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Abstract: This study presents a numerical investigation on the heat transfer and pressure
drop characteristics of silver/water nanofluids (0.1-0.5 vol.%) flowing in tubes with four
distinct expansion—contraction ratios (ECR =1.25, 1.50, 1.75, and 2). Additionally, the impact
of the distance between expansion and contraction (DEC) within the tubes was examined.
The analysis was conducted under turbulent flow conditions and three-dimensional thermal
convection in tubes subjected to a constant heat flux of 20 kW/ m?, with the inlet Reynolds
number maintained at approximately 20,000. The nanofluids were considered as single-
phase and modeled in the Ansys Fluent 16 software through the finite volume method, and
the equations were discretized through the second-order upwind scheme. The nanofluids
demonstrated significant potential in enhancing thermal performance, particularly in tubes
where the convective heat transfer coefficient was affected by abrupt expansion—contraction
ratio (ECR). A maximum increase of up to 24.90% in the average convective heat transfer
coefficient compared to the base fluid was observed. Exergy efficiency showed a tendency
to increase by up to 29.97% with the use of nanofluids. The findings indicate that the
convective heat transfer coefficient can both increase and decrease with the expansion—
contraction ratio (ECR) of the tube, as can the pressure drop. Consequently, the application
of this passive technique, incorporating silver/water nanofluids, holds promise for use
in cooling systems, nuclear reactors, and other similar applications, provided they are
meticulously designed.

Keywords: computational fluid dynamics; heat transfer; expansion and contraction; silver
nanofluid; exergy efficiency

1. Introduction

Abrupt expansion and contraction in tubes has numerous practical applications in
equipment such as heat exchangers, combustors, ejector refrigeration systems, and nuclear
reactors [1-3]. In many cases, the geometric modification of the tube is designed to enhance
heat transfer, while, in other applications, the geometry variation is inherent to the system.
The sudden change in the heat exchanger’s geometry leads to the formation of recirculation
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zones, which affect velocity, pressure, and temperature fields. In some applications, expan-
sion and contraction positively impact thermal performance; however, in certain geometric
configurations, this can lead to significant degradation in heat transfer [4].

To compensate for potential losses in thermal performance due to abrupt expansion
and contraction in heat exchangers, some researchers have explored the use of nanofluids,
which are colloidal suspensions containing nanometric solid particles. The dispersion of
nanoparticles tends to enhance the thermal conductivity of conventional fluids (e.g., wa-
ter, ethylene glycol, oil) due to the high thermal conductivity of particles like graphene
(~5000 W /m-K), carbon nanotubes (~3000 W/m-K), silver (~406 W/m-K), and others [5,6].
Figure 1 illustrates the number of search results for the term “nanofluid” in review articles,
research articles, and book chapters. A steady increase in the number of publications over
the past 20 years can be observed, likely driven by the promising results of nanofluids,
particularly in heat exchanger applications.
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Figure 1. Number of papers, according to year, using “nanofluid” as keyword on the
ScienceDirect basis.

The thermal and hydraulic performance of Al,O3/water nanofluids with volumetric
concentrations ranging from 0.5% to 2% was evaluated by [7] in a tube with three different
expansion ratios (1.25, 1.67, and 2) under a constant wall heat flux (4000-16,000 W/ m?).
The study identified increases in the convective heat transfer coefficient with the rising
expansion ratio (ER) of the tube. Additionally, it was observed in all cases that the local
static pressure tends to decrease along the tube, especially at higher expansion ratios,
before eventually increasing and converging at the tube exit. The size of the recirculation
region is directly influenced by the expansion size, while the Reynolds number does not
significantly affect it.

The authors of [8] conducted a numerical analysis on the heat transfer and hydraulic
performance of Ag, Cu, CuO, and Al,O3/water nanofluids in an axisymmetric pipe with
an abrupt expansion (ER = 1.53). The study identified an increase in heat transfer with
the use of nanofluids and with the rising Reynolds number, showing a linear relationship
depending on the type of nanoparticle used. Among the nanoparticles, Al,O3 exhibited the
most significant increases in heat transfer. Additionally, two correlations were presented for
the average Nusselt number, based on the Reynolds number, nanoparticle concentration,
and variations in thermophysical properties.
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In the experimental study on silver nanofluids (0.1-0.5 vol.%) and single-walled carbon
nanotubes (0.03-0.2 vol.%) realized by [9] in a horizontal tube with a constant heat flux of
20 kW /m? under turbulent flow conditions, with inlet temperatures of 20 °C and 25 °C,
it was found that silver nanofluids improved thermal performance, whereas SWCNT
nanofluids resulted in a reduction in performance. The pressure drop increased with the
addition of nanoparticles, ranging from 5% for silver (Ag) to 8.7% for SWCNT. Silver
nanofluids exhibited an enhancement in the convective heat transfer coefficient of up
to 6.5% compared to the base fluid. Overall, silver nanofluids demonstrated improved
thermo-hydraulic performance relative to the base fluid, while SWCNT nanofluids showed
a degradation in performance.

The entropy generation of CuO/water nanofluids (2—4 vol.%) was evaluated numeri-
cally by [10] using Ansys Fluent software in a tube with an abrupt expansion-contraction
ratio (ECR) and a spherical heat source located in the central region of the expansion. The
study found that increasing the volumetric concentration of nanoparticles tends to increase
entropy generation, while reducing the nanoparticle diameter (from 100 to 30 nm) tends to
decrease entropy generation. Additionally, a reduction in entropy generation was observed
with the increase in the size of the spherical heat source.

In the investigation of the effects of Cu/water nanofluids (0-6 vol.%) under the
influence of an inclined magnetic field on heat transfer and the friction coefficient in a tube
with an abrupt contraction realized by [11], it was identified that increasing the inclination
of the magnetic field and the volumetric concentration of Cu nanoparticles tends to increase
the friction coefficient. The highest Nusselt numbers were observed in the vertical magnetic
field. Furthermore, an increase in nanoparticle concentration positively influenced heat
transfer, with the highest Nusselt numbers recorded at a concentration of 6 vol.% and the
lowest in the base fluid.

The heat transfer of a laminar flow of a Bingham viscoplastic fluid in vertical steps
with various geometries was numerically analyzed by [12]. The study identified that the
recirculation zones created by the steps are major contributors to thermal and hydraulic
losses. Additionally, the size of these recirculation zones tends to decrease with reductions
in the angle or changes in the shape of the steps. The maximum reduction in pressure drop,
58.83%, was observed with a rounded step facing backward. This geometry also yielded
the highest Nusselt number.

In the numerical study about the influence of expansion angles (30°, 45°, 60°, and 90°)
with Cu/water nanofluids (2 vol.% and 4 vol.%) in a microtube conducted by [13], it was
identified that the addition of nanoparticles enhanced thermal performance, with the 45°
abrupt expansion angle showing superior results compared to the other angles. The best
performance was achieved with a nanofluid concentration of 4%, a Reynolds number of
100, and an expansion angle of 45°. Reducing the expansion angle from 90° to 45° resulted
in up to a 14.57% increase in heat transfer. However, the 45° angle also led to the highest
pressure drop among the cases analyzed.

The abrupt expansion, featuring an aspect ratio of 0.562 on intermittent two-phase
flow patterns (air-water), was analyzed by [14]. The study found that the frequency of slugs
decreases after the expansion region due to their breakup. Additionally, the void fraction
decreases as the flow passes through the expansion region, causing a transition from
Highly Aerated Slug to Less Aerated Slug. Knowing that the alteration of the streamlines
can induce secondary flows, [15] carried out an experimental study of the water—oil flow
in a horizontal serpentine channel. It was identified that, with the serpentine-shaped
channel geometry, there is a better mixing of the fluids in relation to the straight tube, being
a promising result for nanofluids, since this mixing can reduce possible sedimentation.
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In addition, [16] indicated that serpentine microchannels with oil-water for different
curvatures present qualitatively different flow patterns.

The thermal-hydraulic behavior of water in a tube, with expansion and contraction under
turbulent flow conditions (Re = 3640 to 4970) and a constant heat flux (9500 to 19,350 W/m?),
was evaluated by [17] using Ansys Fluent software. The results were compared with exper-
imental data from [18], showing a discrepancy of about 15%, with the largest deviations
occurring at higher Reynolds numbers. The study identified a reduction in the thermal
boundary layer due to the recirculation region, with the highest Nusselt number observed
in the center of the expansion region, which decreased towards the contraction region.

In the numerical analysis performed by [19] about mono (TiO;) and hybrid (TiO,-5iO5)
nanofluids in a conical diffuser with volumetric concentrations ranging from 0 to 1.5%,
the influence of nanoparticle addition was compared with theoretical correlations and
experimental data. Theoretical correlations showed limited impact on the Nusselt number
with nanoparticle addition. TiO; nanofluids exhibited decreased thermal performance
compared to the base fluid, while hybrid nanofluids demonstrated both increases and
decreases in heat transfer. The maximum increase for TiO,-5iO5 nanofluids was 5%, and
the maximum reduction was 9.7%. For TiO; nanofluids, the reduction was approximately
19% at the highest nanoparticle concentration.

The thermo-hydraulic performance of Al,O3/water nanofluids (1-4 vol.%) in a channel
with contraction and ribs under turbulent conditions (Re = 10,000 to 40,000) was numerically
analyzed by [4]. The study found that the pressure coefficient decreased with the tube
diameter contraction, with a more significant reduction at higher Reynolds numbers. For
a Reynolds number of 40,000, the coefficient reached —2500 Pa in the contraction region,
where the flow direction reverses. The Nusselt number increased by up to 3.07% with
changes in nanoparticle volumetric concentration from 1% to 4%.

Few studies have analyzed the influence of the expansion—contraction ratio (ECR)
within the same pipe. Furthermore, the distance between the start and end of the expansion-
contraction (DEC) also significantly impacts heat transfer and pressure drop, yet few studies
have examined these effects and optimized the heat transfer process. Addressing this gap
and considering the promising results of nanofluids in enhancing heat transfer, this work
aims to perform a numerical analysis of turbulent flow using silver/water nanofluids
(0.1 vol.%—0.5 vol.%) in both a straight tube and tubes with varying ECR (1.25, 1.50, 1.75,
and 2) and DEC regions, under a constant wall heat flux of 20 kW / mZ2.

2. The Problem Statement

As illustrated in Figures 2 and 3, the geometric model consists of a three-dimensional,
circular, and straight tube with an inlet hydraulic diameter of 6.35 mm and a length of
600 mm. Additionally, the model includes a tube with an expansion—contraction ratio
(ECR) in the central region, where the distance between the contraction and expansion
(DEQ) is 50 mm, 100 mm, or 150 mm, and the ECR values are 1.25, 1.50, 1.75, and 2. The
ECR is defined as the ratio between the expansion diameter and the inlet diameter.
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150 mm—ECR: 2

100 mm—ECR: 2

50 mm—ECR: 2

Straight

Figure 2. Distance between expansion—contraction (DEC) in the tube for ECR = 2.

50 mm—ECR: 2

50 mm—ECR: 1.75

50 mm—ECR: 1.50

50 mm—ECR: 1.25

Straight

Figure 3. Expansion—contraction ratio (ECR) of the tube for the distance of 50 mm.

The flow is assumed to be in a stationary, turbulent regime with a Reynolds number of
20,011, and is hydrodynamically developed at the tube inlet with a constant temperature of
20 °C. Wall regions are subject to a non-slip condition and a constant heat flux of 20 kW /m?.
At the tube exit, the relative pressure is set to zero. The geometric configurations and input
conditions are consistent with those used by [9], which were experimentally analyzed
only for the straight tube. The boundary conditions used in this work are similar to those
adopted by [20], in which in the tube outlet region there is a configuration of a zero axial
gradient for the variables analyzed and a zero value for the static pressure.

3. Numerical Procedure
3.1. Governing Equations

In the numerical simulations, both water and silver/water nanofluids were treated
as Newtonian, incompressible, single-phase fluids. These assumptions, consistent with
those used by [21], yield satisfactory results given the low volumetric concentration of
nanoparticles (0.1-0.5%). The conservation equations for continuity, momentum, and



Energies 2025, 18, 161

6 of 27

energy in turbulent flow are modeled according to Equations (1)—~(3). These equations are
solved using Ansys Fluent software [22,23].

d(pui) _
axi =0 (1)
9 (pu;u;) P d du; ouj 2 du d [/ ——
7axi = _aTci + Tx] BTc]aTcl - g ”aTc] + 8ch(_puiuf> (2)
8 - a Cp]/lt aT ) y
aTCi[”z(PE+P)] = oy [()\4‘13”)8%4‘”1(’6])%[1 3)

where, p is the density, u represents the velocity, x is the coordinate, P refers to the pressure,
p is the dynamic viscosity, §;; is the Kronecker delta, A refers to the thermal conductivity,
cp is the specific heat, Pr é the Prandtl number and T is the temperature. E = ¢, T — % +
%. The term (7;)
Equation (4).

refers to the deviatoric stress tensor, which is calculated through

eff

duj aui> 2 u @

(Tij)eff = V<axi T ax; | gVaTC],‘SiJ'

The SST ¥ — w model was used as a turbulence model, whose transport equations are
described in (5) and (6). The choice of this model is due to its advantages over other models
available in the Ansys Fluent software for abrupt expansion—contraction problems. The
SST x — w model is not susceptible to variations in boundary conditions [24]. Furthermore,
this model tends to provide more accurate results for flow separation (as in the problem
analyzed in this work) when compared to other RANS models [23,25].

d(pxu;) 0 oK ~
ox BTC] F"aTc]« + Gi — Yo + Sk ©)
dpwrui) _ 0 (0w &
v om I o, +Gw — Yo+ Sw (6)

In the previous expression Gy is defined through Equation (7) where G, = —pu/u ; (au i/ axi)
represents the production of turbulent kinetic energy arising from the average velocity
gradients. G, = U%GK refers to the generation of w. Iy = p + % and [, = p + 5—;

Gy = min(Gy, 108*kw) @)

The v; represents the kinematic turbulent viscosity and §* is a constant of the SST
x —w model. « is given through Equation (8).

(a5 + Ret/Ry)

(1+ Rer/Ro) ®)

X = Ko

where Ry, = 295, teo = Fiatoo1 + (1 — F1)Xc0p, R0 = ’Z’;l - - K =
© w,1 I

2 _ The turbulent Prandtl numbers of k and w are defined through Equations (9) and (10),

‘Tw,Z ,Bgo
respectively.

and aeop = l;g —

1
N Fl/O-K,l + (1 _Fl)/UK,Z

©)

Ok



Energies 2025, 18, 161 7 of 27
0w = ! (10)
“ Fl/Uw,1+(1_Fl)/Uw,2
The turbulent viscosity (u) is calculated using Equation (11).
« PK
=a"— 11
o= (11)

The coefficient a* represents the damping of turbulent viscosity according to Equation (12).

* ok (“8 +Ret/RK)
N = e T Re /Ry (12

where Re; = px/uw, Rex = 6, aj = B;/3 and B; = 0.072. For high Reynolds numbers,
o = o, = 1. The term Fj is given through Equation (13).

F; = tan gb‘l1 (13)

where ¢; = min [max(

Ve 500 4px
0.09%y” py?w )" 02Dy

D, refers to the positive part of the cross-diffusion term, according to Equation (14).

} , y represents the distance to the region solid.

DS = max [2 118’@“",1010] (14)

where Yy = pB*kw e Y, = pBw? represent the dissipation of k and w, respectively. f and
p* are constants. p; = FiB;i1+ (1 —F1)Biz. Do = 2(1 — Fl)pr;%g—;% represents the
cross-diffusion term. Yy and Y, are possible source terms [22,26]. The constants of the SST

% — w model are highlighted in Table 1.

Table 1. Model constants SST « — w.

UK,l =1.176 (TK,Z =1 Uw,l =2 lez = 1.168 N = 0.31 ,Bi,l = 0.075
Bin=00828 af, =1 oo = 0.52 Bz, = 0.09 Bi = 0.072 ag=1/9
Rﬁ:8 Ry =6 Ry =295 =15 o =2 0w =2

For the discretization of the diffusive and convective terms, the second-order upwind
scheme was used, while for the pressure—velocity coupling the Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) scheme was used [23]. As a stopping criterion, it
was defined that the residuals of the equations were less than 107, except for the energy
equation which was set to 10~?, similar to found in [17].

3.2. Software Verification and Computational Model Validation
3.2.1. Software Verification

As performed by [4], the Ansys Fluent software was initially validated. A numerical
simulation of water flow and heat transfer in a straight tube, with identical geometry
and input conditions as those used in the experimental work by [9], was conducted. The
results for the convective heat transfer coefficient and pressure drop were compared with
the experimental data. As shown in Table 2, the numerical results exhibit satisfactory
agreement with the experimental data, demonstrating that Ansys Fluent is robust and
reliable for solving this type of problem.
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Table 2. Software verification with experimental data from [9].
Parameter/Authorship This Work Ref. [9] Difference
havg 14,064.71 [W/m-K] 13,716.80 [W/m K] 2.54%
Ap/L 21.67 [kPa/m] 20.84 [kPa/m] 3.83%

3.2.2. Mesh Independence and Computational Model Validation

Increasing the refinement of the computational mesh generally enhances the accuracy
of the results. However, a finer mesh also raises the computational cost. Therefore, it is
essential to balance accuracy and computational cost through a mesh independence study.
For this study, three structured meshes with different numbers of cells (130,496, 187,764,
and 245,032) were used for numerical simulations under the same input and boundary
conditions (as described in Section 2).

Mesh convergence was performed with the Nusselt number, as shown in Figure 4. It
can be observed that the increase in the number of elements between meshes 2 and 3 does
not result in a significant difference, resulting only in an increase in computational cost. For
mesh 1, the numerical results show a result higher than 5% in relation to the correlation,
while meshes 2 and 3 have a difference of about 1%. To accurately capture the velocity,
pressure, and temperature gradients, 15 layers of prismatic elements were created near
the wall [25]. Additionally, the Grid Convergence Index (GCI) [27] was assessed. The GCI
(0.01%, 4.99%, 5.02%) value was found to be less than 5%, indicating that the results are
within the asymptotic range. Consequently, mesh 2 was selected for this work due to its
satisfactory results [28,29].

The computational model (Figures 2 and 3) was validated for the base fluid in a
tube without an expansion—contraction ratio (ECR) using theoretical models as outlined
in Table 3. This validation procedure is based on works by [22,25,30]. It was found
that the numerical simulations show satisfactory agreement with correlations for the
average Nusselt number [31-33], friction factor [31,34], and the temperature at the tube exit
(calculated using the heat transfer rate equation Q = m-Cp-(Tin — Tout)). Similar to [22],
the correlation from [33] exhibited a greater deviation in the Nusselt number compared to
the correlation from [31], despite having the same Reynolds number and similar Prandtl
number. The differences presented in Table 3 refer to the value found in the present work
and the correlations presented.

Table 3. Validation of the thermal and hydraulic performance of the computational model.

Parameter Value Difference
Nuavg (CFD) 155.55 [] -
Nuayg (Petukhov) 153.91 [-] 1.05 [%]
Nuavg (Gnielinski) 149.67 [-] 3.78 [%]
Nuavg (Dittus-Boelter) 145.53 [] 6.44 [%]

f (CFD) 0.02636 [-] -
f (Petukhov) 0.02615 [-] 0.80 [%]
f (Blasius) 0.02660 [-] 0.91 [%]
Tout (CFD) 20.60 [°C] -
Tout (Theoretical) 20.57 [°C] 0.15 [%]
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Number of elements

Figure 4. Study of mesh independence and comparison with Petukhov (1970) [31] correlation.

From Tables 2 and 3 it can be stated that the differences found in thermal and hydraulic
performance can be ignored, that is, the numerical methodology used in this work is
reliable [22].

4. Thermophysical Properties

The thermophysical properties of the coolants are consistent with those used by [9], as
detailed in Table 4 for 20 °C. Thermal conductivity (A\) and dynamic viscosity (i) were ex-
perimentally determined using the transient hot wire method with a Hukseflux TP-08 probe
and a Brookfield LDDV-IIIU cone-plate rheometer, respectively. According to [9], thermal
conductivity increased by approximately 8%, 18%, and 38% with nanoparticle volumetric
concentrations of 0.1%, 0.3%, and 0.5%, respectively. Dynamic viscosity showed increases
of about 2.4%, 4.5%, and 6.6% for nanofluids with the same volumetric concentrations.
During the validation of the computational model, it was observed that the temperature
variation of the flow was minimal. Therefore, the thermophysical properties of the fluids
were considered temperature-independent, as similarly adopted by [25].

Table 4. Thermophysical properties. Source: [9].

Fluid/Parameter Cp [J/(kg-K)1 p [kg/m3] A [W/(m-K)] u [kg/(m-s)]
Water 4183 998.20 0.5861 0.001002
0.1 4142 1007.7 0.6281 0.001018
0.3 4062 1026.7 0.6961 0.001040
0.5 3985 1045.7 0.8058 0.001066

Considering the nanofluids as a homogeneous mixture, the specific heat (C,) and
density (p) were calculated using the correlations from [35] and [36], as outlined in
Equations (15) and (16), respectively. The silver nanoparticles used are spherical and in
powder form, sourced from Nanostructures & Amorphous Material Inc. (Katy, TX, USA).
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The geometric configuration and properties of these nanoparticles are detailed in the work
of [9].
p=(1—9)ovr + Ponp (15)

(1= 9)ovrCpipf + PonpCpup
(1= )pps + Ppnp

where ¢ refers to the concentration of nanoparticles. The subscripts np and bf refer to the

Clg:

(16)

nanoparticle and base fluid, respectively. According to [9], the correlations used present
satisfactory agreement with experimental data available in the literature.

5. Data Reduction

To obtain and compare the data, the following equations were used to calculate the
thermal and hydraulic performance of the base fluid and nanofluids based on the velocity,
pressure, and temperature fields from the numerical simulations. The equations employed
in this study are consistent with those used by [9]. The local (h;) and average (Haog)
convective heat transfer coefficients, average Nusselt number (N um,g), friction factor (f),

thermal (Sg,T) and frictional (Sg/p) entropy generations, exergy efficiency (#g,) and
entropy generation number (Nj) are calculated using the Equations (17)—(24).

ql/
hy = — 1 (17)
Tw@) — Tf)
h(z1)+---+h(z
havg - ( 1) n ( 71) (18)
Hape-D
Nitgog = “”i (19)
Ap
_ _ 2
T HE) “
D 2
Ap=p1—p2 (21)
QZ
SoT = 22
st Nuavgn)\TinToutL (22)
8fm’L Tout
- ou
Sg’F N P2772D5(Tout - Tin)ln( T; ) (23)
Tox =1 — o (24)
- (%)]e
T,S
N, = - Qg'T (25)

where g refers to the heat, T, () is the temperature at the wall, Tf(,) represents the temper-
ature of the fluid, D is the hydraulic diameter at the inlet of the tube, A is the conductivity
of the coolant, Ap is the pressure drop, L refers to the length of the tube, p represents the
density of the cooling fluid, v is the flow velocity, Q represents the heat transfer rate, Tj,
and Ty, are the inlet and outlet temperature, T, is the ambient temperature and T; is the
surface temperature.
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6. Results and Discussions

This work presents a three-dimensional numerical simulation of the flow and heat
transfer of silver/water nanofluids across thirteen different tube configurations, both
with and without expansion—contraction, under turbulent conditions. This section dis-
cusses the effects of the expansion—contraction ratio (ECR), the distance between expan-
sion and contraction (DEC), and the volumetric concentration of silver nanoparticles on
the local and average convective heat transfer coefficients, pressure drop, and overall
thermal-hydraulic performance.

6.1. Local Convective Heat Transfer Coefficient

Figure 5 illustrates the local convective heat transfer coefficient for both the base fluid
and silver/water nanofluids with volumetric concentrations ranging from 0.1% to 0.5%.
The effects of nanoparticle concentration and the distance between expansion and contrac-
tion (DEC) are shown for a tube with an expansion—contraction ratio (ECR) of 2.

As noted by [8], there is a sharp increase in thermal performance near the expansion
region, which then decreases compared to the straight tube (ECR = 1). This effect is further
pronounced with an increasing distance between expansion and contraction (DEC). Addi-
tionally, in all analyzed cases, an increase in the local convective heat transfer coefficient is
observed in the expansion region. However, this increase is followed by a decrease until
the tube contracts, a behavior also reported by [37]. This phenomenon can be attributed to
the abrupt reduction in flow velocity and the appearance of recirculation zones within the
expansion region, which tends to decelerate the flow more significantly with a larger DEC,
as shown in Figure 6 [4,38]. In addition, part of the fluid pressure energy is not converted
into kinetic energy in the contraction region due to the recirculation zone and the abrupt
change in the geometry pipe. In the central part of the tube, flow deceleration can reach up
to 75% compared to the straight tube (ECR = 1) at the same position.
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48 p . 40 . T . . .
Base fluid 0.3 vol.% 35 Base fluid 0.3 vol.%
. 42 0.1 vol.% 0.5 vol.% . 0.1 vol.% 0.5 vol.%
= 36 = 0
g g 25
=30 =
= = 20
=3 : =3
- 24 L L5t
< ~
18 k 10 +
12 ¢ : : : : : : 5t : ' : : : :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Z [m] Z [m]
(a) (b)
40 DEC =100 mm - ECR=2 40 DEC =150 mm - ECR=2
35 i Base fluid 0.3 vol.% 35 H Base fluid 0.3 vol.%
. l 0.1 vol.% 0.5 vol.% . l 0.1 vol.% 0.5 vol.%
& 30 v 30
., 25 ~ 251
g
< 20r < 20r
i 15 o 15t
o 10F o 10F
S5t 5t
0 : ' : : ' 0 : ' : ' ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Z [m] Z [m]
(© (d)
Figure 5. Local convective heat transfer coefficient for constant ECR = 2 to the (a) straight tube,
(b) DEC =50 mm, (c) DEC = 100 mm, and (d) DEC = 150 mm.
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(d)

Figure 6. Velocity contour for constant ECR = 2 to the (a) straight tube, (b) DEC = 50 mm,
(c) DEC = 100 mm, and (d) DEC = 150 mm.

Among the cases analyzed in this study, nanofluids consistently demonstrate supe-
rior thermal performance compared to the base fluid, irrespective of the DEC and ECR.
However, there were no significant changes observed in the points of flow detachment and
reattachment with the addition of nanoparticles, consistent with the findings of [19]. The
highest value of the convective heat transfer coefficient is observed in the tube inlet’s ther-
mal developing region, due to the greater temperature difference between the wall and the
fluid. While there are improvements in the local convective heat transfer coefficient peaks,
these gains are not sufficient to offset the reductions observed in the expansion region. As
noted by [39,40], a new peak in heat transfer occurs at the point of flow reattachment, with
this peak being higher at increased nanoparticle concentrations. This suggests that the
convective heat transfer coefficient is strongly influenced by the thermophysical properties
of the nanofluids.

Among the analyzed cases, a smaller distance between expansion and contraction
(DEC) generally yields better results due to a smaller reduction in thermal performance.
This finding is corroborated by the average convective heat transfer coefficient values, as
shown in Figure 7. In the region close to the tube contraction with DEC = 50 mm, the local
convective coefficient values are higher than those in the region immediately before the
expansion. This behavior can be attributed to the increased velocity in this area, particularly
in the central flow, as illustrated by the velocity contours in Figure 6. However, when
the DEC is increased to 100 mm and 150 mm, the thermal performance after contraction
shows a decline.

6.2. Average Convective Heat Transfer Coefficient

As illustrated in Figure 7, the abrupt geometric variation of the tube and the distance
between expansion and contraction (DEC) significantly influence the heat transfer process.
It was observed that, as the DEC increases, the reduction in the convective heat transfer
coefficient becomes more pronounced compared to a straight tube (ECR = 1). For a DEC of
50 mm, there is an initial reduction (up to 3.36%) in the average convective heat transfer
coefficient, hi,y, with increasing ECR. However, ¢ tends to increase again despite further
increases in ECR. For instance, with the base fluid, there was a 1.85% increase in h,wg when
the ECR varied from 1.25 to 2. The application of silver nanofluids resulted in increases
in the convective heat transfer coefficient of up to 6%, 12.95%, and 23.66% for volumetric
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concentrations of 0.1%, 0.3%, and 0.5%, respectively. The largest increases were observed at
an ECR of 1.25, where the base fluid experienced a greater decline in thermal performance
compared to the straight tube (ECR = 1).
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Figure 7. haye as a function of tube expansion—contraction ratio (ECR) to the (a) DEC = 50 mm,
(b) DEC = 100 mm, and (¢) DEC = 150 mm.

In the case of a distance between expansion and contraction (DEC) of 100 mm, the
reduction in the convective heat transfer coefficient becomes more pronounced compared
to the DEC of 50 mm. For this DEC, variations in ECR negatively impacted the heat transfer
process relative to the straight tube (ECR = 1) in all scenarios. A reduction of up to 8.41%
was observed with the base fluid for ECR = 2. Notably, for ECR values between 1.25 and
1.5, the average convective heat transfer coefficient /155¢ did not show significant variation.
In comparison to the base fluid, the nanofluids achieved thermal performance increases
of up to 6.55%, 13.53%, and 24.28% for volumetric concentrations of 0.1%, 0.3%, and 0.5%,
respectively. As with the DEC of 50 mm, the greatest improvement in the convective heat
transfer coefficient due to the nanofluids was observed for an ECR of 1.25.

With the increase in DEC from 100 mm to 150 mm, the negative effects on thermal
performance due to the increase in ECR exhibit an almost exponential behavior within the
studied range. The largest reduction observed was 15.07%, occurring with the base fluid
and an ECR of 2, as well as a DEC of 100 mm. However, the use of nanofluids improved
the convective heat transfer coefficient by up to 7.17%, 14.16%, and 24.90% for volumetric
concentrations of 0.1%, 0.3%, and 0.5%, respectively. The greatest improvement in thermal
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performance was noted for an ECR of 1.25, consistent with the findings for DEC values of
50 mm and 100 mm.

As shown in Figure 8, silver/water nanofluids consistently mitigated the adverse
effects of varying the ECR of the tube. For instance, with a nanofluid concentration of 0.5%,
the reduction in the convective heat transfer coefficient was diminished from 3.36% to 1.55%
for a DEC of 50 mm. For a DEC of 100 mm, the decrease was reduced from 6.42% to 4.19%,
and for a DEC of 150 mm, the reduction in /,,¢ was reduced from 9.32% to 6.70% compared
to the base fluid. In summary, nanofluids demonstrate superior thermal performance
compared to water. However, as DEC increases, a higher nanoparticle concentration is
needed to offset the reduction in the convective heat transfer coefficient.

T T T

Base fluid - 50 mm — Q— - Base fluid - 100 mm <> Base fluid - 150 mm
—>— 0.1 vol.% -50 mm — -X—-0.1vol.%-100 mm - X+ 0.1 vol.% - 150 mm
—H=—03v0l.%-50mm — £]--03vol.%-100mm [ 0.3 vol.% - 150 mm

0.5 vol.% - 50 mm 0.5 vol.% - 100 mm 0.5 vol.% - 150 mm

Figure 8. Average convective heat transfer coefficient (hm,g) as a function of DEC, ECR, and nanopar-
ticle concentration.

For comparison purposes, at DEC = 50 mm with the lowest concentration nanofluid
(0.1 vol.%), the convective heat transfer coefficient exceeds that of the base fluid across
all ECR values. This indicates that the negative impact of ECR on heat transfer in a heat
exchanger can be mitigated by adding nanoparticles to the base fluid. As previously men-
tioned, and illustrated in Figure 8, increasing DEC exacerbates the negative influence on
thermal performance. For DEC = 100 mm, the nanofluid with 0.1 vol.% silver nanopar-
ticles does not outperform the base fluid at any ECR value, indicating that a nanofluid
concentration of at least 0.3% is necessary for improved performance. For DEC = 150 mm,
a nanofluid concentration of 0.5 vol.% is required to ensure that /15,4 does not fall below
the base fluid values, even with varying ECR.

Thus, silver/water nanofluids demonstrate superior thermal performance compared
to the base fluid, presenting a promising solution for applications involving tube expansion—
contraction, which is common in various systems such as oil refineries and heat exchang-
ers [1,2,4].
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6.3. Pressure Drop

As illustrated in Figure 9, both the expansion—contraction ratio (ECR) and the dis-
tance between expansion and contraction (DEC) significantly influence the pressure drop
(Ap) in circular and horizontal tubes used in heat exchangers. Although the addition of
nanoparticles enhances thermal performance, it can also increase the pressure drop due
to the higher dynamic viscosity of the coolant [38]. It was observed that increasing DEC
generally reduces the pressure drop for both the base fluid and nanofluids, while ECR can
have mixed effects.
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Figure 9. Ap as a function of tube expansion—contraction ratio (ECR) to the (a) DEC = 50 mm,
(b) DEC = 100 mm, and (c¢) DEC = 150 mm.

For DEC = 50 mm, an increase in pressure drop of up to 30.17% was identified for
the base fluid with ECR = 2 compared to a straight tube (ECR = 1) with the same fluid.
Additionally, increasing ECR negatively impacted the pressure drop, with all cases showing
higher values compared to the straight tube. The introduction of nanofluids led to pressure
drops increasing by up to 3.34%, 5.84%, and 9.21% for volumetric concentrations of 0.1%,
0.3%, and 0.5%, respectively. These increases in pressure drop due to the addition of silver
nanoparticles align with the results found by [9], with the greatest increases occurring at
ECR = 1.25, similar to the trend observed for the convective heat transfer coefficient.

At DEC = 100 mm, there was an initial reduction in pressure drop of up to 3.64% for
ECR = 1.25. However, increasing ECR between 1.5 and 2 led to a rise in pressure drop by
up to 28.35% compared to the straight tube (ECR = 1). The application of silver/water
nanofluids resulted in pressure drops increasing by up to 3.40%, 5.90%, and 9.27% for
volumetric concentrations of 0.1%, 0.3%, and 0.5%, respectively. As with DEC = 50 mm,
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the greatest pressure drop increase due to nanoparticles occurred at ECR = 1.25, where the
pressure drop was influenced significantly by the geometric variation.

Increasing DEC from 100 mm to 150 mm notably reduced the pressure drop, particu-
larly for ECR = 1.25, where the reduction was approximately 9.5% compared to the straight
tube with the same fluid. ECR = 1.5 also reduced the pressure drop compared to the tube
without expansion—contraction, although the effect was not significant. For ECR values of
1.75 and higher, the pressure drop increased again, with a maximum rise of 18.34% com-
pared to the straight tube (ECR = 1). As expected, all cases involving nanofluids showed an
increase in pressure drop, with the highest increase being 18.34% for the nanofluid with a
volumetric concentration of 0.5%.

As illustrated in Figure 10, variations in the expansion—contraction ratio (ECR) of the
tube have minimal impact on the pressure drop relative to the concentration of nanoparti-
cles, which contrasts with the findings of [13]. For instance, at DEC = 50 mm and ECR =2,
the pressure drop increases compared to the straight tube are 30.17%, 30.17%, 30.14%, and
30.15% for the base fluid and nanofluids with volumetric concentrations of 0.1%, 0.3%, and
0.5%, respectively. The increase in pressure drop with higher ECR can be attributed to the
Coanda effect, where, at higher ECR values, the flow streamlines become less regular along
the tube wall region [13].

—>— 0.1 vol.% - 50 mm 0.5 vol.% - 100 mm
—=— 0.3 vol.% - 50 mm O Base fluid - 150 mm

— X—-0.1 vol.% - 100 mm

Base fluid - 50 mm — £} - 0.3 vol.% - 100 mm

0.5vo0l.% -50 mm - X 0.1 vol.% - 150 mm
-Base fluid - 100 mm £} 0.3 vol.% - 150 mm
0.5 vol.% - 150 mm

1.25 1.5 175 2
ECR [-]

Figure 10. Pressure drop (Ap) as a function of DEC, ECR, and nanoparticle concentration.

The influence of expansion—contraction ratio (ECR) and the distance between the
expansion and contraction distance on the pressure drop can be explained by variations in
the velocity profiles and turbulence generated in the expansion and contraction regions,
as illustrated in Figure 6. The increase in pressure drop with increasing ECR occurs due
to the increase in the contact area with the fluid, resulting in a greater pressure drop [38].
In addition, with the appearance of recirculation zones, there is a greater friction loss,
especially in cases with higher ECR, as was observed in the pressure drop in Figure 9.
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6.4. Entropy Generation

Figure 11 illustrates the thermal (Sg,T) and frictional (Sg,}?) entropy generation,

calculated using Equations (22) and (23) [41-43]. A reduction in Sg/T of up to 6.69%,
12.40%, and 19.93% was observed with the use of silver/water nanofluids with volumetric
concentrations of 0.1%, 0.3%, and 0.5%, respectively, for the tube with ECR = 1.25 and DEC
=150 mm. This reduction is attributed to the smaller temperature difference between the
wall and the fluid in the nanofluids compared to the base fluid, resulting in lower thermal
entropy generation, as also noted by [42,44]. Furthermore, while the reduction in thermal
entropy generation due to nanofluids remains relatively constant with increasing DEC, DEC
increases tend to raise thermal entropy generation by up to 15.85%. For the analyzed cases,
there is an increase in thermal entropy generation with higher expansion—contraction ratios
(ECR) relative to the straight tube (ECR = 1), except for DEC = 50 mm, where S o7 initially
increases up to ECR = 1.25, and then decreases for both the base fluid and nanofluids.

In Figure 11, an increase in the frictional entropy generation of up to 2.76%, 3.30%,
and 4.65% was observed with nanoparticle volumetric concentrations of 0.1%, 0.3%, and
0.5%, respectively, compared to the base fluid, for a tube with an ECR of 1.25 and a DEC
of 150 mm. This behavior can be attributed to the increase in velocity gradient, the rise
in dynamic viscosity (due to the addition of silver nanoparticles), and the decrease in
fluid temperature, all of which contribute to higher frictional entropy generation [45,46].
However, for DEC values of 100 mm and 150 mm and ECR values of 1.25 and 1.5, there is a
reduction in frictional entropy generation compared to the straight tube (ECR = 1). The
behavior of the straight tube aligns with experimental results obtained by [47].
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Figure 11. Cont.



Energies 2025, 18, 161

19 of 27

49X 103 DEC =100 mm >§180'4
’ <>S:’97T - Base fluid -E|-b:’g,T - 0.3 vol.% <>S:’g,p - Base fluid -EI-S:‘g,F - 0.3 vol.% ’
X-Syr - 0.1 vol.% =S, 7 - 0.5 vol.% -X%-S; r - 0.1 vol.% — S, r - 0.5 vol.% A
4.6 -5.44
g 43 -5.08 g
= =
] &
w4 1472w
3.7F ~4.36
3.4 4
53 X 103 DEC =150 mm >§13()'4
. L. s L s - - [ .
-b.’g,T - Base fluid 3 ngT - 0.3 vol.% - Sjg"F - Base fluid 3 S"g’p - 0.3 vol.%
X 8,7 - 0.1 vol.% 8,7 - 0.5 vol.% %S, p - 0.1 vol.% S, - 0.5 vol.% s
492 -
" 4.54 -
~
=
&
wy 4.16
3.78
3.4 ‘
1 1.25 1.5 1.75 2
ECR [-]
(c)
Figure 11. Thermal (Sg,T) and frictional <Sg,[:> entropy generation versus ECR to the

(a) DEC =50 mm, (b) DEC = 100 mm, and (c¢) DEC = 150 mm.

6.5. Total Entropy Generation
Figure 12 illustrates the total entropy generation (Sg> for both the base fluid and
the silver/water nanofluids. Total entropy is the sum of frictional and thermal entropy

(S ¢ = S ¢F T S g,T) . As noted previously, thermal entropy generation decreases with the
addition of nanoparticles, while frictional entropy generation tends to increase. However,
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the decrease in thermal entropy generation is generally more significant than the increase in
frictional entropy generation, resulting in an overall reduction in total entropy generation,
as reported by [46]. Specifically, reductions in total entropy generation compared to the
base fluid were observed to be up to 5.99%, 11.21%, and 18.08% for silver/water nanofluids
with volumetric concentrations of 0.1%, 0.3%, and 0.5 vol.%, respectively.
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Figure 12. Total entropy generation as a function of tube expansion—contraction ratio (ECR) to the
(a) DEC =50 mm, (b) DEC = 100 mm, and (c) DEC = 150 mm.

Figure 12 also shows that changes in DEC have a minimal impact on total en-
tropy generation. This behavior can be attributed to the balance between the reduc-
tion in thermal entropy generation and the increase in frictional entropy generation, as
illustrated in the figure.

6.6. Exergy Efficiency

Figure 13 illustrates the exergy efficiency (#gx) for both the base fluid and silver/water
nanofluids across different DEC and ECR values. To achieve optimal exergy performance,
a lower entropy generation or higher #g, is desired. Exergy efficiency is defined as the ratio
between useful exergy output and the exergy of the heat supplied, as given by Equation
(24) [42,44]. It was found that exergy efficiency increases by up to 8.86%, 17.98%, and 29.97%
with silver nanoparticle volumetric concentrations of 0.1%, 0.3%, and 0.5%, respectively.
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This indicates that exergy losses are reduced compared to the base fluid, aligning with the

findings of [42].
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Figure 13. yg, as a function of tube expansion—contraction ratio (ECR) to the (a) DEC = 50 mm,

(b) DEC = 100

mm, and (¢) DEC = 150 mm.

Figure 13 also reveals a decrease in exergy efficiency with increasing DEC compared
to a DEC of 50 mm, with a reduction of up to 21.26%. This trend mirrors the behavior
of the convective heat transfer coefficient, due to the dependence of hayg, as described in
Equation (22), on thermal entropy generation. Table 5 provides a comparison of the exergy
efficiency of the fluids analyzed in this study with similar works available in the literature

under comparable conditions.

Table 5. Comparison of the exergy efficiency of the straight tube in the present study with

previous works.

Authorship Coolant Concentration Heat Flux Reynolds Number  ECR  ng,
[48] ZrO, /water 0vol.% - ~19,700 1 ~38%
[49] Diamond-Fe3Oy, /water 0vol.% - ~19,900 1 ~19%
[50] CuO-MgO-GO/water 0vol.% 5.36 kW /m? ~17,500 1 ~18%
[51] Diamond-FezO4 /water 0vol.% - ~20,000 1 ~19%
This Ag/Water 0 vol.% 20 KW/m? 20011 1 4%

Work
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Table 5. Cont.

Authorship Coolant Concentration Heat Flux Reynolds Number  ECR 1,
[49] Diamond-Fe3;Oy4 /water 0.1 vol.% - 20,900 1 ~23%
[51] Diamond-FezO4 /water 0.1 vol.% - ~19,500 1 ~24%
This Ag/water 01vol% 20 kW/m? 20,011 1 44%

work

In the work by [48], ZrO,/water nanofluids (0-1 vol.%) were used in a straight
horizontal tube, achieving an exergy efficiency of 38% for the base fluid at a Reynolds
number of approximately 19,700. Similarly, [49] evaluated diamond-Fe3;O,/water hybrid
nanofluids and reported an exergy efficiency of about 19% for water at a Reynolds number
of approximately 19,900. This is comparable to the values obtained by [50] and [51] for
CuO-MgO-GO/water and diamond-Fe;O,/water nanofluids, respectively. In contrast,
this study achieved an exergy efficiency of 32% for water at a similar Reynolds number
of 20,011. For the nanofluid with a 0.1% volumetric concentration, this study recorded an
exergy efficiency of 35%, while [49] and [51] reported values of approximately 22.66% and
24%, respectively, for diamond-Fe3O4/water hybrid nanofluids. Thus, the results obtained
for the straight tube without expansion—contraction (ECR = 1) in this work are satisfactory
compared to previous studies.

6.7. Entropy Generation Number

The entropy generation number (Nj) is a crucial parameter in designing and develop-
ing efficient thermal systems. It represents the inverse of exergy efficiency, so minimizing
entropy generation is essential for improving system performance. Figure 14 illustrates the
entropy generation number for both the base fluid and silver/water nanofluids, calculated
using Equation (25) [52].
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Figure 14. N; as a function of tube expansion—contraction ratio (ECR) to the (a) DEC = 50 mm,
(b) DEC = 100 mm, and (c) DEC = 150 mm.
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As shown in Figure 14, the entropy generation number Ny decreases with increasing
volumetric concentration of silver nanoparticles. The lowest N value observed was 0.0041
for the straight tube (ECR = 1) with a nanofluid concentration of 0.5 vol.%. These results
for the straight tube are consistent with the experimental findings of [49]. Additionally,
increasing ECR tends to raise the entropy generation number, except for DEC = 50 mm. In
this case, after an initial increase in N, the values for both the base fluid and nanofluids
decrease to levels comparable to those of the straight tube.

6.8. Thermal-Hydraulic Performance

When analyzing nanofluids in heat exchangers, thermal-hydraulic performance (1)
is an important consideration, as illustrated in Figure 15. This parameter assesses the
variation in both thermal and hydraulic performance, aiming to enhance heat transfer
while minimizing pressure drop. Nanofluids generally exhibit superior thermal-hydraulic
performance compared to the base fluid, regardless of ECR or DEC.

Base fluid - 50 mm — €)— - Base fluid - 100 mm <€)+ Base fluid - 150 mm
—>%—0.1vol.% -50mm — -X—-0.1vol.%-100mm - X 0.1 vol.% - 150 mm
—H=—03vol%-50mm — £} -03vol%-100mm - £} 0.3 vol.% - 150 mm

0.5 vol.% - 50 mm 0.5 vol.% - 100 mm 0.5 vol.% - 150 mm

18

Figure 15. Thermal-hydraulic performance of nanofluids as a function of DEC, ECR, and nanoparti-

cle concentration.

The greatest improvement in thermal-hydraulic performance with the addition of
nanoparticles was observed for the nanofluid with a concentration of 0.5 vol.%, DEC of
100 mm, and ECR of 1.5. This combination resulted in a 23.94% increase in the average
convective heat transfer coefficient and a 7.85% increase in pressure drop. Consequently,
the thermal-hydraulic performance was 14.92% greater than that of the base fluid for the
same geometry. This enhancement is attributed to the increased average convective heat
transfer coefficient resulting from the addition of nanoparticles.
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7. Conclusions

This study used numerical simulations with Ansys Fluent to analyze silver/water
nanofluids in tubes with varying expansion—contraction ratios (ECR) and distances between
expansion—contraction (DEC). The results were validated against experimental data and
theoretical correlations. Key findings include:

1.  Model Validation: The numerical model demonstrated satisfactory accuracy in pre-
dicting thermal and hydraulic performance, matching well with experimental results
and theoretical correlations.

2. Impact of ECR: An increased ECR led to a reduction in the average convective heat
transfer coefficient by up to 15.07% compared to a straight tube, with some improve-
ments noted only for DEC = 50 mm.

3. Effect of Nanofluids: Silver/water nanofluids improved the convective heat trans-
fer coefficient by up to 24.90% at a 0.5% volumetric concentration and mitigated
performance drops caused by higher ECR and DEC.

4. Pressure Drop: The pressure drop increased with DEC and ECR, with reductions of
up to 9.5% for DEC at 50 mm and ECR = 1.25. However, pressure drops increased
with DEC for all cases.

5. Viscosity and Pressure Drop: Nanoparticle addition increased coolant viscosity and
pressure drop by up to 18.34%, though the effect of ECR on pressure drop was
minimal.

6.  Exergy Efficiency: Exergy efficiency increased by up to 29.97% with higher silver
nanoparticle concentrations.

7. Overall Performance: Nanofluids generally outperformed the base fluid in thermal-
hydraulic performance, with the most significant improvement (14.92%) observed for
ECR = 1.5 and DEC = 100 mm with a 0.5% nanofluid concentration.

In conclusion, optimizing ECR and utilizing nanofluids can enhance heat transfer
in various applications, such as automotive radiators and refrigeration systems. Future
research will focus on exploring the effects of different expansion—contraction angles on
heat transfer.
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