3D, 4D, and 5D with ∅ = 2.

Numerical investigation of entropy generation minimization  7



while the thermal entropy generation experiences an upturn
owing to the enhanced physical properties of the nanofluid.

3.2.4 Bejan number

Another dimensionless number to consider when ana-
lyzing entropy generation in thermal systems is the

Bejan number. As the pitch ratio of the helical insertion
increased, the Bejan number grew, as shown in Figure
8(a–e). At high Reynolds numbers, frictional irreversi-
bility trumped heat transfer irreversibility. Also, it was
clear that the higher volume concentration models had
lower entropy generation numbers and Bejan numbers
than the other models.

Figure 7: Frictional entropy generation versus Reynolds number for various pitch ratios at (a) P.R = 3D, 4D, and 5D) at water only; (b) P.R = 3D, 4D, and
5D with ∅ = 0.15; (c) P.R = 3D, 4D, and 5D with ∅ = 0.39; (d) P.R = 3D, 4D, and 5D with ∅ = 1; and (e) P.R = 3D, 4D, and 5D with ∅ = 2.
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4 Conclusion

In conclusion, this study has provided a comprehensive
quantitative analysis of entropy generation in a horizontally
oriented circular tube equipped with airfoil cross-sectioned
helical-wire inserts. The investigation encompassed a diverse
range of Reynolds numbers, from 4,000 to 14,000, and exam-
ined the influence of various parameters, including airfoil

selection and pitch-to-diameter ratios (P.R = 3, 4, and 5).
The findings highlighted a direct relationship between
Reynolds number and entropy generation, indicating
the significance of fluid flow conditions in shaping
system behavior. Moreover, smaller pitches for helical-
wire inserts were observed to effectively reduce entropy
generation, leading to enhanced thermodynamic
efficiency.
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Figure 8: Bejan number versus Reynolds number for various pitch ratios at (a) P.R = 3D, 4D, and 5D at water only; (b) P.R = 3D, 4D, and 5D with
∅ = 0.15; (c) P.R = 3D, 4D, and 5D with ∅ = 0.39; (d) P.R = 3D, 4D, and 5D with ∅ = 1; and (e) P.R = 3D, 4D, and 5D with ∅ = 2.
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Notably, the presence of CuO nanoparticles signifi-
cantly impacted entropy generation behavior. The study’s
results reveal that higher Reynolds numbers lead to a reduc-
tion in entropy generation, indicating enhanced thermal
system performance. Additionally, an increase in the volume
concentration of CuO nanofluids corresponds to a decrease in
entropy production, thus improving system efficiency. A cru-
cial criterion for effective thermal systems is an entropy pro-
duction number below unity. Comparative analyses further
emphasize the substantial advantages of using CuO nano-
fluids and helical-wire inserts, with efficiency gains ranging
from 5.08 to 11.7%. So, increased volume concentrations
of CuO nanoparticles corresponded to decreased entropy
generation numbers and Bejan numbers, revealing the
interplay between nanoparticle characteristics and system
performance. This research contributes valuable insights
into the intricate dynamics of entropy generation within
heat exchangers featuring helical-wire inserts. The compre-
hensive analysis of multiple parameters provides a deeper
understanding of thermodynamic optimization and system
performance enhancement.
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