Engineering 59 (2026) 271-286

journal homepage: www.elsevier.com/locate/eng

Contents lists available at ScienceDirect

Engineering

Research

Low Carbon Transformation for Conventional Energies—Article

Numerical Study of Heat Transfer Performance of Molten Salt-Based )
Nanofluid in the Novel Twisted Cloverleaf U-Tube e

Yifan Gui®, Yuanqiang Duan**, Shuo Zhang?, Yu Huang ", Minmin Zhou ?, Lunbo Duan?

@ Key Laboratory of Energy Thermal Conversion and Control, Ministry of Education, School of Energy and Environment, Southeast University, Nanjing 210096, China
b International Joint Research Laboratory for Energy Power Equipment Energy Conservation and Pollutant Control of Henan, Henan University of Science and Technology,

Luoyang 471003, China

ARTICLE INFO

Article history:

Received 5 August 2025

Revised 22 September 2025
Accepted 16 October 2025
Available online 23 October 2025

Keywords:

Molten salt-based nanofluid
Numerical simulation

Heat transfer enhancement
Twisted cloverleaf U-tube
Multi-objective optimization

ABSTRACT

Molten salt is widely adopted in diverse thermal energy storage systems owing to its exceptional ther-
modynamic properties and economical cost. As a critical component in molten salt energy storage sys-
tems, the exchangers often utilize U-tube configurations for enhanced compactness, such as shell-and-
tube designs. However, the high viscosity and density of molten salt can cause non-uniform flow distri-
bution in U-tubes, posing localized overheating risks. This study proposes a heat transfer enhancement
strategy applying a twisted cloverleaf U-tube in combination with molten salt-based nanofluids
(MSBNs). The effects of tube geometry, operating parameters, and nanofluid thermophysical properties
on flow and thermal performance were analyzed through numerical simulations. Multi-objective opti-
mization of operating conditions was conducted using a combination of response surface method
(RSM) and the non-dominated sorting genetic algorithm II (NSGA-II). Results indicate the twisted struc-
ture and nanoparticles significantly enhance heat transfer and improve temperature uniformity, however
increase pressure drop. The optimal combination achieved a peak performance evaluation criterion (PEC)
value of 1.21. Inlet velocity and inlet temperature influence flow and heat transfer performance addi-
tional strongly than heat flux. Optimized operating conditions yield a maximum temperature difference
of 40.15 K, pressure drop of 1979.97 Pa, and average convective heat transfer coefficient of 2781.31
W-(m2K)~. This work provides critical guidance for the design and operational optimization of novel

MSBN heat exchange tubes.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

mal power flexibility [7] and solar generation [8] owing to its
advantageous properties, including high thermal conductivity,

Driven by the global energy transition and the pursuit of sus-
tainable development, the global application scale of renewable
energy continues to expand [1]. However, renewable energy
sources are inherently characterized by intermittency, volatility,
dispersion, and uncertainty [2], which pose significant challenges
to the stable operation and maintenance of energy systems. Ther-
mal energy storage (TES) technology is widely regarded as a key
solution to address these challenges due to its excellent regulation
and load-balancing capabilities. Common TES media include water
[3], oil [4], molten salt [5], and phase change materials (PCMs) [6].
Among them, molten salt stands out in applications such as ther-
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substantial specific heat capacity, excellent thermal stability, high
operating temperature, and low cost. As a core component of mol-
ten salt energy storage systems, the performance of molten salt
heat exchangers directly influences system efficiency and opera-
tional stability, making heat transfer enhancement design a contin-
uous focus of research and development.

To improve structural compactness and heat transfer perfor-
mance, the U-tube configuration is widely utilized in shell-and-
tube heat exchangers and various thermal systems [9]. As fluid
passes through the U-bend section of the tube, centrifugal force
drives the fluid from the outer side of the bend toward the inner
wall, thereby inducing a secondary flow perpendicular to the pri-
mary flow direction [10]. Molten salt possesses higher viscosity
compared to conventional working fluids, and its density is highly
sensitive to temperature changes. Consequently, when molten salt
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flows through the U-bend section, the interaction between the
curvature-induced secondary flow and the buoyancy-driven natu-
ral convection can significantly influence the flow and heat transfer
behavior inside the tube, potentially resulting in non-uniform heat
transfer and flow distribution.

Geometric tube modifications or turbulator additions can inten-
sify fluid disturbance and enhance heat transfer. Enhancement
structures comprise internally grooved tubes, finned tubes, ribbed
tubes, corrugated tubes, and twisted tubes [11-15], as well as
inserts such as twisted tapes and helical wires [ 16-18]. The twisted
structure enhances heat transfer by inducing torsional forces that
promote mixing between the core and near-wall fluid regions
[19], thereby attracting considerable research interest. Bhadouriya
et al. [20] conducted investigations to examine the heat transfer
behavior of airflow within twisted square tubes. The results indi-
cated that this configuration exhibited enhanced heat transfer per-
formance under laminar flow, primarily due to the induction of
secondary flow phenomenon. Li et al. [21] conducted a comprehen-
sive study on the thermal-hydraulic performance of four represen-
tative symmetric cross-sectional configurations of twisted tubes.
The results indicate that, under conditions of equal cross-
sectional perimeter and Reynolds numbers above 1100, the
triangular-shaped twisted tube achieves the highest convective
heat transfer efficiency. Eiamsa-ard et al. [22] introduced a novel
ribbed twisted elliptical tube configuration. Their study revealed
that the Nusselt number, friction factor, and overall performance
factor of this design are 0.91-2.44, 123-12.2, and 0.85-1.32 times,
respectively, compared to those of a smooth circular tube. Wang
et al. [23] introduced a helical twisted tube design, which effec-
tively combines helical and twisted structural features to generate
intensified secondary flow within the tube, thereby significantly
improving convective heat transfer performance. Han et al. [24]
established an entropy balance model for solar salt heat transfer
in elliptical twisted tubes and employed multi-objective optimiza-
tion to enhance thermal-hydraulic performance.

In addition to optimizing the heat exchange tube configuration,
the incorporation of nanoparticles into molten salt to form molten
salt-based nanofluids (MSBNs) offers a promising strategy for
enhancing heat transfer performance. Ying et al. [25] demonstrated
that under non-uniform heat flux boundary conditions, an Al,05/
Hitec nanofluid with a nanoparticle mass fraction of 0.063% can
enhance the Nusselt number by up to approximately 6.90%. In a
subsequent investigation [26], they reported that MSBNs exhibit
improved heat transfer performance in tubes containing porous
media, as compared to pure molten salt flowing through smooth
tubes. Kaood et al. [27] found that the type of molten salt consti-
tutes the MSBN has a greater impact on exergy than the type of
nanoparticles. The nanofluid based on Hitec molten salt can
increase energy utilization efficiency by up to 42.0% at most. Zhang
et al. [28] demonstrated that the addition of SiO, particles to
quaternary salts can increase the heat transfer coefficient by up
to 22.34% compared to the pure salts. Nevertheless, current
research efforts mainly concentrate on the development of MSBNs
with enhanced thermophysical and chemical properties, whereas
investigations into their heat transfer and flow behavior remain
limited.

The review of existing literature indicates that most studies on
heat transfer enhancement in molten salt and MSBNs have primar-
ily concentrated on straight tubes, with limited investigations
addressing the flow and heat transfer characteristics, as well as
structural optimization of both smooth and modified U-tube con-
figurations. In this study, a novel heat transfer enhancement strat-
egy is proposed by integrating a twisted cloverleaf U-tube (TCUT)
configuration with MSBNs. The influence of the twisted structure,
nanoparticle properties, inlet conditions, and heat flux on the flow
and heat transfer characteristics is systematically investigated

272

Engineering 59 (2026) 271-286

through numerical simulations. After determining the optimal
parameters of the nanoparticles, the optimization method based
on the response surface method (RSM) and non-dominated sorting
genetic algorithm II (NSGA-II) was established to optimize the
operational parameters to achieve resulting in substantial heat
transfer improvement while maintaining a low pressure drop.

2. Research methods
2.1. Physical model

The structural configuration of the TCUT is presented in Fig. 1.
The U-tube consists of an inlet section, a bend section, and an out-
let section. Both the inlet and outlet straight sections have an iden-
tical length (L) of 600 mm. The U-bend section has a bending radius
(D) of 150 mm. The tube diameter (d), applicable to both the
smooth tube and TCUT, is 30 mm. The opening radius () and tran-
sition radius (r3) are each 3 mm. The twist pitch (P) is set at
287.1 mm.

2.2. Mathematical model

2.2.1. Governing equation

The numerical simulation is based on the following assump-
tions: D Viscous dissipation and thermal radiation effects are
neglected, and only convective heat transfer is considered; @ the
fluid inside the tube is assumed to be a continuous, incompressible
Newtonian fluid with no phase change; @ the tube wall thickness
is ignored, with no-slip boundary conditions applied at the wall
surface and a uniform heat flux imposed on the outer surface of
the tube; @ gravitational effects are included, with an acceleration
of —-9.81 m-s~2 applied along the z-axis.

In this study, the Reynolds number Re of the fluid within the
pipe exceeds 4000 in all cases. To accurately simulate the flow
and heat transfer characteristics, the realizable k-¢ turbulence
model [29] was employed, which is widely used in pipe flow sim-
ulations involving elbows [30]. The finite volume method was
applied to discretize the governing equations. The three-
dimensional Navier-Stokes equations are expressed as follows:

Continuity equation:

o(pu;)

o 0 @
Momentum equation:
o) — — 2 e (G + 5 @)
Energy equation:
NOUT)_ 0 () iy O 3)
OX; ox; "‘Pr ~ Pr Ox;

In the realizable k-¢ turbulence model, the transport equations
for turbulent kinetic energy (TKE) k and turbulent dissipation rate ¢
are expressed as follows.

Kinetic energy equation (k):

opuk) _ 9 i
% ox ((n+ Gk) 6x,~) +1'—pe 4)
Dissipation rate equation (&):

dpuig) 9 e, Ok B &
o ox ((n+ 08) f)xi) +ale—peg +ve )

where p denotes density, u represents velocity, x denotes the posi-
tion vector, p signifies pressure, T indicates temperature, y stands
for viscosity, u. denotes turbulent viscosity, Pr represents the
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Fig. 1. The geometric model of the U-tube: (a) three-dimensional view, (b) top view, (c) TCUT cross-section, (d) smooth tube cross-section. 0: bending angle; g: gravitational

acceleration.

Prandtl number, while Pr,, oy, and o correspond to the Prandtl
numbers for temperature, TKE, and turbulent dissipation rate,
respectively. v is the molecular kinematic viscosity, c¢; is a variable
production coefficient, and ¢, is a constant destruction coefficient.
The subscripts i and j respectively represent the spatial direction
and ummation over all spatial directions. I" represents TKE, and
the expression is as follows:

. ou; an ou;
F_ﬂt(é)ixj+f)7)q)87xi (6)

To ensure high computational accuracy, the momentum and
energy equations are discretized using a second-order upwind
scheme, while the pressure-velocity coupling is addressed through
the SimpleC algorithm. The computation is deemed convergent
when the relative residual of the continuity equation drops below
1075, and the residuals of the other governing equations fall below

1077

2.2.2. Thermal properties and boundary conditions

Hitec salt (53 wt% KNO3 + 40 wt% NaNO, + 7 wt% NaNOs) is
employed as the basic fluid of the MSBN in this study. The thermo-
physical properties of Hitec salt are expressed as temperature-
dependent functions, and the calculation methods for density (p),
specific heat capacity (c,), thermal conductivity (4), and dynamic
viscosity (u) [31] are presented as follows:

p = 2084 — 0.74T (7)
¢, = 1560 (8)
2 =0411+436 x 10 *T — 1.514 x 10 °T? 9)
,“ _ 102,737T—2.104 (-10)

Assuming the uniform dispersion of nanoparticles within the
base fluid and the attainment of thermal equilibrium between
nanoparticles and molten salt, the nanofluid can be treated as a
single-phase fluid. The methodology for calculating the thermo-

physical properties of MSBNs [32,33] is presented as follows:
Por = (1 = @) Py + Pop (11)

(PCp)ns = (1 = @)(PCp )yt + (PCp)py (12)
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e (14)
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where ¢ means the volume fraction of nanoparticles. Subscripts nf,
bf, and np represent the thermophysical properties of the nanofluid,
base fluid, and nanoparticles, respectively.

The study focuses on three types of nanoparticles, namely SiO,,
Al,05, and Cu, with the thermophysical properties shown in Table 1
[34-36].

The boundary conditions are configured as follows:

(1) Inlet condition: A mass flux inlet boundary condition is
applied, with values determined by the inlet Reynolds number
(Re) and inlet temperature (Tj,). The Re range is specified as
4 000-12 000, and the T, range is set 473.15-573.15 K.

(2) Outlet condition: A pressure outlet boundary condition is
implemented.

(3) Tube wall: A constant heat flux boundary condition is

assigned, with the heat flux (q) ranging from 10 to 110 kW-m™2.

2.3. Parameter definitions
The mathematical expressions for the Re, average convective

heat transfer coefficient (h), pressure drop (AP), Nusselt number
(Nu), and friction factor (f) are as follows:

Gd
Re = — 15
m (15)
_ . q
hiwaTf (16)
Table 1

Thermal properties of nanoparticles [34-36].

Nanoparticle Density Specific heat capacity = Thermal conductivity
(kg:m™) (J-(kgK)™) (W-(m-K)™")

SiO, 2200 703 1.2

Al,03 3600 450 40.0

Cu 8954 383 400.0
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AP = Py, — Poy (17)

Nu = % (18)
APd

f= 2l (19)

where G represents the mass flux. T,y and Tr denote the mean tem-
peratures of the wall surface and the fluid, respectively. P;, and Pyy¢
denote the pressure at the inlet and outlet of the pipe. [ is the length
of the pipeline.

Multiple cross-sections are established perpendicular to the
main flow direction. The local convective heat transfer coefficient
(h;) and the local circumferential heat transfer uniformity index
(0}) at each cross-section are calculated as follows:

q

:Twi*

h; T

(20)

max ‘min
Twi — Twi
q

where T,; and T represent the average wall temperature and aver-
age fluid temperature of the cross-section, respectively. Ty and
TMn respectively represent the highest and lowest wall tempera-
tures at tube cross-section.

The calculation methodology for the comprehensive perfor-

mance evaluation criterion (PEC) [37] is as follows:

)

1
AP \3
(ap;)

0; = (21)

PEC = (22)

where hy and AP, represent the convective heat transfer coefficient
and pressure drop of pure Hitec molten salt flowing in a smooth U-
tube, respectively. The PEC is defined as the ratio of the average
convective heat transfer coefficient to the cube root of the pressure
drop before and after the implementation of heat transfer enhance-
ment measures. A PEC value greater than 1 indicates the effective-
ness of the enhancement measures, with higher values reflecting
superior performance improvement.
The field synergy angle [38] is expressed as:

U-VT
UJIVT]

where U and VT represent the velocity vector and temperature gra-
dient, respectively.

p = arccos (23)

3. Grid independence test and model validation
3.1. Grid independence

In this study, unstructured meshes were generated throughout
the entire computational domain, with local mesh details pre-
sented in Fig. 2(a). A boundary layer mesh consisting of 20 layers
was constructed near the wall surface, where the first layer thick-
ness was set to 0.015 mm to ensure y+ < 1. Four different mesh
configurations with varying numbers of cells were tested under
the boundary conditions Tj, = 523.15 K, G = 745.36 kg-s™!, and
q = 60 kW-m~2 to verify mesh independence. The results are
shown in Fig. 2(b) and Table 2. The deviations in T,, and AP
between mesh configuration 2 and mesh configuration 4 were
only 0.064% and 0.608%, respectively. Taking both computational
accuracy and efficiency into account, mesh configuration 2 was
selected for subsequent simulations. Using the same approach,
the number of grids for the smooth tube was determined to be
2 072 742.
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3.2. Numerical simulation accuracy validation

Before conducting numerical calculations, it is imperative to
validate the accuracy of the model. To validate the accuracy of
the flow and heat transfer simulations in the bend section of the
U-tube, the Nusselt number (Nu) and friction factor (f) obtained
from the smooth U-tube simulations were compared against the
correlations proposed by Rogers and Mayhew [39] (Eq. (24)) and
Schmidt [40] (Eq. (25)), respectively. As shown in Fig. 3 [39,40],
the deviations of the simulated Nu and f values from those pre-
dicted by the correlations were within 12.69% and 8.42%.

Nu = 0.023Re®85Pr04(d/D)"! (24)

64

Re

To validate the accuracy of the mixed convection heat transfer
simulation for molten salt, a geometric model was constructed
with dimensions matching those of the horizontal square tube
used in the experiments conducted by Chen et al. [41]. The square
tube employed in their study had a length of 1000 mm and a width
of 19 mm, with only the bottom surface exposed to uniform heat
flux. Fig. 4 [41] illustrates the comparison between the simulation
results and the calculation results of Eq. (26) fitted from experi-
mental data. The maximum deviation does not exceed 6.62%,
which indicates that the numerical results match well with the
measured values.

Nu = 4.78R60'269Pr0'21 Gr0.07 (D/L)O.36

f=[1+0.14(d/D)**" . Rell-0:644(@/D)">") (25)

(26)

Finally, to validate the accuracy of molten salt nanofluid flow in
uniformly heated tubes, a physical model consistent with the
experimental setup conducted by Ho and Pan [42] was established
for computational comparison. In their experiments, four types of
nanofluids were tested, each prepared by adding Al,0s particles
at different mass fractions to Hitec molten salt. For the purpose
of validation in this study, the heat transfer correlation (Eq. (27))
for nanofluid flow in uniformly heated pipes containing a 0.25%
mass fraction of Al,03 was selected. The comparative results, as
shown in Fig. 5, demonstrate that the deviation between the sim-
ulation data and the correlation remains within 9%, indicating that
the numerical model achieves a reasonable level of accuracy.

0.092x;

Nu=1.116(4364 + —— Lt
( 1+ 0.053(xf)’2/3)

(27)

where x; is a dimensionless length, defined as x; = ;-£—.

4. Results and discussion

4.1. Effect of U-tube structure on the overall flow and heat transfer
characteristics

Fig. 6 illustrates the wall temperature distribution in smooth and
twisted tubes under the conditions of Re = 6000, g = 85 kW-m™,
Tin=523.15K, and ¢ = 0. In the smooth U-tube, distinct zones of ele-
vated temperatures are observed on the inner side wall at the U-
bend section. The maximum temperatures significantly exceed
630 K, accompanied by considerable circumferential temperature
variations. At the outlet section, the temperature peak gradually
shifts toward the upper wall and decreases in magnitude due to
the buoyancy effect resulting from the reduction in molten salt den-
sity with increasing temperature. Excessive temperature gradients
may give rise to significant thermal stresses, which could compro-
mise the operational safety of the heat exchanger, while overheating
conditions may also lead to molten salt decomposition. In contrast,
the peak temperature at the inner wall of the TCUT bend is
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Fig. 2. Grid independence of the TCUT: (a) mesh schematic, (b) grid independence test.
Table 2
Grid verification error analysis of the TCUT and smooth tube.
Configuration Tube style Grid number Tw (K) Error; (%) AP (Pa) Error, (%)
1 TCUT 614 568 574.46 0.214 416.20 6.966
2 2 988 409 573.60 0.064 444.65 0.608
3 4 367 949 573.26 0.008 447.13 0.053
4 5094 294 573.23 0 447.37 0
5 Smooth tube 628 976 559.11 0.130 416.20 0.230
6 1 094 686 573.60 0.003 444.65 0.238
7 2 072 742 573.28 0.005 44713 0.110
8 3 692 846 573.23 0 447.37 0
160 0.12 64
—&— Present work
140 F - - - Rogers and Mayhew [39]
Pricartwork 1010 60 - —a— Present work
| - m- - Schmidt [40] ’ - —=ea— Chen et al. [41]
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2 - . 52}
80} =
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Fig. 3. Model verification: U-tube. q (KW-m)

considerably lower, with a markedly improved uniformity in the
wall temperature distribution.

Fig. 7 illustrates the temperature and streamline distributions
across various cross-sections of the U-bend segment and the
downstream smooth tube and TCUT, under the conditions of
Re = 6000, q = 85 kW-m~2, T, = 523.15 K, and ¢ = 0. In the smooth
tube, a distinct temperature peak is observed on the upper side of
the bend section from 45° to 180°, resulting from the combined
effects of centrifugal and buoyancy forces. To facilitate a more intu-
itive comparison, the average temperatures at different interfaces
of smooth tube and TCUT were calculated based on the tempera-
ture field distribution shown in Fig. 7. And the detailed results
are presented in Fig. S1 in Appendix A. Also, the average tempera-
ture distributions at smooth tube and twisted tube are also pro-
vided in Table 2. In contrast, the TCUT demonstrates a
considerable expansion of the medium-to-low temperature
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Fig. 4. Model verification: mixed convection heat transfer of molten salt.

regions, while maintaining most of the fluid temperature below
600 K. The streamline distribution reveals the formation of two
secondary vortices within the bend segment of the smooth tube.
In the U-bend section of the TCUT, the combined action of torsional
forces induced by the twisted structure and centrifugal forces gen-
erates one to two additional secondary vortices, which promote
the migration of high-temperature fluid near the inner wall toward
the central region of the tube. This phenomenon significantly
enhances the mixing between the central and near-wall fluid
regions, thereby disrupting both the velocity and thermal bound-
ary layers.

TKE is defined as half the sum of the mean square values of the
fluctuating velocity components in three orthogonal directions per
unit mass of fluid. It serves as a key physical parameter for charac-
terizing turbulence intensity. Fig. 8 illustrates the distribution of
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Fig. 5. Model verification: convection heat transfer of MSBN.

TKE across several cross-sectional planes from the inlet of the U-
bend section to the outlet section, under the conditions of
Re = 6000, q = 85 kW-m~2, T, = 523.15 K, and ¢ = 0. In the smooth
tube, the secondary flow induced by centrifugal and buoyancy
forces causes the peak radial velocity to shift toward the lower
outer side of the bend, resulting in higher fluid velocities in the
outer region compared to the inner region (Fig. 9(a)). Conse-
quently, the velocity gradient near the wall in the outer region is
greater than that in the inner region. Given that the velocity gradi-
ent significantly influences the magnitude of TKE, the TKE near the
wall in the inner bend region is markedly reduced, indicating
weaker turbulence and diminished mixing in this area. The twisted
structure substantially enhances the overall level of TKE and effec-
tively reduces the low-TKE zone in the inner bend by increasing
the near-wall velocity gradient. As illustrated in Fig. 9(b), at the
0 = 180° cross-sectional plane, the maximum TKE in the twisted
tube is significantly higher than that in the smooth tube. This is
attributed to the strong disturbance in the velocity field caused
by the interaction of multiple vortices with different orientations
within the twisted tube bend, which intensifies local shear stress
and velocity gradients. However, the increase in TKE also implies
greater energy dissipation, necessitating an assessment of whether
the improvement in heat transfer performance justifies the associ-
ated energy losses.

The previous analysis of the temperature distribution shows
that due to the combined effects of centrifugal and buoyancy
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forces, the peak temperature on the wall of the smooth U-tube
occurs on the inner side of the bend in its upper section. Therefore,
the axial cross-section at z = 0.003 m is selected for velocity distri-
bution analysis, as shown in Fig. 10. It can be observed that the
velocity distribution in the inlet section of the smooth tube
remains relatively uniform. However, upon entering the U-bend
section, the strong centrifugal force leads to the formation of a
high-velocity region on the outer side and a low-velocity region
on the inner side. This phenomenon becomes more pronounced
in the outlet section. In contrast, the twisted tube exhibits signifi-
cantly improved velocity uniformity, particularly enhancing the
velocity magnitude on the inner side of the U-bend section and
the outlet section.

Guo et al. [38] proposed the field synergy angle principle, which
states that heat transfer efficiency is not only determined by the
magnitudes of the flow velocity and temperature gradient, but
more critically by the angular relationship between the velocity
vector and the temperature gradient vector. The field synergy
angle B ranges from 0° to 90°, with smaller values indicating supe-
rior heat transfer performance. Fig. 11 presents the distribution of
the field synergy angle on the axial cross-sectional plane at
z=0.003 m for both smooth U-tubes and twisted tubes. In the inlet
section, the field synergy angle at the fluid center is relatively
small. As the fluid enters the U-bend segment, the angle gradually
approaches its minimum value and spreads toward both sides. The
unique structure of the twisted tube significantly reduces the field
synergy angle, particularly within the U-bend segment and in the
downstream region near the tube wall. This indicates that the
introduction of torsional forces, in combination with centrifugal
forces within the U-bend section, enhances the synergistic interac-
tion between the velocity vector and the temperature gradient.

4.2. Effect of thermophysical properties and operating conditions on
overall thermal-hydraulic performance

4.2.1. Effect of nanoparticle types and Reynolds number

To determine the optimal type of nanoparticles, this section
analyzes the heat transfer performance and pressure drop charac-
teristics of pure Hitec molten salt and MSBN containing 3% of dif-
ferent nanoparticles in both smooth and twisted U-tubes, under
the conditions of Ti, = 523.15 K and q = 60 kW-m™2. As illustrated
in Figs. 12(a) and (b), increasing the Re, implementing a twisted
tube structure, and incorporating nanoparticles all contribute to
an enhancement in the h while simultaneously increasing the
AP. At higher Re, the effects of the twisted structure and nanopar-
ticle addition on both h and AP become stronger. Notably, when 3%
SiO, MSBN flows through the twisted tube, AP increases by

\Ou“et section

(b)

Fig. 6. The temperature contours on the tube wall: (a) smooth tube, (b) TCUT.
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6=180° xld=42.85

(b)

Fig. 7. Temperature and flow field distributions at different cross-sections: (a) smooth tube, (b) twisted tube.

452.91 Pa as Re increases from 4000 to 6000, and by 780.42 Pa as
Re increases from 10 000 to 12 000, indicating that the rate of AP
increase accelerates with rising Re.

The addition of nanoparticles significantly enhances heat trans-
fer performance, primarily due to three mechanisms: (D The intrin-
sic thermal conductivity of nanoparticles exceeds that of the base
molten salt, and their uniform dispersion directly improves the
effective thermal conductivity of the nanofluid; @ the Brownian
motion of nanoparticles induces microscale convection in the sur-
rounding molten salt, thereby enhancing fluid mixing; @ the ran-
dom motion of nanoparticles continuously disturbs the viscous
sublayer near the wall, further reducing the thermal boundary
layer thickness [43].

The enhancement effect of different nanoparticle types on the
convective heat transfer coefficient follows the ascending order:
Cu > Al,03 > SiO,. Compared to the smooth tube with pure Hitec
salt, the twisted tube with 3% Cu MSBN increases h by 22.57%-
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34.53%. The heat transfer performance of nanofluids is positively
correlated with the thermal conductivity of the incorporated
nanoparticles. Since Cu exhibits the highest thermal conductivity,
the thermal conductivity of Cu-based nanofluids surpasses that
of other nanofluids at the same ¢. At higher Re values, the
increased frequency and velocity of nanoparticle motion further
amplify the heat transfer enhancement effect. As shown in
Fig. 12(b), the pressure drop enhancement effect of nanoparticles
follows the ascending order: SiO, > Al,03 > Cu. Compared to the
smooth tube with pure Hitec salt, the twisted tube with 3 vol%
SiO, MSBN increases AP by 63.91%-70.11%. At identical Re values,
the AP of nanofluids is inversely correlated with the density of the
incorporated nanoparticles. Since the SiO, MSBN has the lowest
density, it achieves the highest flow velocity under the same Re,
consequently resulting in the maximum AP.

Fig. 12(c) presents that the PEC decreases with increasing Re.
For the configuration of twisted tubes combined with 3% Cu MSBN,
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Fig. 8. Turbulence kinetic energy distributions at different cross-sections: (a) smooth tube, (b) twisted tube.

0.010
0.7 = Smooth tube °
o Twisted tube ® e
06k Fn‘ﬁvﬁ £ 0.008| = Smooth tube .

? '-‘- o ® Twisted tube . o
~05F u ", = o ~
2 . i S 0,006 |
=04+ § ° 2 ®
> s e [0] oo ®
S = Outerside Inner side " . 2 00,0 .
S o3t g %o € 0004} .
> I y H = ..l. °

02k = e € Ly
. o -': 3 0.002 | .
3 o
o1l s 5 . F4
[ = i
= 1 1 1 1 1 0 1 1 1 1 1
-0.015 -0.010 -0.005 0 0.005 0.010 0.015 -0.015 -0.010 -0.005 0 0.005 0.010 0.015
y(m) y (m)

(a) (b)
Fig. 9. (a) Velocity distribution along the y-axis in the x-direction and (b) the TKE distribution at the cross-section of 0 = 180°.

278



Y. Gui, Y. Duan, S. Zhang et al.

Velocity (m-s™") Flow
0.70
0.65
0.61
0.56
0.51
o 0.47
0.42
0.37
0.33
0.28
0.23
1 0.19
0.14
0.09
0.05
0

Outlet section

(a)

Engineering 59 (2026) 271-286

Flow

-_ _
Inlet section j Inlet section

Outlet section

(b)

Fig. 10. Velocity distribution at the cross-section of z = 0.003 m: (a) smooth tube, (b) twisted tube.

Synergy angle (°) Flow

90.00
88.67
87.33
86.00
84.67
83.33
82.00
80.67

Outlet section

(@)

 TUW
Inlet section } i

Inlet section

Outlet section

(b)

Fig. 11. Field synergy angle distribution at the cross-section of z = 0.003 m: (a) smooth tube, (b) twisted tube.

when Re increases from 4 000 to 12 000, PEC decreases from 1.17
to 1.07. Compared with smooth tubes, the PEC of the twisted struc-
ture remains greater than 1, indicating that the enhancement in
heat transfer performance across different inlet flow rates out-
weighs the corresponding increase in AP. The addition of nanopar-
ticles other than SiO, further improves the PEC. The ranking of PEC
for different nanofluids follows the order: Cu > Al,03 > SiO,. Com-
pared with the configuration of smooth tubes combined with pure
Hitec salt, the configuration of twisted tubes combined with 3% Cu
MSBN achieves a maximum PEC of 1.17. The PEC of SiO, MSBN is
lower than that of pure Hitec salt, indicating that the pressure drop
associated with the addition of SiO, nanoparticles exceeds the
improvement in heat transfer performance. Because Cu MSBN
exhibits the highest PEC, it is selected for subsequent investigation.

4.2.2. Effect of inlet temperature and volume fraction of nanoparticles

The inlet temperature of MSBN and the volume fraction of
nanoparticles are both important factors affecting the heat transfer
performance. Figs. 13(a) and (b) present the effects of different Tj,
on the h and AP for pure Hitec salt and Cu MSBN with ¢ of 1%, 3%,
and 5% flowing through two types of U-tubes, under conditions of
Re = 6000 and g = 60 kW-m™2. As shown in Fig. 13(a), h decreases
with increasing Ti,, and the higher ¢, the greater the value of h.
When Tj, increases from 473.15 to 573.15 K, the h of the smooth
tube with pure Hitec salt and the twisted tube with 5 % Cu MSBN
decreases from 1550.31 and 2172.68 W-(m?-K)~! to 1110.29 and
1515.93 W-(m2.K)™!, respectively. This is attributed to the fact that
both the thermal conductivity and viscosity of Hitec salt decrease
with increasing temperature. At the same Re, a fluid with lower
Tin exhibits a higher flow rate, and both the higher thermal conduc-
tivity and flow rate contribute to an increase in h.
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As illustrated in Fig. 13(b), AP decreases with increasing Tj,.
Notably, for the smooth tube with pure Hitec salt and the twisted
tube with 5% Cu MSBN, when T;, increases from 473.15 to
498.15 K, AP decreases by 532.34 and 855.01 Pa, respectively.
When Tj, increases from 548.15 to 573.15 K, AP decreases by only
110.85 and 177.71 Pa, respectively. This indicates that the rate of
AP reduction significantly slows down with increasing tempera-
ture, which is due to the decreasing rate of dynamic viscosity
reduction of the molten salt as temperature rises.

Fig. 13(c) further illustrates that the PEC increases with ¢. At
Tin = 473.15 K, as ¢ in the twisted tube increases from O to 5%,
the PEC rises from 1.09 to 1.20. Moreover, the PEC decreases with
the elevation of T,. Specifically, at ¢ = 5%, when Tj, increases from
473.15 to 573.15 K, the PEC declines from 1.20 to 1.17, indicating
that the influence of ¢ on PEC is significantly greater than that of
Tin.

4.2.3. Effect of heat flux

Load variations in energy storage systems induce dynamic fluc-
tuations in heat flux on molten salt heat exchanger, therefore it is
essential to investigate the flow and heat transfer characteristics of
MSBN under varying heat flux conditions. Figs. 14(a) and (b) pre-
sent the influence of varying q on the h and AP of pure Hitec salt
and Cu MSBN with ¢ of 1%, 3%, and 5% in two types of U-tubes,
under conditions of Re = 6000 and T;, = 523.15 K. It is evident that
increasing q has a negligible effect on h when Hitec salt flows
through the smooth tube. However, in the twisted tube configura-
tion, h increases with rising q. Specifically, for the case of 5% Cu
MSBN flowing through the twisted tube, when ¢q increases from
10 to 110 kW-m~2, h increases by 38.85 W-(m?K)~'. This phe-
nomenon can be attributed to the fact that higher g induces an
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Fig. 12. Variation of (a) h, (b) AP, and (c) PEC with Re for different types of MSBN in smooth and twisted tubes.

increased temperature gradient on the corrugated walls of the
twisted tube, where the synergistic effect of density variations in
the molten salt and the twisted structure further enhances sec-
ondary flow, disrupts the thermal boundary layer, and thereby
intensifies heat transfer. As shown in Fig. 14(b), compared to h, q
has a more pronounced effect on AP. For the case of 5% Cu MSBN
flowing through the twisted tube, when ¢ increases from 10 to
110 kW-m~2, AP decreases by 96.5 Pa, primarily due to the high
q reducing the viscosity of the molten salt near the tube wall.

Fig. 14(c) presents the influence of varying q on the PEC. The
PEC demonstrates a slight decreasing trend as q increases, with
the effect of g on PEC becoming more significant at higher ¢. When
q increases from 10 to 110 kW-m2, the PEC for the 5% SiO, MSBN
in the twisted tube configuration decreases from 1.89 to 1.83. This
suggests that, in comparison to the Tj, and Re, variations in g have a
relatively minor impact on the overall PEC.

4.3. Local convection heat transfer characteristics of MSBN in U-tube

4.3.1. Effect of twisted structure and nanoparticles

The analysis of variations in local heat transfer coefficients (h;)
and temperature non-uniformity index (o;) along the tube may
provide more comprehensive insights into the influence of U-
bend section and other factors on local heat transfer characteris-
tics. Figs. 15(a) and (b) present the variations of the h; and the g;
along the main flow direction for pure Hitec salt in two different
U-tube configurations, as well as for MSBN with varying ¢ in
twisted U-tubes, under conditions of ¢ = 60 kW-m~2, T;, = 523.15 K,
and Re = 6000. As shown in Fig. 15(a), h; decreases rapidly from the
inlet due to the thin thermal boundary layer in the entrance region
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and stabilizes within a consistent range upon entering the fully
developed section. A significant increase in h; is observed when
the flow enters the U-bend section, followed by a gradual decline
to a stable level in the outlet section. Fig. 15(a) reveals that the
increase in h; within the U-bend section of the twisted tube is
significantly greater than that in the smooth tube. When Hitec salt
transitions from the inlet section to the U-bend, h; in the smooth
and twisted tubes increases from 1158.64 and 1374.86
W-(m2K)™! to 1573.86 and 2040.06 W-(m?.K)~!, respectively. This
demonstrates that the enhanced heat transfer effect induced by the
secondary flow resulting from the combined action of centrifugal
and torsional forces in the U-bend section of the twisted tube is
significantly greater than that in the smooth tube. Furthermore,
the rate of increase in h; within the U-bend section is positively
correlated with the nanoparticle concentration, with maximum h;
values of 2091.78610, 2198.154580, and 2309.06855 W.(m?-K)™!
observed for 1%, 3%, and 5% Cu MSBN flowing in the twisted tube,
respectively. This is attributed to the strong secondary flow in the
U-bend section increasing the collision probability of nanoparti-
cles, thereby further enhancing the heat transfer intensity.

Fig. 15(b) illustrates that two ¢; peaks are generated in the U-
bend section of the smooth tube. In contrast, the twisted structure
increases o in the inlet section but effectively eliminates the o;
peak at the outlet of U-bend section. Moreover, higher nanoparticle
concentrations result in lower g; values. At the U-bend section, the
combination of the twisted structure and 5 % Cu MSBN reduces the
two o; peaks from 9.88 x 10~ and 13.73 x 10~ in the smooth tube
t0 8.32 x 10~* and 5.45 x 1074, respectively. This indicates that the
synergistic effect of the twisted tube and nanoparticles effectively
mitigates extreme temperature non-uniformity along the tube
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Fig. 13. Variations of (a) h, (b) AP, and (c) PEC with respect to T, for molten salt fluids containing nanoparticles at different volume fractions in smooth and twisted tubes.

wall, thereby reducing the risk of tube rupture and molten salt
decomposition.

4.3.2. Effect of Reynolds number

Figs. 16(a) and (b) present the effects of different Re on h; and a;
along the flow direction in a twisted U-tube containing 5% Cu
MSBN, under conditions of ¢ = 60 kW-m™ and Ti, = 523.15 K.
The analysis reveals that the rate of increase in h; within the U-
bend section rises with increasing Re. This is attributed to
enhanced turbulence intensity, which disrupts the thermal bound-
ary layer and promotes more effective fluid mixing. At Re values of
4 000, 8 000, and 12 000, the maximum h; values are 1781.52,
2753.04, and 3611.42 W-(m?K)~!, respectively. This phenomenon
demonstrates that secondary flow significantly enhances local heat
transfer performance in the U-bend section under high turbulence
conditions.

Fig. 16(b) illustrates that increasing the Re improves tempera-
ture uniformity within the TCUT. As Re increases from 4 000 to
12 000, the peak o; decreases from 0.00140 to 0.00041, with both
the fluctuation and growth rate of ¢; in the U-bend section being
significantly reduced. This indicates that operation at higher Re is
more effective in mitigating localized high-temperature regions
caused by the curved geometry.

4.3.3. Effect of inlet temperature

Figs. 17(a) and (b) illustrate the effects of different T;, on h; and
o; along the flow direction in the TCUT containing 5 % Cu MSBN,
under conditions of g = 60 kW-m~2 and Re = 6000. As depicted in
Fig. 17(a), the growth rate of h; in the U-bend section decreases
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with increasing Ti,. This is because the MSBN has a higher mass
flow rate and turbulence intensity at lower Tj, under the same
Re. At T;, values of 473.15, 523.15, and 573.15 K, the maximum
h; values are 2771.56, 2303.69, and 1911.09 W-(m?.K)~!, respec-
tively, indicating that secondary flow significantly enhances heat
transfer in the U-bend section at lower T;j,.

Fig. 17(b) demonstrates that lower T;, is beneficial for reducing
both the average and fluctuation of ¢; in the TCUT. As Tj, increases
from 473.15 to 573.15 K, the peak o; value rises from 0.00099 to
0.00071, and the growth rate of ¢; in the U-bend section decreases
with decreasing Ti,. This suggests that operation at lower T, is
more advantageous for mitigating circumferential temperature
non-uniformity caused by the curved structure.

4.4. Multi-objective optimization

4.4.1. RSM analysis

This study employs RSM combined with NSGA-II to optimize
operating conditions. Based on the aforementioned analysis, it is
evident that increasing the nanoparticle volume fraction within
the range of 0-5% can effectively enhance the overall heat transfer
performance. However, when the nanoparticle concentration
exceeds this threshold, the likelihood of nanoparticle aggregation
and sedimentation in the base fluid increases significantly [44].
Therefore, all subsequent research cases will focus on 5% Cu MSBN.
A two-factor, three-level RSM experiment was designed using the
central composite design (CCD) approach. The Re and Tj, of the
MSBN were selected as independent variables, while the convec-
tive heat transfer coefficient (h), pressure drop (AP), and maximum
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Fig. 15. Changes of (a) h; and (b) o; along the flow direction under the influence of diverse structures and nanoparticles.

temperature difference (ATy.x) were defined as response variables.
Table 3 illustrates the case and simulation results based on the

RSM design.

The highest order of the RSM directly affects the fitting ability

and applicability of the model. Increasing the highest order can

enhance the nonlinear fitting ability, but it also increases the risk
of overfitting. After conducting residual analysis and prediction
error tests, the fitness functions of AT,.x and h were determined
to be 2, and that of AP was 3. The fitting functions are as follows:

ATmax = 70.92745 — 0.031294Re + 0.28502T;,

+0.00000130623Re?

AP = —52294.6703 -+ 20.95297Re + 175.86554T;,
— 0.070808Re - Ty, — 0.000084Re? — 0.145461T2,
+0.000000185301Re? - T, + 0.000059Re - T2,

(29)

h =7100.08784 + 0.584275Re — 22.75629T,
—0.000638Re - T;, — 0.00000293254Re? + 0.018989TZ,

(30)

Figs. 18(a)-(c) present the interactive effects of the Re and T;,, on
the ATmax, AP, and h within the TCUT. It can be observed that

higher Re values combined with lower Tj, values lead to an

(28)
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increase in h and a decrease in ATya.y While also causing a
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Table 3

Case design and simulation results.
Run Factor Response

Re Tin (K) ATpmax (K) AP (Pa) h (W-(m?K)™)

1 13 656.90 523.15 54.44 3462.54 2208.19
2 4 000.00 473.15 34.86 1128.13 3265.61
3 4 000.00 573.15 130.41 208.21 1729.93
4 8 000.00 523.15 54.44 1409.21 959.64
5 12 000.00 473.15 45.89 7024.88 1664.88
6 8 000.00 523.15 42.32 1409.21 1129.70
7 12 000.00 573.15 54.44 1310.11 2208.19
8 8 000.00 523.15 54.44 1409.21 2208.19
9 8 000.00 523.15 165.66 1409.21 2208.19
10 8 000.00 593.86 81.43 502.69 2500.84
11 2343.15 523.15 68.81 185.72 2872.88
12 8 000.00 452.44 54.44 5613.41 3546.46
13 8 000.00 523.15 18.31 1409.21 2208.19

significant rise in AP. The analysis indicates that the influence of Re
on AT and h is considerably greater than that of Tj,, whereas
both parameters exert similar effects on AP.

Based on the preceding response surface analysis, it is evident
that a trade-off relationship exists among AT,ax, AP, and h. Simul-
taneously minimizing ATma.x and AP while maximizing h to the
greatest extent possible is most favorable for the efficient opera-
tion of molten salt heat exchangers. This study proposes the appli-
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cation of the NSGA-II algorithm for multi-objective optimization,
aiming to identify the optimal operating conditions based on the
established response surface model. As a widely adopted multi-
objective optimization algorithm, NSGA-II improves upon the orig-
inal NSGA by addressing its limitations in computational efficiency
and parameter dependency through the incorporation of fast non-
dominated sorting, crowding distance comparison, and elitism
preservation mechanisms.
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Fig. 18. Three-dimensional response surface: (a) ATpax, (b) AP, and (c) h.

4.4.2. Comprehensive optimization based on NSGA-II

This study utilizes the NSGA-II algorithm to compute the Pareto
front based on the equations derived through RSM. The mathemat-
ical formulation of the optimized model is presented as follows:

Minimize : ATmax = ATmax(Re, Tin)
Minimize : AP = AP(Re, Ti,)

Maximum : h = h(Re, Ti,)

Subject to :

Re €[4 000,12 000}, Ty, € [473.15,573.15]

1)

In the NSGA-II algorithm, the initial population size is set to
100, with a maximum iteration count of 500 and a fitness function
convergence threshold of 10, The Pareto front obtained through
iterative computation is presented in Fig. 19. Each point on the
curve represents a non-dominated solution, meaning it cannot be
outperformed by any other solution across all objective functions.
The ideal point in Fig. 19 corresponds to the minimum ATax, AP,
and maximum h, with respective values of 21.85 K, 204.02 Pa, and
3550.23 W-(m?K)™!, indicating that all objective functions have
reached their optimal values. The equilibrium point is defined as
the solution on the Pareto front with the shortest normalized dis-
tance to the ideal point. This solution corresponds to Re and T;, val-
ues of 11 713.23 and 537.25 K, respectively. Under these operating
conditions in the TCUT, the resulting ATy.x, AP, and h values are
40.15 K, 1979.97 Pa, and 2781.31 W-(m?-K)™!, respectively, with
a PEC of 1.1475. Validation of the selected solution via Fluent sim-
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Fig. 19. Pareto frontier curve based on NSGA-II optimization.

ulations revealed relative errors of 3.23% for ATqax 7.03% for AP,
and 0.27% for h, confirming the reliability of the Pareto front opti-
mization results.

5. Conclusions

In this study, a novel approach integrating a TCUT structure
with nanoparticle addition is proposed to address the challenges
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of localized high temperatures and non-uniform wall temperature
distribution in molten salt flow within U-tube heat exchangers.
The research investigates the effects of U-tube geometry, nanopar-
ticle properties, and operational parameters on the heat transfer
and flow performance of MSBN. The RSM and the NSGA-II algo-
rithm are applied to identify the optimal operational parameters.
The key findings are summarized as follows:

(1) When molten salt flows through a smooth U-tube, the com-
bined effects of centrifugal and buoyancy forces generate signifi-
cant secondary flow in the U-bend section and outlet section,
resulting in the formation of local high-temperature zones. The
cloverleaf twisted structure can induce up to four vortices in the
U-bend section, enhancing the mixing of hot and cold fluids. This
twisted configuration effectively improves the uniformity of tem-
perature distribution, reducing the peak temperature and maxi-
mum temperature difference at the U-bend section.

(2) Among the three tested nanofluids, Cu MSBN achieves the
lowest pressure drop while maintaining favorable heat transfer
performance. Within the studied range, a 5% Cu MSBN combined
with the TCUT configuration can reach a maximum PEC of 1.21.

(3) Inlet temperature and Reynolds number have a significant
impact on both the heat transfer and pressure drop characteristics
of molten salt and MSBN in the TCUT. Variations in heat flux pri-
marily affect the pressure drop, while the convective heat transfer
coefficient and PEC remain relatively less affected.

(4) The convective heat transfer coefficient of MSBN exhibits an
initial increase followed by a decrease when passing through the
U-bend section. The twisted structure significantly enhances the
growth rate of the local convective coefficient within the bend.
The peak local convective heat transfer coefficient decreases with
increasing inlet temperature but increases with higher Re and
nanoparticle volume fraction.

(5) The Pareto front obtained through the NSGA-II algorithm
identifies the optimal operating conditions for 5% Cu MSBN in
the modified structure as a Re of 11 713.23 and a T;, of 537.25 K.
Under this condition, the maximum temperature difference, pres-
sure drop, and average convective heat transfer coefficient are
40.15 K, 1979.97 Pa, and 2781.31 W-(m?K)™!, respectively.
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