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Abstract: Two-tank molten salt heat storage systems are considered to be the most mature thermal
storage technology in solar thermal power plants. As the key part of the system, the thermal
performance of molten salt tanks is of great importance. An experimental thermal storage system
with a new type of molten salt as a thermal energy storage medium has been built to investigate
the temperature distribution of molten salt inside the tank during the cooling process from 550 °C
to 180 °C. The temperature distribution of the salt was obtained, which reveals that temperature
stratification appears at the bottom of the tank within the height of 200 mm. The position, with the
maximum temperature difference of 16.1 °C, is at the lower edges of the molten salt storage tank.
The temperature distribution was also measured to deepen our understanding of the insulation
foundation, which shows that the maximum temperature appears at the middle upper part of the
foundation and decreases radially. The heat losses of the molten salt tank were calculated by the
classical equation, from which it was found that the heat loss decreases from 3.65 kWh to 1.82 kWh as
the temperature of the molten salt drops from 550 °C to 310 °C. The effect of temperature stratification
on the heat losses of the tank’s bottom was also analyzed.

Keywords: molten salt; energy storage; temperature distribution; heat losses

1. Introduction

Concentrating Solar Power (CSP), as one of the renewable energy technologies, has been
successfully applied commercially in several plants, and is now entering a commercial ramp-up
period [1]. Unlike wind power generation and solar photovoltaic power generation, CSP has the ability
to be combined with a thermal energy storage (TES) system, which can increase the dispatch ability of
plants [2,3]. For this reason, CSP is becoming an important energy utilization direction.

Thermal energy storage improves the efficiency of CSP plants and can be used to balance the
supply and demand [4]. So many newly constructed CSP plants have been assembled with TES.
An example is the Crescent Dunes Solar Energy project, which is the largest solar tower power plant,
with a capacity of 110 MWe and 10 h of thermal storage [5]. Among the different TES systems,
the indirect two-tank molten salt storage system is widely used [6]. In this system, molten salt absorbs
excess energy from the solar field through a heat exchanger at day time, and stores it in the tank for
later use. During cloudy days and the evening, the stored energy is discharged to maintain the steam
turbine at a specified load. As the key piece of equipment in a TES system, the molten salt tank not
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only determines the thermal storage of the system but also has a decisive effect on the efficiency of the
power plant. Therefore, further research is required on the molten salt tank.

A molten salt tank is a vertical-vault-shaped vessel in a concentrating solar power plant. Even
though the tank is highly insulated, heat losses cannot be prevented because of the high operation
temperature (typically 386 °C and 565 °C for a hot tank in a parabolic trough and tower solar plants,
respectively [7,8]). Heat losses of the tank to the surroundings cause the temperature to drop and an
uneven distribution of the temperature of the molten salt inside the tank, which can induce a decline
in the thermal efficiency of the TES system. Therefore, it is necessary to study heat losses and the
temperature distribution in a molten salt tank.

A limited number of studies on heat losses and the temperature distribution of molten salt in
TES systems have been carried out. Schulte-Fischedick et al. obtained the heat losses of an 880 MWh
TES system by computational fluid dynamics (CFD) [9]. The results show that a high heat losses flux
occurred at the lower edges of the salt storage tank (between the side wall and the bottom plate).
Suarez et al. analyzed the cooling process of representative molten salt tanks during their standby
periods and calculated the heat losses using a CFD model [10]. Zaversky et al. developed a fully
transient heat loss model of a molten salt tank based on the Modelica modeling language and simulated
it over three sets of six reference days, providing typical weather conditions of a solar thermal power
plant’s location as model input [2]. Rodriguez et al. modeled molten salt tanks by proposing a parallel
modular object-oriented methodology that considers that there are different elements for the storage
system [11]. With respect to experimental studies, Bradshaw et al. reported measurements of heat
losses in a hot tank and a cold tank in the Solar Two Project; however, the temperature distribution was
not given [12]. Prieto et al. presented the temperature distribution inside a tank and the heat losses of
the tank at the highest molten salt temperature of 370 °C in the pilot plant built at the University of
Lleida [13]. Significantly, the highest operating temperature of molten salt solar power tower plants is
535~565 °C; there may be some that operate at a temperature from 380 to 300 °C during the cooling
down process, but no experimental study on the temperature distribution of molten salt inside the
tank at that temperature range is available. Moreover, thermal stratification often appears in liquid
tanks based on the buoyancy mechanism [14,15]; however, it has not been analyzed in previous articles
about molten salt tanks.

Molten salt has a high melting point, which represents a risk of local solidification during long
standby periods, so it is crucial to identify locations where the onset of local solidifications occurs
during the cooling down process. Therefore, it is necessary to study heat losses and the temperature
distribution in a molten salt tank. However, no experimental research has been done on the temperature
distribution of molten salt during the solidification process.

Different from the uniform foundation structure in an experimental TES system [13], the insulation
foundation of a commercial TES system is used to support the tank and reduce heat losses from the
tank’s bottom with a structure that is comprised of two separate radial zones, which are constructed
from foam glass and firebrick [12]. The difference between the two types of structure is that they may
have different impacts on the temperature distribution during natural cooling. To achieve a deep
understanding of a TES system’s thermal performance that more closely approaches actual results,
a structure that is similar to an insulation foundation is used in the experimental tank in this study.
Meanwhile, since the highest operation temperatures of concrete and foam glass are 480 °C and 100 °C,
respectively, it is necessary to study the temperature distribution of the insulation foundation to ensure
safe operation. However, no studies have addressed this problem.

In this work, an experimental TES system is built to research the thermal property of a
high-temperature molten salt tank during the cooling down process. The objectives are: (a) to obtain the
temperature distribution of the molten salt and the insulation foundation during the natural cooling process
from 550 °C to 310 °C; (b) to confirm or deny through the experiments whether thermal stratification
appears and the influence of thermal stratification; (c) to obtain the temperature distribution of the molten
salt during the solidification process; and (d) to analyze the heat loss of the experimental TES tank.
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2. Materials and Methods

2.1. Molten Salt Tank and Insulation System

Similar to the Solar Two Project, the experimental molten salt tank, which is a vertical-vault-shaped
tank with a plate bottom, as shown in Figure 1, is made of stainless steel 304 in order to avoid corrosion
from the molten salt. A 10 kW immersion electric heater is set to heat the molten salt at the beginning
of the experiment. The main geometrical characteristics of the tank are the shown in Table 1.
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Figure 1. Structure chart of the molten salt tank.

Table 1. Main geometrical characteristics of the tank.

Parameter Units Value
Internal diameter mm 1200
Cylinder height mm 1000
Pump mounting bracket height mm 220
Total height mm 1281
Thickness of the walls mm 6

To reduce heat losses of the tank, the wall and roof of the tank are insulated by alumina silicate
fiber boards with a thickness of 350 mm and 200 mm, respectively. The insulation foundation is
comprised of two separate zones as shown in Figure 2. Firebricks are used to build the outer ring wall
to support the weight of the entire tank. In the center of the foundation, foam glass is selected because
of its low heat conductivity. Since the maximum permissible temperature of the foam glass is about
482 °C, firebricks with a thickness of 150 mm are located on the top of the foam glass in direct contact
with the bottom of the tank. The properties of the insulation materials provided by the manufacturer
are listed in Table 2.

A passive cooling system is required to prevent the reinforced concrete from being overheated [16].
To simulate the heat losses of the tank’s foundation, the insulation foundation of the tank is placed on
a steel plate with steel supports so that the bottom of the insulation foundation can be cooled by air
flowing through the interspaces of the steel supports, which can also protect the concrete floor from
high temperatures.
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Figure 2. Insulation in the tank and the distribution of temperature sensors.

Table 2. Properties of the insulation materials.

Position Insulation Material Conductivity (W/m-K) Thickness (mm)
Roof of the tank Alumina silicate fiber 0.034 + 0.0002T 200
Side wall of the tank Alumina silicate fiber 0.034 + 0.0002T 350
Insulation foundation Foam glass 0.025 +0.0002T 300
Insulation foundation Firebrick 0.025 + 0.00025T 450

2.2. Temperature Sensors

As can be seen from Figure 2, many temperature sensors (PT-100), with an accuracy of +0.1 °C,
are set to measure the temperature distribution. In the tank, 15 temperature sensors are set at five levels
and in three columns, with an interval distance of 150 mm. The sensors are 20 mm and 50 mm distant
from the wall and bottom. There are 24 temperature sensors located inside the insulation foundation,
which are set at four levels and in six columns with an equal interval distance of 150 mm.

2.3. Molten Salt Material

A new kind of quaternary nitrate molten salt, namely Hitec salt with a Ca(NOs3), additive
(16.67%wtCa(NO3)2-4H,O + 44.17%wtKNO3 + 5.83%wtNaNO3 + 33.33%wtNaNQO,), was used.
The experiment used 1400 kg of this molten salt with a liquid level of 740 mm (at 550 °C). The properties
of this material are presented in Table 3.

Table 3. Properties of the new type of molten salt [17].

Property Value
Melting point, °C 94
Density, kg/m> 2.22747 — 9.33493 x 1074t
Heat capacity, J/kg-K 1.77878 — 7.55155 x 1074t
Thermal conductivity, W/m-K 3.83349 — 0.02857¢ + 8.07852 x 10712 — 7.24056 x 1078
Dynamic viscosity, kg/m-s 43.2679 — 0.3556t + 0.00129t2 — 2.1048 x 10763 — 1.1292 x 10~7¢*

2.4. Methodology

Before the experiment began, the molten salt was heated to a homogenous 550 °C using the
immersion electric heater. Then, we shut down the electric heater and started to record the temperatures.

2.4.1. Temperature Distribution Tests

After switching off the electric heater, the temperatures of the molten salt begin to decrease and
the temperature distribution test was started. The test contains two stages. The first stage is called the
cooling down process, in which the liquid salt cools down from 550 °C to 310 °C. At the beginning of
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the second stage, molten salt is pumped from the bottom of the tank and returned via a ring header
at the top until the temperature drops to 300 °C, which makes the temperature more uniform. Then,
the temperatures are recorded from 300 °C to about 180 °C, which indicates the solidification process
of the salt.

2.4.2. Heat Losses

Heat loss is recognized as an extremely important parameter in the thermal efficiency of TES.

An effective way to obtain the heat losses of a tank is to calculate them from temperature difference

data. In this work, an uneven temperature distribution of the molten salt inside the tank appears

because of the heat losses to the surroundings, so the mean temperature of molten salt can be calculated

as the arithmetic average of the 15 recorded temperatures and heat losses. Qpeati0ss can be obtained by
Equation (1):

Qheatloss = Caveragem (Tt — Tty at) @

where Cuvmagg represents the mean temperature of the specific heat of the molten salt, m is the weight
of the molten salt in the tank, and T}, Ty, are the mean temperatures of the molten salt at time t and
t + At, respectively.

Meanwhile, Qpestioss can be divided into three parts: the heat losses of the tank’s external walls
Quall, the heat losses of the tank’s roof Q,qof, and the heat losses of the tank’s bottom Qpottom-

To calculate the heat losses of each part, we make the following assumptions:

(1) The insulated roof surface is geometrically an inclined plane;

(2) The effect of the pump on the heat losses is approximately equal to the convection heat transfer
calculated in an equivalent area;

(3) The temperature sensors Ty, and Ty,f are representative for all of the areas that they represent.

Thus, Quuii, Qroof can be calculated by the classical formulas:

Qwall = D‘wullAwull(Twall - Tutm) (2)

Qroof = aroofAroof(Troof - Tutm) ®)

where Ty, Troof are the temperatures of the insulation wall and the insulation roof, respectively.
Tatm represents the atmospheric temperature. Aqy, Aoof are the areas of the insulation wall and the
insulation roof, respectively. ayal, @0 indicate the heat transfer coefficients of the insulation wall and
the insulation roof, respectively. Therefore, Quaii, Qroof can be confirmed by calculating a.,; and ayo0f
when the temperature difference is measured.

Due to the heat exchange between the outer surface of the tank and the ambient environment
happens via convection and radiation, the heat transfer coefficients ., and a,s consist of the
convection heat transfer coefficient a. and the radiation heat transfer coefficient 4,, which can be
estimated by the relationships described in publication [18]. In the calculation, a standard wind velocity
of 2 was taken.

Through the above calculation, the heat losses of the bottom of the foundation to the ambient
environment Qp,trom can be determined as Equation (4).

Qvottom = Qhneatioss = Qewall = Qroo f 4)

3. Results and Discussion

3.1. Temperature Distribution from 550 to 310 °C

During the cool down process, heat losses to the environment offer enough buoyancy forces to
drive the molten salt to natural convection, with the result that the molten salt near the tank walls cools
down. Thus, its density increases and moves down to the bottom of the tank. Then, the phenomenon
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of thermal stratification appears. In this work, the temperature distribution of the cooling process from
550 °C to 310 °C is shown in Figure 3, which takes about 3100 min.
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Figure 3. Temperature distribution of the molten salt during the cooling process from 550 to 300 °C.

It can be seen from Figure 3a—c that temperature difference appears and gradually increases as the
temperature decreases. However, a temperature difference only exists between the bottom two tiered
sensors during the entire cooling down process. We can consider the molten salt in the tank as being
divided into two zones (shown in Figure 4): an isothermal zone and a temperature stratification zone.
Besides this, the height of the temperature stratification zone is less than 200 mm for the duration of
the test.

Air zone

Isothermal zone

Tm

Ts=Tm

Temperature stratification zone
/Tb

Figure 4. Model of the temperature stratification in the tank.
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Figure 5 shows the temperature difference variations in the temperature stratification zone. At the
beginning of the test, the temperature difference of the three column sensors gradually increases
and then decreases, but finally reaches steady values of 16.1 °C, 10.4 °C, and 7.3 °C, respectively.
The maximum temperature difference always occurs between M32 and M31, which shows that the
minimum temperature appears at the lower edges of the molten salt tank (between the side wall and
the bottom plate). This may be due to the fact that the molten salt in the region of the lower edges is
slightly influenced by the natural convention of the main flow field.
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Figure 5. Variations in the temperature difference of the temperature stratification zone.

The temperature variations in the insulation surface and the ambient environment are shown
in Figure 6. The wall temperatures change following the ambient temperatures. On the other hand,
since the thickness of the insulation is thinner than that of the plant [15], the maximum wall temperature
is about 54 °C.
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Figure 6. Variations in the temperature of the insulation surface and the ambient environment.

Figure 7 shows the temperature distribution of the cooling down process at different levels. It can
be seen that a temperature difference only appears at the bottom level. However, at other levels,
the temperature remains highly consistent all the time. Moreover, temperature differences between
the three bottom monitoring points (M11-M21 and M21-M31) appear as the temperature decreases,
and both achieve maximum values of about 8.5 °C when the salt temperature is about 450 °C. Then,
the temperature differences tend to be stable at about 3.5 °C (M11-M21) and 6.5 °C (M21-M31).
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Figure 7. The temperature distribution of molten salt at 550~310 °C at various levels.
3.2. Temperature Distribution from 300 to 180 °C

Figure 8 demonstrates the temperature distribution of molten salt from 300 °C to 180 °C. What
should be noted is that, from Table 3, it is up to 19% of the variation in salt density from 500 °C to
200 °C, which leads to a decline of about 150 mm in the liquid level’s height, and the top sensors are
exposed to air. So, the top temperature sensors M15, M25, and M35 are neglected here.
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Figure 8. The temperature distribution of the molten salt at 300~180 °C.
As can be noticed in Figure 8, it is clear that this process lasts for about 100 h from 300 °C to

180 °C, which is about two times longer than that from 550 °C to 310 °C. This result reveals that the
temperature of molten salt has a great effect on the heat losses of the tank. Furthermore, it is obvious
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that the temperature drop rate suddenly slows down at about 195 °C, which illustrates the temperature
at which the new type of molten salt starts to recrystallize.

Molten salt solidification must be avoided under all circumstances because of the enormous costs
to resolve it, so it is important to confirm the position of the onset of solidification. In Figure §, it is
shown that the lowest temperature always occurs at M31, which shows that the initial position at
which the molten salt solidifies is located at the lower edge of the tank.

At the same time, given that the natural convection effect on the temperature distribution vanishes
during the solidification process, while the influence of heat radiation from the liquid surface becomes
more important, the temperatures near the liquid level are lower than those of the other two layers,
which can be seen in Figure 8.

The temperature of the molten salt at the four levels at 300~180 °C is shown in Figure 9. As expected,
temperature differences only exist at the bottom level, with values of 1.5 °C (M11-M21) and 5.1 °C
(M21-M31) when the molten salt is in the liquid region. However, temperature differences appear
at each level and gradually increase as the amount of molten salt decreases during the solidification
process. Moreover, as time goes on, it should be noted that the temperature at M14 approximates that
at M34 due to the effect of the thermal bridges of the salt pump, which reveals that the onset of local
solidifications of the liquid surface first occurs near the salt pump.
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Figure 9. Temperature distribution of molten salt at 300~180 °C at various levels.
3.3. Temperature Distribution of the Insulation Foundation

An insulation foundation is used to reduce heat losses from the tank’s bottom and support the
tank. In order to understand the insulation foundation more deeply, temperatures of the foundation
were recorded. The isotherm distribution of the insulation foundation at 550 °C, 400 °C, and 300 °C is
shown in Figure 10. The common characteristics of these figures are that the maximum temperature
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occurs at the middle-top parts of the foundation, which matches the temperature distribution of the
molten salt in the tank. As mentioned earlier, the heat conduction of foam glass is lower than that of
firebrick, so temperatures in foam glass always remain higher than those in firebricks at the same level.
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Figure 10. The temperature distribution of the insulation foundation.

There are two limits for the insulation foundation. The first is the maximum working temperature
of the foam glass, which is 482 °C. The second is that the temperature at the insulation foundation’s
bottom is prohibited from reaching 90 °C to avoid overheating of the concrete foundation below the
insulation foundation in a real solar thermal plant. Figure 10 shows that the maximum temperatures of
the foam glass and the foundation bottom are, respectively, 384 °C and 46 °C. That is to say, the current
thickness of the foundation is reasonable.

3.4. Heat Losses

Because of the high operating temperature of the TES system, heat losses cannot be prevented
from occurring. By calculating the heat losses of the tank, the tendency of the variation in the heat
losses of the tank can be obtained, and is drawn in Figure 11. The figure shows that the total heat
losses of the tank decrease from 3.75 kW to 1.82 kW as the temperature of the molten salt drops from
550 °C to 310 °C. However, the rate of the decrease in heat losses is different. At the beginning of
the test, the temperature difference between the molten salt and the ambient environment is higher,
which causes the heat losses to be greater. Then, the heat losses drop as the temperature decreases and
the thermal stratification zone forms.
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Figure 11. Heat losses from the experimental tank.

We compared the heat loss data from the experimental tank with Solar Two Project data, and the
results are shown in Table 4. It is obvious that the heat losses from the experimental tank are higher
than those from Solar Two, which may be due to the insulation being thinner and the insulation
material being different. Moreover, another reason for this result may be that Solar Two has a smaller
specific surface area.

Table 4. Comparison of heat loss data from the experimental tank and Solar Two (W/m?).

Heat Losses Value
Data Sources

Roof Wall Bottom Average Value
Experiment result (550 °C) 2314 219.1 216.6 220.2
Solar Two data (565 °C) — — — 176.3

Heat losses from the wall surface and the bottom of the tank were also calculated by applying the
method presented in Section 2.4.2. The results are shown in Figure 11. As can be seen from the figure,
Quan contributes about 60% of the heat losses, while Qptto is the minimum. Meanwhile, different
from the linearly descending Qua and Qoof, Qpottom Shows a different trend of decline.

Figure 4 shows that thermal stratification only appears at the tank’s bottom, which equates to the
introduction of thermal resistance in the bottom of the tank. Logically, a judgment can be formed that
the thermal stratification zone only affects the heat losses from the tank’s bottom.

The heat losses of the foundation’s bottom to the ambient environment, Qpot1om, can be given as:

T,—T
Qbottom = R ! (5)

where R is the thermal resistance of the insulation foundation, which is assumed to be constant here,
and Ty, Tyrepresent the mean temperature of the tank’s bottom and the foundation’s bottom, respectively.

There is no thermal stratification zone in a full-mixed tank, so the temperature difference changes
from Ty — Trto Ts — Tf. The rate of decline of heat losses y caused by the thermal stratification zone can

be calculated as:
_ Qbottom—mixed - Qbottom _ Ts - Tb _ T — Tb

Qbottom—mixed Ts — Tf N T — Tf

(6)

Figure 12 shows y as the salt temperature decreases, which contains the three stages of the cooling
process. In the first stage, the temperature difference T; — T}, increases once thermal stratification
has appeared at the bottom of the tank, so the rate of decline of heat losses increases to about 3.5%.
The rate of decline remains constant from 475 °C to 400 °C at the second stage, which shows that the
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temperature drops of Ty, and Ty are very close due to little change in T, — T} at this stage. However,
at the third stage, the temperature difference T, — T}, remains constant and the temperature difference
T — Ty continues to reduce as T, decreases, so the rate of decline of heat losses y increases from 3.5%
to about 5.6%.
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Figure 12. The rate of decline of heat losses caused by thermal stratification.
4. Conclusions

An experimental TES system with a new type of molten salt as the thermal energy storage medium
was built to investigate the performance during the cooling process. An uneven temperature distribution
of molten salt driven by natural convection due to the heat losses of the tank to the surrounding
environment was recorded from 550 °C to 180 °C. By analyzing the temperature distribution data,
the temperature difference was found to remain within 200 mm at the tank’s bottom, which reveals that
thermal stratification exists in the tank. Besides this, the local solidification problem was addressed,
and the results show that the position of initial solidification is located at the lower edge of the tank.
In order to achieve a deeper understanding of the molten salt tank, the temperature distribution of the
insulation foundation was obtained, and the results show that the maximum temperature appears at
the middle upper of the foundation and decreases radially.

On the other hand, the total heat losses of the tank were calculated to be 3.75 kW to 1.82 kW as the
temperature decreased from 500 °C to 310 °C. The insulation wall contributed the majority of the heat
losses (about 60%). Meanwhile, the existence of a thermal stratification zone reduces the heat losses of
the insulation foundation by increasing the thermal resistance. However, the trends of this effect are
unstable, can be divided into three parts with different molten salt temperatures, and have maximum
rate of decline of up to 6.5%.
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Nomenclature

Qheatloss Heat losses of the tank (kW)

Caverage Mean temperature of the specific heat of molten salt ()

m The weight of molten salt in the tank (kg)

Tt,Trint The mean temperature of molten salt at time ¢ and t+At (K)

Quwall, Qroof/ Qbottom
Twar, Troofr Tvottom
Tatm

Heat losses of the tank’s wall, roof, and bottom (kW)
Temperature of the insulation wall, roof, and bottom (°C)
Temperature of the environment (°C)

13 of 14

Awalls Aroof Area of the insulation wall and insulation roof (m?)

Agoalls Aroof Heat transfer coefficients of the insulation wall and roof (W/(m2K))

ac Convection heat transfer coefficient (W/(m?2K)

ar Radiation heat transfer coefficient (W/(m2-K)

Tm Temperature of molten salt of the isothermal zone (°C)

T Boundary temperature of the molten salt of the isothermal zone and the
s stratification zone (°C)

Ty Temperature of the molten salt of the tank’s bottom (°C)

Ty Temperature of the insulation foundation’s bottom (°C)

R Thermal resistance of the insulation foundation (K/W)

y Rate of decline of heat losses caused by the thermal stratification zone
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