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Abstract: Because of their compact structure, ease of processing and higher heat transfer coefficient,
curved-tube heat exchangers are widely applied in various industry applications, such as nuclear
power systems, solar-powered engineering, aircraft engine cooling systems and refrigeration and
cryogenic systems. Accurate knowledge about the heat transfer characteristics of the supercritical
fluids in the tube is critical to the design and optimization of a curved-tube heat exchanger. The
available literature indicates that the flow of supercritical fluids flowing in curved tubes affected by
the dual effects of the buoyancy force and centrifugal force is more complex compared to straight
tubes. Therefore, to obtain insight into their unique characteristics and further research progress, this
paper presents a comprehensive review of available experimental and numerical research works on
fluids at supercritical pressure flowing in curved tubes. Overall, the secondary flow caused by the
curvature enhances the heat transfer and delays the heat transfer deterioration, but it also causes a
non-uniform heat transfer distribution along the circumferential direction, and the strengthening
performance of the curved tube is damaged. Compared with the more mature theories regarding
straight tubes, the flow structure, the coupling mechanism of buoyancy and centrifugal force, and
the general heat transfer correlation of supercritical fluids in a curved tube still urgently need to
be further studied. Most importantly, studies on the suppression of heat transfer oscillations and
heat transfer inhomogeneities specific to curved tubes are scarce. Considering the current status
and shortcomings of existing studies, some study topics for supercritical fluids in a curved tube
are proposed.

Keywords: heat transfer characteristics; supercritical fluids; curved tube; heat transfer enhancement;
buoyancy force; centrifugal force

1. Introduction

In recent decades, supercritical fluids have been widely used in various power genera-
tion systems because of their extraordinary thermal properties [1-5]. Supercritical fluids
can be regarded as at the intermediate state between liquid and vapor states: the bulk
temperature increase from lower than pseudo-critical temperature to higher than pseudo-
critical temperature is accompanied by thermos-physical properties changing drastically
from the subcritical region to the supercritical region without phase change. Examples
of the thermos-physical properties of CO, at various pressures are plotted against the
temperature near pseudo-critical temperature (Figure 1). As shown in Figure 1, in the
region away from the pseudo-critical point (low-enthalpy and high-enthalpy regions), the
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variation in each property with temperature is small and decreases as one moves away
from the critical point. In contrast, near the pseudo-critical point (high-enthalpy region), a
1 K temperature change leads to a several-fold decrease in density, viscosity and thermal
conductivity, while the specific heat forms a peak at the pseudo-critical point that is tens of
times larger than in the low-enthalpy and high-enthalpy regions.

Since 1950, supercritical water has been applied in traditional electric plants to improve
thermal efficiency [6-9]. Supercritical water-cooled reactor Generation IV nuclear power
plants have a high overall thermal efficiency of about 33-35% to about 45% due to their
high operating pressure and temperature [10]. Similarly, supercritical CO, has widespread
applications in fields such as nuclear reactor cooling systems, solar thermal power systems
and trans-critical CO, heat pumps. The study [11] confirmed that the solar collector thermal
efficiency with CO, as working fluid is higher than that of solar collectors using water, and
the heat transfer efficiency can approach 60%. To obtain the optimal energy utilization,
power generation systems with organic Rankine cycles for low-grade thermal energy
(80-200 °C) conversion have attracted wide attention, and the heat transfer behaviors of
organic fluids at supercritical pressure (such as R245fa, R1233zd(E)) were experimentally
investigated [12,13]. Additionally, in recent years, with the rapid development of spaceflight
and aviation technology, the flow and heat transfer performance of hydrocarbon fuels have
also been receiving increased attention [14-18].

Far away from PC Near the PC  Far away from PC
Low enthalpy Large C, region High enthalpy

S I -
900 Y cl 'r0.10  r9.0x10°
T I H | 3 5
800+ | : L0.09 [8.0x10
700 - ! Cp>>Cp normal [ 7.0 10-5
. ' -0.08 [ 9%
600- [ 0.07 -6.0x107
m g - . — 3
£500- - ebs.0x10”
& L0.06~ | "
_400- | Etaox10” 2
' £0.05 E, B
300 | -3.0x10
2001 | f0'04 -2.0x10°
100- | (003 L1.ox10°
g I I g 3
0 T T T T T \I T T I‘ T T T T T T T T T T T T T T 0-02 -0'0
290 295 300 305 310 315 320 325 330 335 340 345 350

T/’K

Figure 1. Thermo-physical properties of CO, at 8 MPa [19].

Figure 2 presents the relevant engineering applications of supercritical fluids in various
fields [1,2,20-22]. The performance of heat exchangers in these engineering systems is of
great importance to the efficiency, stability and safety of the systems. Accordingly, accurate
knowledge about the heat transfer characteristics of the supercritical fluids in tubes is
critical to the design and optimization of heat exchangers. Since the physical properties
of supercritical fluids change drastically near the critical point, it is difficult to apply the
flow heat transfer experimental data summarized for normal physical fluids [23,24]. Hence,
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the flow and heat transfer characteristics of different conditions and flow directions in
straight pipes have been frequently studied by domestic and foreign scholars through
experiments and numerical simulations. The literature shows that convective heat transfer
of supercritical fluids has three conditions [25,26]: normal heat transfer, heat transfer
intensification, and heat transfer deterioration. The deterioration of heat transfer is usually
accompanied by a sudden increase in the pipe wall temperature and a sharp decrease in
the heat transfer capacity, which can be a great danger to the safe operation and efficiency
of the heat exchanger and the whole system [27,28]. In the last decade, based on the certain
understanding of heat transfer characteristics in smooth straight tubes, many scholars have
carried out research on the heat transfer characteristics of supercritical fluids in enhanced
tubes, with a view to providing a scientific and theoretical basis for suppressing heat
transfer deterioration and improving high-efficiency supercritical heat exchangers.
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Figure 2. Examples of applications of supercritical fluids in various fields.

In general, various turbulence-enhancing devices such as curved tubes [29-33], ribs [34-40],
twisted tapes [41,42] and metal foam [43,44] can increase the heat transfer coefficient.
Among these passive methods, the technique of curved tubes has garnered much research
attention. A curved tube is generally made from a straight seamless steel tube. The straight
pipe is first subjected to a second cold rolling, a cold drawing deformation, normalized
and tempered heat treatment processes, and surface inspection to ensure there are no
cracks or warpage defects. Then, the qualified straight tube is curled by multi-head spiral
coiler and space bender, and it then undergoes multiple finishing processes, i.e., external
surface shot blasting, vacuum stress relief heat treatment, surface oxidation treatment and
surface immersion treatment. It is then removed for cooling and drying, and the whole
process is over. Therefore, the curved tube not only has an excellent pressure-bearing
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capacity but also is easy to cast, is flexible and has potential for constructing a compact heat
exchanger [45-47]. These advantages make curved tubes widely used in nuclear reactors,
food processing, air conditioning, waste heat recovery, chemical engineering and aerospace
industries. However, compared to a straight tube, a curved tube will induce a secondary
flow motion, which makes flow and heat transfer more complex [16,19,29,48-52]. Based
on a small ORC system with a capacity of 3 kW, Lazova et al. [53] experimentally studied
the heat transfer characteristics of a supercritical R-404A in a helically coiled tube heat
exchanger. The analysis of the matching relationship with the heat source showed that
the real operating pinch point temperature difference of the heat exchanger was only 2 K
(deviating from the design pinch point temperature difference by 10 K), mainly due to
the fact that the correlation equation used for the calculation was obtained by correcting
the correlation equation for supercritical fluids in a straight tube, which has a large error.
Therefore, the flow and heat transfer characteristics of fluids at supercritical pressure
flowing in a curved tube has been the focus of many researchers in recent years. The
literature shows that heat transfer in curved tubes has two main features: instability of heat
transfer and uneven circumferential heat transfer. Liu et al. [19,32] numerically studied the
heat transfer instability of supercritical CO, heated in a helically coiled tube and found
that unstable heat transfer conditions are more likely to lead to heat transfer deterioration.
Sun et al. [54] studied the heat transfer and thermal oxidation of supercritical aviation
kerosene in vertical U-tubes by using large-eddy simulations. The strong secondary flow
driven by the centrifugal effect significantly enhances the heat transfer in the outside
region and weakens the heat transfer in the inside region of a U-bend tube, resulting in
circumferential wall temperature differences of up to 300 k in the present case. Similar,
Wen et al.’s [55] experimental study showed that the outside heat transfer coefficient is on
average 31.5% larger than that of the inside. Consequently, the total deposition amount at
the outside of a U-bend tube is significantly higher than that on the inside, which will likely
result in clogged cooling passages, valves and nozzles or even catastrophic aircraft failure.

To ensure the safety and stability of a curved-tube heat exchanger, accurate knowledge
about the heat transfer characteristics of the supercritical fluids in the tube is essential to
its design and optimization. Therefore, the authors present an exhaustive review of the
available research works on the unique characteristics of supercritical fluids in curved
tubes. Finally, the research gaps and outlooks that need to be considered for future studies
are named.

2. Materials and Methods
2.1. Experimental Study

Figure 3 presents a schematic diagram of the experiment system constructed by
Zhang et al. [49] for the measuring of the outer wall temperature in a vertically oriented
helically coiled tube. The experimental facility is typical for most experimental studies
on supercritical fluids. The test system consists of three parts: namely, the main system
consists of a filling system, a temperature control system and a data-collecting system.
Before working fluid charged, the main system was vacuumed to make sure the air and
any non-condensable gases in the system were as minimal as possible. The mass flow rates
are usually controlled by a high-pressure magnetic drive pump [31,52], while other studies
have used a flow control valve and a bypass pipeline controlling the flow rates through the
test section [16,49]. For the heating condition, the test section was heated by using electrical
heating (with DC power, test section and system connected by insulating flange) [16,48,49],
whereas the test section was cooled by tube-in-tube heat exchangers with water for cooling
condition [31,52,56,57]. Armored K-type thermocouples were inserted into the inlet and
outlet of the test section to measure the fluid temperature, and the total heat load of the test
section was calculated based on the enthalpy difference between the inlet and outlet. For
the heating condition, the heat flux was uniform, and the local fluid temperature along the
test section was determined by the energy balance [16]. For the cooling condition, the local
fluid temperature is hard to determine because of the non-uniform distribution along the
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test section. Consequently, the test section was considered as a point and the wall and bulk
temperature difference usually calculated with logarithm temperature difference between
the inlet and outlet fluid temperature [31,56]. In order to obtain the wall temperature, a
series of K-type thermocouples were welded onto the outer wall along the test section. For
the heating condition, local wall temperature was the average value of all measurement
points on a cross section. [49]. For the cooling condition, the outer wall temperature was
the average value of all measurement points along the flow direction [31,52]. Then, the
inner wall temperature based on Fourier’s law of heat conduction could be calculated as
shown in Equation (1):
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Figure 3. Schematic diagram of the experimental test facility for the investigation of the heat transfer
of supercritical CO, in helically coiled tube [49].

The heat transfer coefficient was calculated with Equation (2).

_ q
T, T @

where the variables represent the heating and cooling conditions, respectively.

Due to the non-uniform distribution, the major difficulty in measuring the wall tem-
perature of curved tubes is how to place enough thermocouples on the circumferential
locations at the selected cross section. Therefore, the amount of experimental study on
supercritical fluids flowing in curved tubes is relatively lower. Table 1 summarizes the
available experimental studies” processes. In the future, more experimental studies could
be conducted by using the infrared thermal imaging technique. Continuous wall temper-
atures can be obtained in both axial and circumferential directions [48,58]. It overcomes
the deficiencies of scatter measurements with more precision and convenience. An ex-
ample schematic diagram of experimental system for wall temperature measurement of
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water flowing in helically coiled tube with infrared thermal imaging technique is shown in

Figure 4.

Table 1. Summary of the available experimental studies on heat transfer characteristics of supercritical

fluids in curved tubes.

Principal Experimental

Authors Test Section Type Parameters Flow Regime Working Fluid
p =8.02-10.05 MPa din =9 mm, D =12 mm,
Zhang et al. [49] Helically coiled tube G = 0-650 kgm 257! 2R =283 mm, P = 32 mm, CO,
Gw = 0.4-50 kW-m 2 I = 5500 mm
p=8.0MPa o _
Xu et al. [59] Serpentine tube Rein = 3200-5400 in = 0'953;“;;’ D =8.01 mm, co,
o = 9600-40700 W-m—2 = eemm
p =7.5-9.0 MPa din =4mm, D =6 mm,
Xu et al. [31] Helically coiled tube G =79.6-238.7 kg'm 257! 2R =36 mm, P = 34 mm, CO,
Ty, =23-53°C I =500 mm
p=8.0MPa din =9 mm, D =12 mm,
Xu et al. [60] Helically coiled tube G =0-650 kgm~2-s71 2R =283 mm, P = 32 mm, CO,
Gw = 0-50 kW-m~2 I = 5500 mm
p=80-9.0 MPa din =4 mm, R = 36 mm
Wang et al. [52] Helically coiled tube G =159.0-3182kgm 257! P‘“_ 34 mm. ] = 560 mm. CO,
q = 4200-24,300 W-m~2 = ot mm, £= 060 mm
. . din =25.7 mm, D = 33.7 mm,
Lazova et al. [53] Eemaﬂy coiled p=38-42MPa 2R = 600 mm, P = 42.1 mm, R-404A
eat exchanger m=0.2-03kg-s N=35
p =3-5MPa,
G = 589-1375 kg-m 2571 dyn = 1.82 mm,

Fuetal. [16]

Yang et al. [61]

Xu et al. [57]

Liu et al. [62]

Wang et al. [63]
Wang et al. [64]

Lei et al. [65]

Han et al. [66]

Chang et al. [67]

Liu et al. [68]

Zheng et al. [69]

Fu et al. [70]

Wen et al. [55]

Peietal. [71]

U-type tube

Helix tube gas cooler

Helically coiled tube

Helically coiled tube

Helically coiled tube
S-bend tube

Helically coiled tube

Serpentine tube

Helically coiled tube

Helically coiled tube

Serpentine tube

Helically coiled tube

Helically coiled tube

S-bend tube

q = 100-500 kW-m 2,
in = 400-523 K
p=8-10 MPa
m=02kgs!
Tin=373.15-393.15 K
p =7.5-9.0 MPa
G =79.6-238.7 kg'm 257!
Ty =23-53°C
p =7.5-9.0 MPa
G =79.6-238.7 kgm 257!
Tp = 23-53 °C
p =2-7.0 MPa,

G =100-1000 kg-m~2-s~!
g=75-450 kW-m~2,
p=4MPa
m=1,152gs!

p=5MPa
m=1-5gs!

p =3-7MPa
m=0.5-1.5 g-s™!
Tin=290K
p=24-28 MPa,

G = 2500-4000 kg-m 25~
4= 210- 420 kW-m2
p=7.5-9 MPa,
G=120kgm 257!
q=17.8-24.5 kW-m2
p =7.97-9.3 MPa
Rein = 190-660
fu = 0.5-38.8 kW-m 2
p=>5MPa
Tin= 400 K
G =393-1178 kg'm 257!
p=5MPa
Tin=323-633 K
G =534.5-1572 kg-m 257
o = 37-596 kW-m 2
p=3MPa
Tin=300.15K
G =5345-1572 kg-m 25~
Gw = 1153 kW-m~2

D =20/30/40 mm, [ = 800 mm

d =10 mm

din =24 mm, D = 6 mm,
P =34-80 mm, I = 500 mm

din =2-4 mm, D = 6 mm,
P =34-80 mm, [ = 500 mm

din=15.26 mm, D = 350 mm,
2R =36 mm, P= 194 mm,
1=5100 mm

d=2mm, [ =1250 mm

din =2-3 mm, D = 40-60 mm,
P =15 mm, 6 = 0.05-0.075 mm,

I=1117 mm

din=1mm, D = 40 mm

din=8 mm, D = 650 mm,
P=181 mm, [= 2450 mm

d=9mm, D =283 mm,
P =32mm, [ =5500 mm

din =0.953 mm, D = 8.01 mm,

/=88 mm

d=1.82mm, D = 46-502 mm,
P =40 mm, | = 149.9-1500 mm

d=1.82mm, D =20 mm,
P =10 mm, [ = 1500 mm

d=2mm,[=1500 mm

Hydrocarbon fuel RP-3

CO,
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CO,

Water
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Figure 4. Schematic diagram of the experimental test rig with infrared thermal imaging technique [58].

2.2. Numerical Study

In recent years, with the significant development of computer processing power,
numerical simulation has been proven as an efficient method to study flow and heat
transfer in various channels, which can obtain the details of the flow that are difficult to
observe by the experimental methods. What is more, numerical simulation can separate the
buoyancy force from the centrifugal force in curved tubes, which is beneficial to obtaining
insight into the individual mechanism of buoyancy or centrifugal force affecting the heat
transfer performance.

Since there is no turbulent model specifically for supercritical fluid flow heat transfer,
the existing supercritical fluid heat transfer simulations are mainly based on the RANS
model. The governing equations can be described as follows:

Continuity:

0
— (pu;) =0 3)
ax]( /

Momentum:

3(puju;) /3x; = —0p/dx; + 3Ty — pui" uj") /x; + pg; )
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Energy:
A0
d(pujh)/dx; =9 (Cp ax; ) /9x; 5)

where p, # and h are the density, velocity and enthalpy of the fluid, respectively. The
viscous stress tensor Tj; in Equation (4) is the additional unknown quantity arising from the
time-averaged operation. Various types of turbulence models have emerged around how
to represent the Reynolds stress in terms of known quantities so that the set of equations
is closed.

The transport equations for the various RANS models can be expressed in a generic form.

) Ut ok i
axi{pkuz_ <]4+0_k> ax,} = P+ Gy — pe+pD (6)
Fyo L A W = (CafiPr + CaCe3Gr — ngzpe) + oE 7)
0x; ax,
where
_ CP‘fP‘pKZ _ a”z au] aul Ut T _ 1 ap
=y Be= i Gy T oy ) ax O T P8ipy oy, 1P T T par ®

More information about the turbulence models can be found in the literature [72] or
the Ansys help manual.

The flow and heat transfer characteristics of supercritical CO, in curved tubes have
very strong three-dimensional phenomena. Therefore, the model and meshing cannot be
symmetrically simplified [73,74], 1/4 simplified [3] or even two-dimensionalized [75-77]
as they can be for straight pipes. Therefore, curved tubes require a large number of
meshes, typically in the millions to tens of millions, to reach grid independence. This
makes it necessary to configure higher-performance computers or workstations for related
simulation studies.

Another important part of the numerical simulation is the model validation. Table 2
summarizes the available numerical studies on curved tubes under both cooling and
heating processes. As shown in the table, most scholars validated their numerical methods
by comparing the Nusselt number, heat transfer coefficient or wall temperature of the
available experimental data in the literature [19,50,52,78,79]. However, due to the limited
experimental and DNS database of supercritical fluids flowing in curved tubes, some
studies can only validate the numerical calculations with experimental data in straight
tubes [80] or empirical correlation with constant fluid properties [81,82]. Therefore, more
experimental and DNS studies should be conducted to provide an abundant reliable
database for numerical model validation.

ANSYS FLUENT is widely used for finite-volume numerical simulation. To effec-
tively and accurately obtain the thermal physical properties distribution along the physical
model, it is essential to choose an appropriate turbulence model. The turbulence model can
be Spalart Allmaras (SA/RSM) [78], Renormalization Group (RNG) k-¢ [30,60,61,81,83],
RSM [80] or Shear Stress Transport SST k-w [19,32,50,79,84]. As shown in Table 2, SST
k-w models and RNG k-¢ model are mostly used in the previous numerical analysis.
Wang et al. [72] discussed the applicability of nine turbulence models for the prediction
of the experimental data with supercritical CO; heated in a vertical helically coiled tube
under relatively low heat flux. They reported that the SST k-w model yielded the opti-
mal simulation result and the agreement between the experimental temperature and the
predictions was good, with the largest difference being less than 10%. Differently from
the former study, Xu et al. [60] conducted a similar numerical investigation of a helically
coiled tube by using the RNG k-¢ with enhanced wall treatment [85]. They point out that
the RNG k-¢ model added a correction item in the ¢ equation, which makes the model
more accurate in dealing with flow in curvature pipes. Li et al. [82] simulated the super-
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critical China No.3 aviation kerosene heated in a curved tube with two-layer turbulence
model: the integrated model with RNG k-e two-equation and Wolfstein one-equation. A
constant value of gravity acceleration (10 m/s?) and a source term Si were introduced in
the governing equation to consider the buoyancy force and centrifugal force, respectively.
Liang et al. [78] simulated the flow characteristics of the supercritical n-decane cooled in
a square concave tube (a quarter of the circle). The parameters that characterize the flow
fields calculated with Spalart-Allmaras and Reynolds stress models were compared. To
improve the performance of PCHE, Cui et al. [86] comparatively studied the heat transfer
performance of supercritical CO, in serpentine tubes with different cross-sectional shapes,
and the results showed that among the many cross-sectional shapes, the circle-shape had
the best heat transfer performance, and the vertical ellipse had the lowest flow friction.
Fu et al. [70] numerically studied the thermal oxidation coking of supercritical aviation
kerosene RP-3 heated in helically coiled tube. Their results confirmed that the maximum
coking amount in a helically coiled tube is reduced by about 69.5% compared to a straight
pipe under the same working conditions. Bai et al. investigated the icing process and
thermal performance of the serpentine tube of a submerged combustion evaporator at
supercritical pressure using SST k-w and shell layer conduction model. A semi-empirical
heat transfer relation equation as a function of thermal properties, secondary flow, flow
acceleration and geometric factor was proposed based on the simulation data, which can
accurately predict the heat transfer of LNG in the serpentine tube at supercritical pres-
sure. From the above, it is clear that the existing numerical simulation studies are more
concerned with the overall heat transfer performance. Less attention has been paid to the
fluid structure inside the tube, the distribution of physical parameters, etc., but the authors
believe that these are more important for the understanding of curved-tube heat transfer
and the optimization of the tube structure.

Although the RANS model can qualitatively predict the complex heat transfer behavior
of turbulent flows under supercritical conditions, there are still significant deviations in
the quantiles near the pseudo-critical temperature [32,87]. Studies of supercritical fluids
in straight tubes show that LES [3,14] and DNS [88-90] have high accuracy in numerical
simulations. However, it can be seen from Table 2 that LES and DNS almost form a gap in
the study of supercritical fluids in curved tubes. Further research is needed to discover a
more accurate prediction model that can adequately take into account various factors such
as drastic physical property changes, buoyancy and curvature effects.

Table 2. Summary of the available numerical studies on supercritical fluids in curved tubes.

Author Section Type gg:gﬂla;fl Flow Regime Working Fluid Turbulent Model Validation
Lietal. [81] Curved pipe Ctsgf;;?;t‘gil 6=005N=1 H,O RNG k-¢ Compare Nu
. d=75mm,
Zhao et al. [29] Hlf Izice:lll}; CO}I:Sh:Ig v;/all D =200, 400 mm, H,O SST k-w Compare h
cotled tube catfiu b=8mm,!=2281 mm
Helically Constant wall d =9 mm, 2R =283 mm,
Xuetal. [60] coiled tube heat flux b =32mm, [ = 5500 mm Co, RNG k- Compare Ty
Helically Constant wall d=4mm, D =40 mm,
Yang [30,83] coiled tube heat flux b =10 mm, [ = 2000 mm CO, RNG k-e Compare h
. Helicall Coupled bound: d=9 ,D =283 ,
Lietal. [79] coileeiiciuge Ouli(fn diggrr: ary b 32121[?“’ 1= SSOOTnI?n CO, SST k-w Compare /i and Ty,
. Helically Constant wall d=9mm, D =283 mm, Compare I, Ty,
Liu etal. [19] coiled tube heat flux P =32mm, [ =5500 mm CO; SST k-w and T},
Helically Coupled boundary d=6mm, D =80 mm,
Zhaoetal. [91] coiled tube condition b=12mm, N =10 0, AKN k-e Compare
Helically Constant wall d =9 mm, D =283 mm,
Zhang etal. [92] coiled tube heat flux P =32mm, [ =5500 mm Co; 88T k-w Compare K
Toroidal pipe and Wall temperature
Ciofalo et al. [93] helicall P'lp d pi linearly increasing d=09,1=04 - - -
clically cotled pipe along flow direction
Constant wall d =20 mm, D =300 mm,

Wang et al. [80]

temperature b=30mm,N =11 Methane RSM Compare h
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Table 2. Cont.

Author Section Type Boun.d.ary Flow Regime Working Fluid Turbulent Model Validation
Condition
square tube, hydraulic
Liang et al. [78] Concazze, heated, Coupled l?c?undary diameter d =2 mm, n-Decane - Compare Nu
90° bend condition ~
D =100 mm
Yang et al. [61] Helix tube Coupled l?c?undary 4 =10 mm CO, ko _
gas cooler condition
The true .
Li et al. [82] Curved tubes distribution of heat 4=12 mm, D = 300 mm, 'Cl:una No.3 RNG k-e Compare Nu
. 1 =4500 mm aviation kerosene
flux of scramjet
. d=4-16 mm,
Liu et al. [32] Helically Constant wall D = 150-283 mm, CO, SST k- Compare i and T
coiled tube heat flux
1=5500 mm, N =5
Helically Constant wall d=9mm,D =283 mm,
Zhang etal. [92] coiled tube heat flux P =32mm, [ = 5500 mm €O SST k- Compare
. ) Serpentine Constant wall d=1mm,D =8 mm,
Yi et al. [94] micro-tube heat flux | = 7Rt mm CO, RNG k-¢ Compare T,
Sun et al. [54] U-tube Co;l;tlirﬁtuv)\(rall d=182mm,D=30mm, Aviation kerosene LES Compare T,
. . One-side heating _ _
Lietal. [95] Helically coiled with Constant wall d: 9 mm, D: 283 mm, CO, SST k-w Compare h and Ty
channels b =32mm, [ = 5500 mm
heat flux
. Helically Constant wall d=12mm, D =70 mm,
Jiang et al. [96,97] coiled tube heat flux b=32mm, [ = 1222 mm s-R1234ze€ SST k-w Compare h
Huang et al. [98] U-tubes Co}rlles;zzrhtuv:all d =1.82 mm, D= 40 mm CO, Standard k-¢ Compare T,
Luo et al. [99] Helically coiled Convective heat d=3mm, D =40 mm, Air and n-decane RNG k-e Compare Nu
heat exchangers transfer P =15mm
Bai et al. [100] Serpentine tube Co}rlles;e;r;]tu\;\:all d=15mm, D =100 mm LNG SST k-w Compare T,
. d=9 mm,
Zhang et al. [101] Helically Constant wall 2R = 150-283 mm, Co, SST k- Compare Ty and T
coiled tube heat flux _ -
b =32mm, [ = 5500 mm
Cui et al. [86] Serpentine channel Co}r:es::r;]tux:(/all d=18mm,D =3.62 mm CO, SST k-w Compare h
. One-side heating _ _
Lietal. [102] Helically with Constant wall =9 mm, 2R = 283 mm, Water RNG k-¢ Compare Ty, and Ty,

coiled tube

heat flux b=32mm, [ =5340 mm

3. Heat Transfer Characteristics of Supercritical Fluid in Curved Tubes

As is known by all, the heat transfer efficiency in curved tubes is higher compared to
straight tubes due to the secondary flow inducted by the curvature effect. Xu et al. [31] gave
a comparison of the heat transfer performance between a helically coiled tube and a straight
tube. The comparison shows that the helically coiled tube can enhance the heat transfer
coefficients by up to about 15% compared to straight tube. Similar, Xu et al. [43] pointed out
that a serpentine tube can increase the heat transfer efficiency due to the centrifugal forces.
What is more, the unfavorable heat transfer deterioration was suppressed. Liu et al. [32]
also confirmed that a helically coiled tube can delay heat transfer deterioration, especially
when the helically coiled tube is vertically positioned.

Most previous studies have shown that centrifugal force coupled with buoyancy
force can effectively increase the heat transfer efficiency of curved tubes. Centrifugal force
caused by the curvature is closely related to tube diameter and coil diameter. Dean [103]
proposed a single non-dimensional Dean number to take into account the centrifugal force
effect on the flow in the curved tubes. This parameter was defined as De = ReV/8, where
Re is the Reynolds number and J = a/R is the curvature ratio. Li et al. [79] numerically
studied the helical tube structure parameter effect on the heat transfer performance. Results
showed that the flow accompanied by the strong secondary flow caused by the curvature
can significantly suppress the buoyancy effect. Chen et al. [104] numerically studied the
tube structure parameter and the tube orientation effects on the flow characteristics of
supercritical CO; heated in U-ducts. Results show that the U-ducts” structure mainly
affects the temperature fields distribution after the turn due to the flow separation and
reattachment. Fu et al. [16] studied the flow characteristics of supercritical RP-3 heated
in U-turn tubes with various bending diameters. The results show that with the bending
diameter decreasing from 40 to 20 mm, the heat transfer coefficient can be increased by
more than 40% to 2 compared that in a straight tube. Despite numerous studies having
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been conducted on the effects of tube and coil diameter, the explicit relationship between
these effects and heat transfer performance has not been established, and there is a lack of
universal heat transfer correlation that contains the geometry factor.

It was accepted that the flow characteristics of fluids at supercritical pressure are
mainly affected by thermos-physical properties, boundary condition, flow direction and
tube structure. The aforementioned parameters of flow characteristics in a straight tube
have been widely studied and reviewed in the open literature [6,9,105-109]. However, the
boundary condition effects are related to the thermal-physical properties distribution in
the cross section and have no effect on the flow structure. Consequently, their effects on
the flow characteristics in curved tubes are mostly the same as in straight tubes, so these
will not be covered again. However, differently from a straight tube, a curved tube would
lead to two horizontal vortices, which has a significant impact on the flow structure and
makes the heat transfer behavior more complicated (as shown in Figure 5a). As is well
known, in a straight tube, the tube orientation influence on the heat transfer performance is
actually the buoyancy force [59,110-116]. In the curved tubes, centrifugal force is always
perpendicular to the flow direction and has the same effects on the flow structure at different
tube orientations. Hence, buoyancy force is also the key factor in the abnormal heat transfer
phenomenon with different flow direction and tube orientation [19,48,104]. Due to non-
coplanar flow direction and buoyancy force, the gravitational buoyancy can be decomposed
into two parts in curved tubes: the first component projected onto radial direction (mainly
affecting the circumferential heat transfer distribution) and the second component parallel
to the axial direction (mainly affecting the average heat transfer distribution). Therefore,
the following discussion on the flow direction is divided into two parts.

90°
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-

side
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Centrifugal )‘3 Surface
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270° ﬂ
hof Central core cold Near wall hot Densit
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Figure 5. (a) Phenomenal chart for wall temperature and Nusselt number distribution caused by
centrifugal force [58]; Schematic of secondary cross-section flow structures [49] caused by (b) only
centrifugal force; (c) only buoyancy force; (d) combination effects of centrifugal and buoyancy
force [49].
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3.1. The Effect of Buoyancy Force on Circumferential Distribution

As mentioned above, the centrifugal force is always perpendicular to the axial and will
cause the non-uniformity of the flow structure. Therefore, the non-uniformity heat transfer
coefficients of a cross section are affected by the combined first component buoyancy
force and centrifugal force [16,19,49,93,117]. Figure 5b,c provides the schematic diagram
of the secondary flow structures caused by individual centrifugal force and individual
buoyancy force at a selected cross section in the vertical helically coiled tube. The individual
centrifugal force causes the highest bulk temperature region, located at the inner side of
the cross section, and the individual buoyancy force causes the highest bulk temperature,
located at the upside of the cross section. Hence, under the combined effect of buoyancy
force and centrifugal force, the position of the highest bulk temperature deflect and the
location will depend on the relative value of the two forces. Xu et al. [49,60] experimentally
investigated the non-uniform wall temperature distribution direction in a vertical orientated
helically coiled tube by welding eight equally spaced thermocouples at the selected cross
section. The wall temperatures vary parabolically along the circumference direction, and
the highest wall temperature is located at about ¢ = 135°. Similar conclusions are reported in
the study [32]. Liu et al. [19] simulated the non-uniformity of wall temperature distribution
in a helically coiled tube at various inclination angles. The results show that in a vertical
helically coiled tube, the position relationship and coupled angle between buoyancy force
and the centrifugal force remain constant at each cross section (Figure 5d). However, in an
inclined helically coiled tube, the position relationship and coupled angle between them
changes periodically along the flow direction, reinforcing each other’s effects on the heat
transfer at the lower half of the curved tubes and weakening their respective effects on
the heat transfer at the upper half of the curved tubes. In addition, Liu et al. [32] point
out that the non-uniformity of wall temperature can be suppressed by increasing the wall
thickness. Meanwhile, some studies assume the tube wall thickness to be zero in the strong
three-dimensional geometries or the horizontal simplified 2D model (straight tube). This
would cause a larger error in the simulation of circumferential wall temperature.

To quantify the importance of the centrifugal force and buoyancy force acting on a
selected cross section, some researchers have proposed corresponding non-dimensional
parameters based on their theoretical analysis (list in Table 3). Ciofalo et al. [93] suggested
that the flow in curved tubes is affected by two kinds of buoyancy effects. One is the
traditional gravitational buoyancy force, defined as

Gr —
. 8§ _ _ Pp —Pw 4a
Rig=Re2 =785, a2 ©)

The other is the centrifugal buoyancy force induced by centrifugal force:

. Gre  bdpp—pw
RlC_Re2_4 0Ob

(10)

The ratio ¢ is introduced to quantify the importance of the two types of buoyancy, and
¢ =1 means that two kinds of buoyancy effects exhibited the same order.

Ri, 51/% ’
Rig  4a3g, ¢ (1)

Li et al. [79] point out the centrifugal buoyancy parameters (Equation (5)) only present
the second-order buoyancy effect, which is caused by the variable physical properties. How-
ever, as for centrifugal force, its first-order effect (u?/r) can also cause the non-uniformity
of the cross-section flow structure. Hence, Li et al. [79] modified Ciofalo’s parameter by
considering the first-order effect of the centrifugal force:

Gr,

— (12)
2
Rey

Ric = ric 15t + Rjcp =
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where

2 —
Gre = Grest + Grepng = 20— ”p P Re2 (13)
b

The ratio of the two forces can be expressed as:

Ri, (51/% ’
Rig  4a3g, ¢ (14)

Zhang et al. [92] modified the Dean number by considering the effect of coiled pitch
and proposed a similar parameter based on the new Dean number. Wang et al. [63]
experimentally studied the circumferential wall temperature distribution in a helically
coiled pipe with water at constant pressure. A similar non-dimensional parameter to
manifest the relative importance of centrifugal force and buoyancy force was proposed.
However, details on the process of developing the parameter were not listed in the paper.

Table 3. Summary of the proposed dimensionless parameter to determine the relative strength of
buoyancy force and centrifugal force.

Author

Working Fluid Parameter Threshold

Ciofalo et al. [93]

Wang et al. [63]

Lietal. [79]

Zhang et al. [92]

Author defined

82 <0, Ty — Ty, > Oyield Rig > 0, Ri. > 0 (positive
gravitational and centrifugal buoyancy); g >0,

g = Rie = _ 42;% Re?, Tw — Tp >0 yield Rig <0, Ric > 0 (negative
8 Gre 8z 5 Py—puw gravitational, positive centrifugal buoyancy). g; > 0,
where Rip = $5 = 3555 Tw — Ty <0 yield Rig <0, Ric <0 (positive
and Ri, = Grg _ _ g Lo o gravitational, negative centrifugal buoyancy); g, <0,
Re oAl Tw — Tp <0 yield Rig > 0, Ric <0 (negative
gravitational and centrifugal buoyancy).
When Lu < 0.25, the heat transfer coefficient divided
into two regions and the maximum heat transfer
) coefficient appears at the bottom of helical coil tube.
Constant water U= Ty pbd _ v2 When 0.25 < Lu < 0.5, the heat transfer coefficient at
Poby(Tw=Ty)dg = DPy(Tw=Tp)g location B and F is much lower than region I and much
higher than region III. When Lu > 1.5, the heat transfer
intensity could be divided into three regions.
. ‘SL,Z
¢= %‘; = 4a3lz3z Re?,
Supercritical CO; where Ric = ric 15 + Ricp = 1%5, Similar to Ciofalo’s
b
Gre = Greast + Greppg = 2(52”0%129%
Inclined angle estimated by non-dimension buoyancy
parameter @? (tana & ¢). The inclination angle « is
) equal to 45° when ¢ ~ 1, which demonstrates that the
Supercritical CO, P = (‘;‘gr ) = zocﬁ buoyancy and centrifugal force have an equivalent

diameter. The centrifugal force dominates heat transfer
when «a < 45°, and the buoyancy force dominates heat
transfer at the a > 45°.

3.2. The Effect of Flow Direction on the Axial Direction

In the curved tubes, the flow direction constantly changes along the flow direction
which coupled with the centrifugal force makes the flow mechanism more complex. There-
fore, the effect of flow direction on the flow characteristics in curved tubes were widely
investigated to obtain insight into the coupled effects of the buoyancy force and centrifugal
force. Chen et al. [104] numerically studied the heat transfer coefficient of CO; at supercriti-
cal pressure flowing in U-ducts and confirmed that the average heat transfer coefficient
in vertical downward U-ducts is higher than the horizontal and vertical upward ones
because of the buoyancy force being opposite to flow direction. Li et al. [50] numerically
compared the orientation effect on heat transfer with helically coiled tubes positioned
horizontally and vertically. The results show that the overall heat transfer coefficient of
the horizontal helically coiled tube was higher than that in the vertical one. In addition,
the heat transfer coefficient in the downward flow direction was slightly higher than the
upward flow direction. Liu et al. [19] also studied the orientation effects on the heat transfer
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of supercritical CO, in a helically coiled tube. The results showed that the heat transfer
coefficient experienced oscillation with the decreasing of the inclination angles and the
maximum amplitude occurred in horizontal helically coiled tube (Figure 6). Consequently,
the heat transfer deterioration most likely occurred in a horizontal helically coiled tube [32].
The oscillation phenomenon was also obtained in Xu et al. [48] experimental study on
the vertical serpentine tube. As can be seen from Figure 7, the blue arrow represents the
direction of flow and the red arrow represents the buoyancy force. The oscillation is mainly
caused by the fact that the angles between the flow direction and buoyancy force periodic
variation along the axial, whether it is upward or downward flow.
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Figure 6. The heat transfer coefficient of supercritical CO, flowing in helically coiled tube at various
dip angles [19]: (a) vertical without oscillation (8 = 90°); (b) incline with small oscillation (8 = 60°);
(c) incline with mild oscillation (B = 30°); (d) horizontal with severe oscillation (8 = 0°).
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Figure 7. Schematic diagram of buoyancy effect on fluid flow in vertical serpentine tube [30].
(a) Upward flows (the buoyancy force or its component in the same direction as the main flow);
(b) downward flows (the buoyancy force or its component in the opposite direction of the main flow).
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The mechanism of the buoyancy force affecting the flow characteristics is always the
focus of the study of supercritical fluids. Based on experimental measurement, numerical
data and theoretical analysis, several buoyancy criteria have been proposed to evaluate its
effects on the heat transfer performance in straight tubes. Recently, a comprehensive review
on the existing buoyancy criteria was performed by Huang et al. [105]. For the vertical
condition, the non-dimensional parameter Gr/Re?’ proposed by Jackson and Hall [110]
is more accurate. For the horizontal condition, the non-dimensional parameter Grq =Gry,
proposed by Petukhov et al. [118] is more accurate. As discussed in the previous literature
review, the buoyancy force is still significant in its effect on the flow characteristics despite
the centrifugal force being able to suppress its effect to some extent. Recently, many studies
have been carried out to study the mechanism of buoyancy effects in curved tubes. Most of
the studies show that the buoyancy force criterion for predicting buoyancy force effects in
straight tubes are not suitable for curved tubes.

Fu et al. [16] analyzed the parameter Grq = Gry, and confirmed that the onset value
Grq = Gry, > 2 can effectively evaluate the buoyancy force in U-turn tubes. Wang et al. [52]
used three buoyancy parameters, Buy,, Gry, /Grq and Ri, to evaluate the buoyancy force
effect on the heat transfer of supercritical CO, cooled helically coiled tubes. Through the
comparing of heat transfer coefficients in vertical and horizontal helically coiled tubes,
they confirmed that the buoyancy force plays a major role in the gas-like region (T, > Tpc),
which is different, from the heating condition where the buoyancy force is significant
in the liquid-like region. Furthermore, the results showed that all the three parameters
overestimated the buoyancy force.

Wang et al. [80] pointed out that both the Gr/Re? and Gr/Re?’ parameters can effec-
tively predict the buoyancy force in a helically coiled tube based on their numerical study
of supercritical methane. However, Xu’s [72] study of supercritical CO, indicated that the
parameter of Gr/Re?” was incapable of predicting the influence of buoyancy force in a
vertical helically coiled tube.

Li et al. [50] evaluated the parameter Bo* in the helically coiled tube with various
tube geometries (with coils” dimensionless curvature 6 ranging from 0.01 to 0.1), and the
result showed that the buoyancy force effect can be ignored when the Bo* < 107°. In a
similar experimental study on a vertical helically coiled tube, Zhang et al. [49] confirmed
that the buoyancy force can be ignored when Bo* < 4 x 1078, as the forced convection
dominates the heat transfer. With the same buoyancy force criterion, the onset value of
buoyancy can differ by orders of magnitude. Xu et al. [48] made measurements of the
heat transfer distribution in a serpentine tube. Results showed the buoyancy force can
intensify the heat transfer in the downward flow at 1.2 x 10~7 < Bo*< 5.6 x 10~ and the
heat transfer coefficient is higher in the downward flow compared to the upward flow.
However, within the Bo* range from 5.6 x 107 to 5 x 107%, the heat transfer in the upward
flow performed better than downward flow, which is contrary to the accepted conclusion
obtained in straight tubes.

From what has been discussed above, it can be found that the buoyancy force’s effect
on the flow characteristics in curved tubes cannot be properly predicted by a buoyancy
criterion derived from theoretical analysis based on straight tubes. The reasons may be
the non-uniform distribution of the boundary layer caused by the combined effect of
buoyancy force and centrifugal force and the inappropriate assumptions derived from the
straight tube. Hence, Liu et al. [32] modified the buoyancy force criterion by considering
the integrated centrifugal force and gravitational force and using the Dn number instead
of the Re to consider the inertia force in the helically coiled tube. The modified buoyancy
criterion is defined as:

Grucr U2 \*pp — po a® 2d
D27 2+ ( (15)

Riper = _ a2d
HHeT i/2) oy 24U
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Liu et al. [62] also introduced a new criterion to elevate the onset of buoyancy force in
horizontal helically coiled tubes based on the theory of reduction of shear stress. The new
parameter considered the curvature effect is defined as:

ATy, Gry Hw ., Py 05
_ oy 16
Tw Re2‘7Pr2‘4§0~15 ( Hp )(Pw ) (16)

Similarly, to predict the heat transfer coefficient of supercritical fluids in curved tubes,
correlations of Yi et al. [94], Lei et al. [65], Huang et al. [98], Bai et al. [100], Zhang et al. [92],
Wen et al. [55], Pei et al. [71] and Zhang et al. [49] have been proposed. All of these
correlations for curved tubes are based on the heat transfer correlation for straight tubes.
These correlations take into account the complex physical changes in supercritical fluids
and curved-tube structure parameters and are successful in predicting the accuracy of their
own experimental and simulation data results. However, due to the complexity of the
curved-tube structure, the focus of each study is different, resulting in the correlations not
being universal and accurate in form and prediction of results for others. Therefore, a large
number of related studies need to be further developed and unified.

4. Future Work and Prospect

The aforementioned literature shows that curved tubes have certain advantages over
straight tubes in enhancing heat transfer of supercritical fluids. However, the complexity
of the tube structure brings new challenges to supercritical fluid in curved tubes. It is
clear that the research methods for the study of supercritical fluids in curved tubes are the
same as those in straight tubes, i.e., experiments and numerical simulations. However,
the three-dimensional heat transfer characteristics in curved tubes give rise to the inap-
plicability of the scattered-point measurement method commonly used in straight tubes.
A large number of test points are required to obtain the temperature distribution over a
certain cross section, making it difficult to obtain the temperature distribution over the
whole tube. Therefore, more experimental studies should be conducted by using infrared
thermal imaging technique to provide an abundant database in the future. Compared
with experimental studies, more researchers investigated the heat transfer characteristics
of supercritical fluids by using numerical simulation. Numerical simulations not only are
more economically efficient than experimental studies but also provide detailed flow field
information that cannot be observed by experimental methods. However, there is no fully
reliable turbulence model (RANS) that covers all phenomena of supercritical fluid flow
and predicts the wall temperature accurately in all cases. Further studies are needed to
construct more accurate prediction models. In addition, the LES and DNS models need to
be given sufficient attention in the study of supercritical fluids in curved tubes.

The study of supercritical fluids in curved tubes is in its infancy, and the effects of some
key factors on the heat transfer performance are still undiscovered. In terms of research
content, the selection of various heat transfer parameters is only representative, and more
experimental and computational simulation studies can be carried out in the future with
a wider range of parameters. In addition, as the basic element of heat exchangers, the
actual engineering conditions are dominated by the convective heat transfer boundary
condition. However, the literature shows that the current research is mainly in constant
heat flow flux or constant wall temperature. Subsequent studies need to pay more attention
to convective heat transfer or the non-uniform heating boundary condition. In terms of
heat transfer mechanisms, the results of studies in straight tubes have shown that the
microscopic evolution of the boundary layer is important for revealing macroscopic heat
transfer phenomena. However, current studies on the heat transfer of supercritical fluids
in curved tubes have neglected this aspect. More importantly, an in-depth understanding
of the boundary layer can provide theoretical guidance for studies on improving the heat
transfer performance of curved tubes using roughness, which needs to be supplemented.

Differing from straight tubes, the effects of the buoyancy force in curved tubes are
closely related to the centrifugal force because of the larger density differences at a cross
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section. Hence, the mechanism of integrated buoyancy force and centrifugal force affecting
both the circumferential and average heat transfer in curved tubes needs further study.
On the other hand, the buoyancy force in curved tubes cannot be properly predicted by
buoyancy criterion derived from straight tubes, and new empirical criterion should be
proposed. In addition, due to the complexity of the curved tube structure, the focus of each
study is different, resulting in the correlations not being universal and accurate in form and
prediction of results for others. Therefore, a heat transfer correlation for supercritical fluids
in curved tubes with general applicability needs to be developed.

As discussed in the Introduction, the existing enhanced heat transfer measures can
be divided into two categories: one is to change the roughness of the tube wall, such as
internal ribbed tubes, internal threaded tubes and foam metal tubes; the other is to change
the structure of the tube, such as helically coiled tubes, serpentine tubes and U-shaped
tubes. The literature shows that although changing the structure of the tube strengthens
the heat exchange to a certain extent, it also causes two undesired features: instability of
heat transfer and non-uniform circumferential heat transfer. Therefore, coupling the above
two strengthening methods, elimination or suppression of two undesired phenomena in
the curved tube by wall roughness needs sufficient attention.

5. Conclusions

Supercritical fluids are widely used in energy systems because of their excellent ther-
mal properties. However, due to their physical properties, the heat transfer process is
different from that of conventional fluids. One of the most important concerns is the sup-
pression of heat transfer deterioration. To suppress heat transfer deterioration and improve
heat exchanger performance, extensive attention has been paid to the supercritical fluids
in curved tubes. In this paper, the studies in recent years are summarized and analyzed
to provide a scientific basis for subsequent research and the design and optimization of
curved-tube heat exchangers. The main conclusions are as follows:

1.  Experimental and simulation studies show that the effect of working conditions on
the heat transfer of supercritical fluid flow in curved tubes is basically the same as that
in straight tubes: as the mass flow rate decreases, the pressure and heat flow density
increase and the heat transfer coefficient decreases.

2. The experimental study provides basic data for the quantitative concept and sim-
ulation validation of supercritical fluids in curved tubes. However, the significant
three-dimensional characteristics make the popular scattered-point measurement
method deficient in obtaining the overall heat transfer performance of supercritical
fluids in curved tubes. In the future, advanced thermal imaging technologies should
be intentionally applied in this field.

3. By analyzing the cross-sectional vortex vector diagram, temperature, velocity and
turbulent kinetic energy cloud diagrams, scholars concluded that the curved-tube
circumferential heat transfer is influenced by centrifugal force, centrifugal buoyancy
force, and gravitational buoyancy force. According to their theoretical analyses, a
criterion for determining the relative magnitude of the buoyancy force and centrifugal
force is developed. However, most simulation studies focus on the overall performance
of curved tubes, ignoring the absolute advantage of simulation in gaining insight into
the physical properties” distribution and the flow structure in the boundary layer of
the fluid.

4. There is no consensus on the heat transfer correlation of supercritical fluids in curved
tubes. On the one hand, it is because the criteria for determining the buoyancy force
in curved tubes are uncertain; on the other hand, it is because the structure of curved
tubes is more complicated than that of straight tubes, and the form of the structural
parameters in the correlations is not yet settled.

5. Curved tubes can enhance heat transfer and suppress deterioration effectively. How-
ever, the heat transfer in curved tubes has two undesired features: instability of heat
transfer and uneven circumferential heat transfer. To suppress the above two features,
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the coupling of curved tubes and rough elements to enhance supercritical fluid heat
transfer will be a hot spot for future research.
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Nomenclature

b coil pitch divided by 27t [mm]

Bo* non-dimensional buoyancy force Bo* = Gr*/ Re2'425Pr2'8

Bu non-dimensional buoyancy force Bu = Gry,/ Rei'7

Cp specific heat (J/kg-K)

d tube diameter [mm]

D curvature diameter [mm]

Dn Dean number

g gravitational acceleration (m/ s?)

G mass flux [kg/ (m?-s)]

Gr* Grashof number Gr* = %

Gr Grashof number Gr* = w
My (tw—tp)Ap

h heat transfer coefficient [W/(m?2-K)]

) length of tube [mm]

m mass flow rate [kg/s]

Nu Nusselt numbers

p pressure [MPa]

q heat flux [W/m?]

Re Reynolds number

Ri Richardson number

Si Si = prlx

T temperature [K]

T average temperature [K]

u velocity [m/s]

Greek symbols

é curvature ratio [a/D]

o global azimuthal angle around the curvature axis [°]

A thermal conductivity [W/(m-K)]

B dip angle [°]

U dynamic viscosity [Pa/s]

0 density [kg/ m3]

Subscripts

b bulk fluid

i inlet

HCT helically coiled tube

o outlet

w wall
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Abbreviations

DNS direct numerical simulation

LES large-eddy simulation

PC pseudo-critical temperature
RANS Reynolds averaged Navier-Stokes
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