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Experimental research on heat
transfer characteristic of HITEC
molten salt in evacuated tube
solar collector

Guo-Jian Ji*?, Jin-Ming Gu?, Zhi Chen?, Bei-Bei Lu*?* and
Ying Gao'?

'School of Petroleum and Natural Gas Engineering, School of Energy, Changzhou University, Changzhou,
China, 2Jiangsu Key Laboratory of Green Process Equipment, Changzhou, China

HITEC molten salt (7% NaNOsz, 53% KNOz, 40% NaNO,) has been identified as a
suitable heat transfer fluid for concentrated solar power (CSP) systems, such as
parabolic trough collectors (PTC) and evacuated tube solar collectors (ETSC). In
order to optimize the flow and heat transfer performance of HITEC in ETSC, a
molten salt heat transfer test rig was built to conduct an experimental study,
varying inlet and outlet temperatures and mass flow rates of HITEC. Results show
that the heat loss of HITEC in ETSC is lower than the other tubes. The convective
heat transfer coefficient of HITEC is much lower than that of HITEC in round tube.
Because the experimental data of HITEC in ETSC largely differed from the classical
correlation equations, a new empirical heat transfer correlation equation was set
for HITEC in ETSC, and the deviation between the experiment data and new
correlation was within +19.2%. Finally, by comparing the inlet and outlet
temperatures of ETSC under different irradiation intensities, it is concluded that
the ETSC can work stably when the temperature exceeds 700 W/m?.

KEYWORDS

HITEC, Evacuated tube solar vacuum, convective heat transfer, molten salt, CSP, radiative
heat transfer

Highlights

- The flow and heat transfer characteristics of HITEC in ETSC were investigated based on
the molten salt circulation heat transfer test rig.

- The forced convective correlation between Nu and Re of HITEC in the ETSC was fitted.

- The radiative heat transfer of ETSC was experimented and effective radiation was
studied under steady solar irradiation intensity.

1 Introduction

The parabolic trough collector (PTC) is a promising technology for large-scale
commercialization of concentrated solar power (CSP) systems due to its cost-
effectiveness (Bamisile et al., 2022; Felsberger et al., 2022). Similar to conventional
power plants, power is generated and driven by thermal energy converted from solar
radiation through Rankine cycle in PTC system (Begdouri and El Fadar, 2022; Goyal and
Reddy, 2022; Shajan and Baiju, 2022). Heat collector elements (HCE) are located in the focal
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TABLE 1 Related researches on the heat transfer characteristics of molten salt.

Molten salt Types of flow

channels

Correlation

10.3389/fenrg.2023.1150326

References

Scope of application

HITEC Round tube Nu = 0.00123Re" 1 Pr03 0< Re < 45,000, 0.5< Pr < 100 Hoffman and Cohen
(1960)
HITEC Round tube Nu = 0.02948Re®7% pr!/? 10,000< Re Liu et al. (2010)
HITEC Coil toroidal channel Nu = 6.34739Re03 508206 (H/D)™ 77231 (w/D)"-05381 pyo4 5.25 < 1/n < 11.5, 658< Re < Yang et al. (2021)
1,306
A quinary molten Round tube Nu = 0.7266Re%4% py0-0411 10,100< Re < 27,376, 4.3< Pr < Kim et al. (2018)
salt 18.69
Mixed nitrate Coiled tube Nu = 2.03Re*3?2pr!/3 10,000< Re Huang et al. (2021)

SYSU-N1

line of the parabolic mirrors, where they absorb and transform the
concentrated sunlight into thermal energy (Saedodin et al., 2021;
Nabi et al., 2022). Steam is generated from the heat transfer fluid
(HTF) flowing inside HCE through the heat exchanger (Nakar and
Feuermann, 2016; Selikhov et al., 2022; Vengadesan et al., 2022).
Therefore, the HTF’s enhanced heat transfer features are essential to
maximizing PTC system’s efficiency. Solutions include using HTF
with higher operating temperatures, good thermal stability, high
volumetric heat capacity, and high thermal conductivity to reduce
pump consumption (Ashoori and Gates, 2022; Gao et al., 2022; Li
et al,, 2022). Thermal oil has already been applied in PTC systems,
which is stable at operating temperatures below 400°C and tends to
decompose at higher temperatures. Further efforts have also been
made to develop direct steam generation (DSG) technology, which
can reduce thermal loss without the need for an extra heat exchanger
since water gets vaporized in absorber tubes directly and higher
temperatures can be achieved (Pal and Kumar, 2021; Li et al., 2022).
Another approach is using molten salt as the HTF, which has already
served as thermal energy storage medium in CSP plants for
continuous power generation (lodice et al., 2020).

To optimize the efficiency of CSP systems, it is important to
investigate the heat transfer characteristics of molten salt and
evaluate its capabilities as a HTF in PTC. Extensive research has
been conducted on the convective heat transfer coefficient of
different molten salt in circular tubes, such as FLiNaK (LiF, NaF,
KF) and HITEC (7% NaNOs, 53% KNO;, 40% NaNO,) (Hoffman
and Lones, 1955; Hoffman and Cohen, 1960; Liu et al., 2010). The
influence of structural parameters, includes helical pitch and wire
with coiled wire plug-ins, on heat transfer in annular flow channels
has been investigated, taking into consideration the HTF and other
factors (Yang et al., 2021). Correlation formulas have been proposed
to reveal the convective heat transfer performance of molten salt in
annular channels with coils (Lu et al, 2014; Kim et al., 2018).
Besides, the convective heat transfer characteristic of molten salt-
based nanofluid was numerically studied to investigate the influence
of inlet velocities and heat flux (Ying et al., 2020). Heat transfer of
salt outside the coiled tube was reported and correlations were
proposed (Huang et al., 2021). The heat transfer mechanism of the
U-tube molten salt steam generator was experimentally revealed,
and thermal efficiency was determined by heat absorption and heat
loss (Zou et al., 2020). An experimental investigation on the heat
transfer performance of molten salt flowing in an annular tube was
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carried out with different inlet temperatures (Dong et al., 2019).
Experimental study of heat transfer enhancement for molten salt
with transversely grooved tube heat exchanger in laminar-
transition-turbulent regimes was investigated with the increasing
of Re and Pr (Chen et al., 2018).

Related researches on the heat transfer characteristics of molten
salt are shown in Table 1.

Currently, there has been little researches on the flow heat transfer
of molten salts in ETSC, which is of great significance for designing the
heat-absorbing heat transfer component of the HITEC in ETSC and
calculating of heat transfer characteristics of ETSC. Therefore, the flow
and heat transfer characteristics of HITEC in ETSC were experimented
with the different mass flow and operating temperatures. The Nusselt
number of fully developed turbulent flow was analyzed to provide the
forced convection heat transfer characteristic of HITEC in ETSC. The
accuracy of these correlations on the HITEC data of this study was
examined with comparisons between the experiment results of HITEC
in ETSC and classical heat transfer empirical correlations as basis.
Finally, in order to promote the industrial application of HITEC in
ETSC, and explore whether the PTC systems can work stably under
low irradiation intensity, the thermal performance of ETSC was studied
with the different solar irradiances.

2 Experimental system

The molten salt heat transfer test rig mainly consists of the
molten salt tank with pump, ETSC, sunlight simulator and parabolic
mirror, as shown in Figure 1. Flex hoses are arranged on the corner
of the stainless-steel pipelines in consideration of the thermal
expansion at operating temperatures.

Three 3-kW electric heating tubes were installed inside the
0.3m’ molten salt tank. And at least 0.15m’ molten salt was
injected for the experiment to ensure the safety of the molten-
salt pump. The solar simulator, which has a steady and adjustable
solar irradiation intensity from 0 W/m?* to 1000 W/m?, consists of
12 lamps that can concentrate solar light on the surface of the ETSC.
The length and width of the mirror are 1,356 mm and 1,463 mm,
respectively, and the mirror’s focal length is 850 mm.

The structure of the ETSC is depicted in Figure 2, which consists
of an inner absorber tube and an outer glass envelope. The solar
selective coating on the outer surface of the absorber tube not only
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FIGURE 1

(A) Schematic diagram of molten salt heat transfer test rig. (B) Photos of the test rig.

maximizes solar absorption in the spectral range of 0.25-2.5 pum

radiation but also minimizes thermal emittance in infrared region.

Convective heat loss can be reduced through the vacuum layer
between the steel tube and the glass envelope (Plumpe, 2016). The
detailed structural parameters and properties of the ETSC can be

found from table 2.
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It can be seen from Figure 1A that two thermocouples, T} and
T, were added and arranged at the inlet and outlet of the ETSC. A
thermocouple was arranged to measure the temperature of the
environment, Th,.

The structure and thermal properties of the ETSC and HITEC
are summarized in Tables 2, 3 and, respectively.
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FIGURE 2
(A) Structure of the ETSC with heat transfer process illustrated (B) Photograph of the ETSC for experiment.

TABLE 2 The structural parameters and properties of the ETSC for experiment.

Parameters Value Parameters Value
Length of ETSC (L) 820 mm Outer radius of steel tube (r,,) 35 mm
Length of glass envelope (L,) 670 mm Inner radius of steel tube (ry) 33.25 mm

Inner diameter of steel tube (D) 66.5 mm Effective length of ETSC (l) 81.71%

Outer diameter of steel tube (D) 70 mm Thermal conductivity of glass envelope (Ag) 1.1 W/(m-K)
Inner diameter of glass envelope (D;) 150 mm Thermal conductivity of steel tube (As) 16.2 W/(m-K)
Outer diameter of glass envelope (D,) 160 mm Emissivity of solar selective coating (e.) 8% (Gong et al., 2011)

Outer radius of glass envelope (rg,) 80 mm Emissivity of glass envelope (g,) 89% (Gong et al., 2011)

Inner radius of glass envelope (rg;) 75 mm Solar absorptance of solar selective coating (a.) 92%

TABLE 3 Thermal properties of the HITEC molten salt (Wu et al., 2012). . .
Prop The mass flow of HITEC was adjusted by varying the frequency

Properties Value Unit of the drive motor of the molten salt pump. The target plate of the
high-temperature resistant target flowmeter was also changed to
Melting point 415 K . .
achieve mass flow rates ranging from 0 to 1.4 kg/s and 0-3.78 kg/s.
Boiling point 773 K
Density 2083.5-T x 0.748 kg/m’
3 Methodology
Specific heat capacity 1,507-0.1T J/(kg-K)
Thermal conductivity -T x 0.00064 + 0.586 W/(m-K) 3.1 EXperlmental method
Dynamic viscosit 0.0017-0.2149exp (-1/57.05 Pa
ynamic viseosy o ) e The experimental process is shown in Figure 3.
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FIGURE 3
Flow diagram of experimental process.
TABLE 4 Range of measured parameters. Gall ~ Gout = ge (1)
Measured parameters Range Uncertainty where g, is the total solar radiation per unit time of the ETSC, W.
Gout s the heat loss per unit time of the ETSC, W. ¢, is the effective
HITEC fl 1 1.25-3.07 kg/ +2.0% cr s
o e &s 0 thermal energy per unit time collected by the ESTC.
HITEC inlet temperature 463.1-548.4 K +0.2 K
Gout = hairAgo(Tgo - Tair) (2)
HITEC outlet temperature 462.9-548.3 K +0.2 K
) where h,;, is the convective heat transfer coefficient of atmospheric
Atmospheric temperature 297.5-3142 K +0.2 K . o 2 i
air which is equal to Nu 5. Ay, is the area of the outer surface of the
The surface temperature of ETSC 316.6-348.3 K 302K glass envelope. Ty, is the temperature of the atmospheric air.

In the circulation, the molten salt is driven by the molten salt
pump and flows from the molten salt tank through the flowmeter
and ETSC before returning to the tank.

During the experiment, the Re of HITEC molten salt in ETSC
was gradually increased by increasing the flow rate while
maintaining the temperature above 423 K, which ensured that
HITEC was in a fully developed turbulent state. When the
temperature of the molten salt was 423 K and the flow velocity
was 0.15 m/s, the Re was 2,291.58, which is close to the critical Re
of 2,300.

In the experiment, the inlet and outlet temperature of HITEC
molten salt in ETSC, the surface temperature of ETSC, the
temperature of atmospheric air and the flow rate of HITEC
molten salt were measured to calculate the heat loss of ETSC
and the convective heat transfer coefficient of molten salt in ETSC.
The flow rate of HITEC salt was set differently in various
experiments (flow rates ranged from 1.25kg/s to 3.07 kg/s
continuously in 11 experiments). In each flow rate, three inlet
temperatures of HITEC were used (about 463 K, 493 K, and
523 K). The uncertainties of the experiment measurements are
listed in Table 4.

3.2 Mathematical modelling

Investigation of the heat loss of molten salt in the ETSC is based
on the analysis of the heat transfer process as shown in Figure 4,
when the solar simulator is off and the solar radiation is zero.

The heat transfer equation of the ETSC can be described
according to energy conservation law as Eq. 1:

Frontiers in Energy Research

Considering that there was no wind in the room, the heat loss of
glass envelope to the atmospheric air can be carried out in the form
of natural convection. Nu can be calculated by Eq. 3; (Gong et al,,
2011):

2

0.387Ral’s
Nu=406+—t 3)

9716718/
[1+(2)™]
where Ra is Rayleigh number, and it can be calculated by Eq. 4
(Gong et al., 2011):
_ gﬁairATDi

Vair

Ra (4)
where g is 9.18 m/s>, f, is 3.4 x 107K and is the thermal
expansion coefficient of atmospheric air, AT is the temperature
difference between atmospheric air and the glass envelope, a,;, is the
thermal diffusivity of atmospheric air.

The heat loss of the ETSC has been calculated by the Eq. 2 and is
also equal to the heat transfer between the HITEC and the steel tube
according to Eq. 5.

Gout = hmsAs (Tsi - Tms) (5)

where A is the area of the inner wall of steel tube. Ty, is equal to
(T1+T5)/2, which is measured by the experiment. To obtain the
convective heat transfer coefficient /i, the inner wall temperature
of steel tube T need be calculated.

The convective heat transfer between residual gas and the outer
surface of absorber tube can be ignored because of the annular
vacuum below 107 Pa (Bei, 2010). And the radiation heat transfer
between the glass envelope and the environment also can be ignored
(Bei, 2010).
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Inner wall of

HITEC ETSC
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FIGURE 4
Diagram of heat transfer process.

The heat transfer can be described according to the law of energy
conservation as Eq. 6:

qoul = qg = qsfg = qs (6)

The inner wall temperature of the glass envelope T,; and the
outer wall temperature of the steel tube T, can be obtained
according to the Egs. 7, 8 respectively according the law of
energy conservation. And then the inner wall temperature of
steel tube T§; can be carried out by Eq. 9.

~ 2 (T — Tyo)

99 = (7)
ln(rgo/rgi)
Tt - Tyt
= gA X "8
qS g 0. sol+ (1—85)’go (8)
& &gTgi
271'/151 Tsi - Tso
B ( ) ©)

™ (reo/7si)

For fully developed turbulent flow of HITEC in ETSC, the
HITEC’s operating temperature and flow velocity increased from
473 K to 573 K and 1kg/s to 3.2 kg/s, respectively, and the Re is
larger than 10,000 in this experiment. In this case, Pr ranges from
8.36 to 8.64 which is based on the definition of Pr and Re as follows.

Re = P¥P (10)
u
proU_HC (11)
®  Ams

Where D; is the diameter of the steel tube of the ETSC, p is the
density of the HITEC, v and p are the HITECs fluid flow velocity
and dynamic viscosity, respectively. v and « are the HITEC’s
kinematic viscosity and thermal diffusivity, respectively.

In order to find out the influence of heat transfer characteristics,
Nu can be calculated with the given Eq. 12.

_ hmle

N
T

(12)
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Nu can be represented by Re and Pr as Eq. 13:
Nu = bRe‘Pr? (13)

Where b, ¢ and d are all constants, and since the ETSC in this
experiment was cooling, d can be set as 0.3 (Dittus and Boelter,
1985), while the other two parameters can be fitted with the
experimental data in the way of Levenberg-Marquardt.

4 Results and discussions

4.1 Heat transfer characteristic of HITEC
molten salt in ETSC

In terms of the various inlet temperatures of HITEC in this
study, the Re of HITEC in ETSC varies from 13,204 to 29,258. In
addition, the heat transfer coefficient of HITEC in ETSC varies from
299.8 W/(m*>K) to 833.05 W/(m®>K). Figure 5 shows that the heat
transfer coefficient (h,,,) increase gradually with the increase in Re.
hyms in this study is much lower than the heat transfer coefficient h of
others (Hoffman and Cohen, 1960; Liu et al., 2010). This outcome is
mainly because of lower heat exchange between ETSC and
atmospheric air compared with round tube under the same
operating condition.

The experimental data of HITEC are compared with the
traditional classical correlation. The results are shown in
Figure 6. The maximum deviations of the experimental data
from the Dittus-Boelter formula (Dittus and Boelter, 1985) and
H.W. Hoffman formula (Hoffman and Cohen, 1960) are 19.8% and
57.3%, respectively. The reasons why the large deviation between the
data and the traditional classical correlation exist are as follows.

The vacuum layer of ETSC leads to the low heat exchange with
the atmospheric air, which also means that the heat transfer between
HITEC and ETSC is low in the cooling state.

The structure parameters of ETSC are different from those of
round tube. The diameter of ETSC is much larger than that of round
tube, which leads to a larger molten salt flow area.
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Fitted correlation between Nu/Pr®* and Re compared with
experimental data.

Compared with the influence of the temperature difference
between inlet and outlet of ETSC, the influence of changes in
flow area and heat loss is stronger. That is why the deviation
between the data and the traditional classical correlation is large.

From the experimental data of HITEC in ETSC, the fitted
calculation for HITEC convective heat transfer in ETSC is
obtained in range of 8.36< Pr < 8.64, 13,204< Re < 29,258, and
it can be described as:

Nu = 0.00028Re"* py03 (14)

The new correlation can predict the experimental data with an
accuracy of +19.2%, which establishes a good convective heat
transfer correlation.
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Experimental data compared with formula of Wu.

The formula fitted by Wu (Liu et al., 2010) is compared with the
experimental data in Figure 7.

The maximum deviation of experimental data is 86.2%. It means
that the formula describing heat transfer of HITEC in a round tube is
not suitable for HITEC in ETSC.

It is evident that the h,,s calculated by the Eq. 5 ranges from
299.8 W/(m?*K) to 833.05 W/(m*K), while that of Wu is more than
2,500 W/(m?*K), and the heat loss of the ETSC is lower. So that Nu is
lower than that of round tube. Pr is affected by thermal properties
and is almost unchangeable at the same temperature. That is why
Nu/Pr®? of the ETSC is larger than that of round tube. And it also
means that the traditional classical formulas are no longer suitable
for HITEC in ETSC.

4.2 Thermal performance of the ETSC with
solar irradiation

The operation of CSP plants directly related to the temperature
difference between the inlet and outlet of ETSC. Therefore, we
studied the temperature difference under different irradiation
intensities. The temperature difference is shown in Figure 8
under the steady irradiation intensity of 0 W/m? 400 W/m?,
500 W/m? 600 W/m?> and 700 W/m? AT  increases
from —0.30~ —0.2 K to —0.2-0 K, and the effective thermal energy
per unit time increases from —26.8 W to 190.28 W, which can be
computed by Eq. 2.

There are two reasons why AT is still equal to or lesser than 0 K.
First, the experimental effective length of ETSC [, is 81.71%, which is
smaller than the 96.25% used in CSP. Second, the increase in the
temperature difference 0.2°C of molten salt at the inlet and outlet of
the ETSC is determined by the irradiation intensity of the
concentrating part of the ETSC. This work uses a single
parabolic mirror with the concentrating ratio about 17. When
the irradiation intensity rises from 0 W/m’ to 700 W/m’, the
irradiation intensity of the concentrating part rises from 0 W/m®
to 11,900 W/m®. In CSP plants, the concentrating ratio of the
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Temperature difference with the change of irradiation intensity.

collector is in the range of 50-68 (Bei, 2010). When the irradiation
intensity is 700 W/m?®, the lowest irradiation intensity of the
concentrated part is 35,000 W/m?. The irradiation intensity of the
concentrated part is 23,100 W/m* more than that of experiment.
According to this calculation, the temperature difference between
the inlet and outlet of molten salt can be increased by 0.39°C.
Therefore, when the irradiation intensity reaches 700 W/m?, the
outlet temperature of the ETSC is much higher than the inlet
temperature, and the CSP plant can work normally.

5 Conclusion

The convection heat transfer experiment of HITEC in ETSC are
conducted and compared in this work. The results are as follows:

(1) Due to the low heat exchange between ETSC and HITEC, the
heat transfer coefficient of HITEC in ETSC ranges from
299.8 W/(m*K) to 833.05 W/(m*K), which is lower than that
of HITEC in a round tube.

(2) The experimental data of HITEC shows a large difference from
classical heat transfer correlations, indicating that the classical
heat transfer correlations are no longer suitable for the flow and
heat transfer of HITEC in ETSC.

(3) The experimental data on forced convective heat transfer in ETSC
of fully developed turbulent flow was obtained. The Re of the
HITEC ranged from 13,204 to 29,258, the Pr fell between 8.36 and
8.64. The corresponding convective heat transfer correlation
equation for HITEC was fitted as Nu = 0.00028Re!-4% pr03.
This equation can be used for designing the heat-absorbing
heat transfer component of the HITEC in ETSC and
calculating heat transfer characteristics of ETSC.

(4

~

The temperature difference between the inlet and outlet of the
ETSC was compared with the different steady solar irradiation
intensities from 0 W/m? to 700 W/m? and AT increases
from -0.30~ -0.2K to -02-0K. The thermal flux of the
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ETSC increases from —40 W/m to 284 W/m. The experimental
results show that the ETSC can work stably when the irradiation
intensity reaches 700 W/m®. This conclusion can provide some
theoretical basis for determining the location of CSP plant.
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NomenClature s Steel tube of ETSC

si Inner surface of steel tube
A Area, m’® so Outer surface of steel tube
a Solar absorptance Acronyms and abbreviations
C Specific heat capacity, k/(kg - K) Csp concentrated solar power
D Diameter, m DSG Direct Steam Generation
H/D Helical pitch/Hydraulic diameter ETSC Evacuated Tube Solar Collector
h Coefficient of convective heat transfer HCE Heat Collector Elements
L Length, m HTF Heat Transfer Fluid
1 Length of glass envelope/Length of ETSC PTC Parabolic Trough Collector
Nu Nusselt number
Pr Prandt] number
Re Reynolds number
T Temperature, K
q Heat transfer rate, W
m Mass flow, kg/s
v Fluid flow velocity, m/s

Greek symbols

A Thermal conductivity, W/(m-K)
u Dynamic viscosity, Pa-s

v Kinematic viscosity, m?/s

P Density, kg/m’

« Thermal diffusivity, m*/s

& Emissivity

n Ration

Subscripts

all the entire test tube segment

air Atmospheric air

B Molten salt flow area

Cd Conduction

cdl Conduction of steel tube

cd2 Conduction of glass envelope
cd3 Conduction of vacuum layer
cvl Convection between the steel tube and the glass envelope
o2 Convection between the glass envelope and the environment
E Effective

G Glass envelope

gi Inner surface of glass envelope
g0 Outer surface of glass envelope
ms Molten salt

out Heat loss

Ra Radiation
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