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Promoting the development of concentrating solar power (CSP) is critical to achieve carbon peaking and carbon
neutrality. Molten salt tanks are important thermal energy storage components in CSP systems. In this study, the
cold and hot tanks of a 100 MW CSP plant in China were used as modeling prototypes. The materials and
geometric models were determined based on related specifications and engineering experience. Mechanical
characteristics of the tanks under steady condition, including the deformation, stress distribution, and stress

concentration, were simulated and calculated. Furthermore, the strength of the tank walls was evaluated. The
findings can be used as a reference for designing the molten salt storage tank and reducing the risk during the

operation.

1. Introduction

Concentrating solar power (CSP) is a technology that concentrates
solar radiation and converts it into heat in the storage media to generate
water vapor to run turbines or other power-generating devices [1].
Research and practice on CSP technology have made significant ad-
vancements with the strong support of national policies and practical
experiences from commercial plants worldwide [2]. Thermal energy
storage systems in CSP plants, particularly the widely used molten salt
tanks, are advantageous for increasing efficiency and reducing costs [3,
4].

Recent studies have focused primarily on the structural design and
thermal characteristics of molten salt tanks. Du [5] established models
of molten salt tanks and analyzed the temperature distributions and the
factors that impact the thermal insulation capabilities of both hot and
cold tanks. Prieto et al. [6] conducted experiments on the charging and
discharging processes of a two-tank storage system and calculated and
compared the heat loss through the top, wall, and bottom boundaries.
Wang [7] studied the effects of the insulation material and its thickness
on the temperature and heat loss of a molten salt hot tank through ex-
periments and Fluent simulations. Han et al. [8] proposed a salt-filling
plan for a 50 MW CSP plant and simulated the temperature distribu-
tion and heat loss during the process.

As more operational accidents are reported [9,10], the structural
strength and operation safety of molten salt tanks as hydraulic pressure
containers have gradually gained attention. Shi et al. [11] studied the
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buckling of the tank roof, considering the hydrostatic pressure and
thermal effect. Zhang et al. [12] used ANSYS Fluent and Abaqus to solve
the thermal and mechanical problems of a molten salt hot tank modeled
using NOOR III CSP, in which they analyzed the stress on the tank wall
and evaluated its structural strength.

The focus of this work is to study the mechanical performance of the
molten salt tank. The dimensions and geometric models of the two tanks
are determined based on the data of a 100 MW commercial CSP plant
and relevant specifications. Strength analysis of the established models
is then conducted using COMSOL simulations. Assessments of the
designed tanks and suggestions for operation safety are provided to
reduce possible structural damage.

2. Design of the tanks
2.1. Basic assumptions

The following basic assumptions are adopted to facilitate the analysis
and simulation of the molten salt tanks:

(1) The process is in steady state.

(2) The molten salt flow between the two tanks via pipelines and
other CSP plant equipment is not considered.

(3) The structures of the two tanks are assumed to be devoid of flaws
or gaps, and all the materials are isotropic.

(4) The salt tank wall is assumed to be a single-layer cylinder.
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Nomenclature

I Specific heat at constant pressure, J-kg~1-K*
E Elasticity modulus, GPa

K Stress concentration factor

R Radius of the tank roof, mm

r Radial direction

S Stress, MPa

t Thickness, m; mm

z Height direction

Greek symbols

a Thermal expansion coefficient, K~!
yl Thermal conductivity, W-m1.K?
v Poisson’s ratio

p Density, kg-m 3

c Stress, MPa

Subscripts

abp Annular bottom plate

bp Bottom plate

f Fluid

fb Fire brick layer

fg Foam glass

1 Primary local membrane
Im Primary membrane

Imb Primary membrane and bending
in Inner source

max Maximum

nom Nominal

™w Fire brick ring wall

s Solid; yielding

w Tank wall

wi Tank wall insulation layer

(5) The molten salt tank is rotationally symmetric, and its asym-
metric structures are ignored.
(6) The salt is stacked uniformly in the tank without impurities.

2.2. Storage media and tank materials

Solar salt, a binary salt composed of 60% NaNO3 and 40% KNOs, is
used as the heat storage medium. In the studied cases, the physical
properties of the salt are listed in Table 1 [12-16]. The molten salt tank
is a vertical cylindrical welded steel storage tank exposed to molten salts
at high temperatures and corrosiveness. The properties of the selected
materials are listed in Table 1.

2.3. Structures and dimensions

The cold and hot salt tanks in this study are modeled based on a 100
MW CSP tower plant in China. The plant system has two molten salt
tanks; the cold tank has an operating temperature of 290 °C (563.15 K),
a diameter of 37.39 m, and a height of 15.00 m. The hot tank has an
operating temperature of 565 °C (838.15 K), a diameter of 39.25 m, and
a height of 14.80 m. The average operating liquid level of the two tanks
is 12 m.

The structures of the two tanks are designed based on API 650-2013
[17], GB 50341-2014 [18], and SH 3046-1992 [19]. A self-supporting,
ribbed dome roof is selected for two tanks. The mineral wool is used as
the insulation material for the wall and roof, and its thickness is deter-
mined according to engineering experience. There are multiple insu-
lation layers at the bottom of the tank as well, including the fire brick
and foam glass, as depicted in Fig. 1. The dimensions of the tank
structures are listed in Table 2.

Table 1
Properties of the tank materials [12-16].
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1: tank wall, 2: tank bottom, 3: mineral wool layer
4: fire brick layer and ring wall, 5: foam glass layer
6: concrete layer, 7: cooling tube

Fig. 1. Detailed structures at the bottom of the tank.

Table 2
Main dimensions of the tank structures [3].

Parameter Cold tank (mm) Hot tank (mm)
tw 36 43

R 29,910 31,400

twi 300 500

top 10 12

tabp 22 24

tm 0 200

tw 400 500

teg 400 300

Material ps (kg-m~3) E (GPa) [6] (MPa) v a(x 1076 K™ 2s W-m LK) cps (Jkg "K ™
Q345 7,836 172 136 0.3 15.2 43.7 564
(290 °C) (Y: 315)
TP347H 7,980 169 111 0.28 16.3 20.2 480
(565 °C) (Y: 205)
Mineral wool 350 61.4 - 0 0.0674+0.000215T (°C) 750
Fire brick 500 3,680 0.25 0.7 + 0.00058T (°C) 1,050
Foam glass 1,000 100 0.33 0.3162+0.00113T (°C) 810

Note: Y: yielding stress.
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Fig. 2. Global and local meshes of the hot tank.

3. Simulations and analyses
3.1. Model and mesh

In this study, a 2D axisymmetric steady model of the molten salt tank
is created using COMSOL Multiphysics. The process is simulated with
modules including heat transfer in solids and fluids, surface-to-surface
radiation, laminar flow, and solid mechanics with thermal expansion.
The stationary situations of two cases are solved using fully-coupled
MUMPS solver.

The governing equations of the solid and fluid domains are presented
as follows:

V(=4,VT) = —aT : 6 + Qi, solid heat transfer D

PscpsuNT + V- (= 4VT)
=aT(u-Vp)+7 @
: Vu + Qy,, fluid heat transfer

pr(w-V)u=—Vp+pg+ ,usZu, laminar flow 3

where a, 6, Qin, and 7 are the coefficient of thermal expansion, stress rate
tensor, internal heat source, and viscous stress tensor, respectively.

Fig. 2 shows the global meshing with some local parts for the hot
tank, in which region 1 refers to the refined mesh at the junction of the
bottom plate and annular bottom plate, and region 2 is that at the weld
of the tank wall.

To conduct the mesh independence study, von Mises stresses at point
A (see Fig. 2) are calculated and compared as the indicator. The results
show that when the maximum element size of the tank wall varies from
0.003 m to 0.006 m, the stress value shows little change, as shown in
Fig. 3. The mesh with the maximum element size of 0.004 m is selected
as the calculating mesh. The meshes of the cold and hot tanks with
corresponding average mesh qualities of 0.8907 and 0.8902 consist of
858,187 and 882,147 elements, respectively.

3.2. Boundary conditions
The boundary conditions are as follows:
(1) The wind speed is taken as the annual average wind speed (1.9

m-s~1) in Dunhuang, and the ambient temperature is set at 15 °C
(288.15 K).

(2) The emissivity of the salt surface, inner boundary, and external
boundary are set to 0.95, 0.35, and 0.8 [5,16], respectively.

(3) The wall and bottom part of the tank are the subjects of study in
the mechanics module, considering the self-weight of the
structures.

(4) The bottom of the concrete layer is set to be the ambient tem-
perature and solidified.
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Fig. 3. Von Mises stresses at point A of the two tanks with maximum element
size varying from 0.003 m to 0.006 m.
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Fig. 4. 3D deformations and maximum displacements of the two tanks.

3.3. Strength analysis

3.3.1. Deformations

Fig. 4 shows the 3D deformations and maximum displacements of the
two tanks. The maximum wall displacement of the cold and hot tanks
with corresponding sizes of 9.88 mm and 7.86 mm are located at 1.70 m
and 1.85 m from the bottom of the tank, respectively. Long-period large
deformation may cause irreversible plastic damage. Therefore, these
regions should adopt complete joint penetration weld or add additional
strengthening structures, including stiffeners.

3.3.2. Stress distributions

Stress distributions in the cold and hot salt tanks exhibit similar
patterns. The von Mises stress ranges from 11.3 kPa to 215.9 MPa for the
cold tank and 23.4 kPa to 166.0 MPa for the hot tank, with the maximum
values located at the top weld toe, as shown in Fig. 5. The Tresca stress
demonstrates a similar distribution, with maximum values of 241.2 MPa
and 177.2 MPa in the cold and hot tanks, respectively. Both the cold and
hot salt tanks show stress concentration within a distance of approxi-
mately 20 cm from the bottom, and the upper sections of the wall can be
regarded as non-concentration regions. The maximum von Mises stress
in the non-concentration regions of the two tanks is 110.6 MPa and 87.4
MPa, respectively, at the corresponding inner boundaries 1.43 m and
1.56 m from the bottom. The overall stress level of the cold tank under
this case is higher than that of the hot tank due to a thinner tank wall.
However, when the tank is working under the charging (salt-filling) or
discharging process, the sum of the mechanical stress induced by the
hydraulic pressure and the thermal stress induced by the temperature
difference in the hot tank may be larger.

The distributions of the radial, circumferential, and axial stresses
along the height direction (z direction) of the tank wall were analyzed.
Fig. 6 shows that stress fluctuations due to stress concentration occur in
the region of the tank wall at a height of approximately 0.2 m from the
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Fig. 5. Von Mises stress distribution at bottom regions of the two tanks.

bottom. As the height increases, the radial stress remains close to zero;
the circumferential stress has the same pattern as the displacement of
the tank wall; the absolute value of the axial stress gradually drops to
around zero.

4. Evaluation of the tank
4.1. Strength evaluation of the tank wall

According to the overall stress distributions in the cold and hot tanks,
the stress value at each point is below the yielding stress of the materials.
For thin-walled large containers, such as molten salt tanks, the American
Society of Mechanical Engineers (ASME) proposed a method of linear-
izing stresses along the thickness direction and used a series of equiva-
lent stresses to represent the actual stress [20].

In this study, the primary stresses, including the primary membrane
stress Sim, primary local membrane stress Sy, and primary membrane
plus bending stress Syyp, are regarded as the indicators of strength [21]
with the following requirement.

S[m < [O'],S“ < 0-57SImb < 0O (4)
where [¢] and o, are the allowable and yielding stresses of the material,
respectively.

Five linearization lines are set along the two tank walls, as shown in
Fig. 7. They are located at the bottom (position 1) and top (position 2)
parts of the fillet weld and at 0.8, 1.4, and 2.0 m from the bottom (po-
sition 3, 4 and 5, respectively). Positions 1 and 2 are used to calculate the
local Sy, and the others are used to determine the general Syp,.

The primary stresses and evaluation results for the two tanks are
listed in Table 3. The walls of the two tanks are assessed by Eq. (4), and
the results show that the two tanks satisfy the requirements.
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Fig. 7. Positions of the five linearization lines.

Table 3
Stress linearization evaluation results of the two designed tanks.
Tank/number Sim (MPa) Sn (MPa) Simb (MPa) Safety
Cold tank 1 18.1 77.9 v
2 - 15.7 163.3
3 74.7 - 99.5
4 102.4 - 122.5
5 103.1 - 108.6
Hot tank 1 - 18.6 69.2 v
2 - 16.4 126.1
3 55.7 - 72.6
4 78.5 - 97.1
5 82.1 - 89.7
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4.2. Stress concentration and improvement method

Due to the high liquid pressure and abrupt changes in geometry, a
significant stress concentration occurs in the weld region at the bottom
of the tank wall. In engineering practices, there are numerous methods
to reduce the stress concentration in vertically welded storage tanks,
including modifying the geometry configuration of the weld, aging the
material before welding [22], and adding protection structures to fragile
regions [23].

From the design perspective, changing the geometry configuration is
the most fundamental approach. The effect of a smooth-transition weld
geometry on the reduction of stress concentration is verified in this
section.

Taking the hot tank as an example, the shape of the improved fillet
welding configuration is circular, avoiding large-angle geometric
changes. The unilateral change in the weld configuration is shown in
Fig. 8. The local stress distributions in the original and improved ge-
ometries are shown in Fig. 9. The comparison between Figs. 9(a) and 9
(b) indicates that the stress gradient in the stress concentration region in
the improved weld is reduced, and the stress is more uniformly
distributed.

To further demonstrate the improvement in the reduction of stress
concentration, the stress concentration factor K in the concentration
region of the two configurations is calculated using the following
equation [24].

K:M 5)

Onom

where opax and opoy are the maximum and nominal stresses of the
concentration section, respectively.

According to Table 4, K of the improved configuration is lower than
that of the original configuration, which means that the stress concen-
tration is reduced.

In engineering practices, structures with sharp angles will easily
cause stress concentration, especially at the weld region where the
strength of the material is weak. Smooth configuration can be employed
to reduce local high stresses effectively.

5. Conclusions

The cold and hot tanks of a 2-tank thermal storage system for a 100
MW CSP plant are presented, and the mechanical characteristics,
including displacements and stresses, are investigated. The tank wall
strength and stress concentration evaluations of the two tanks are con-
ducted. The main works and findings are as follows:

(1) The geometric structures and materials of the cold and hot tanks
are determined based on the operating conditions of the CSP
plant, specifications (API 650, GB 50,341, and SH 3046), and
engineering experience. 2D axisymmetric models are constructed
by COMSOL.

(2) The analyses mainly focused on the deformation and stress dis-
tributions of the tank walls. The maximum displacement of the
cold and hot tanks with corresponding sizes of 9.88 mm and 7.86
mm is 1.70 m and 1.85 m from the bottom of the tank, respec-
tively. The circumferential stress along the tank wall exhibits a
similar pattern as the displacement. The von Mises stress ranges
from 11.3 kPa to 215.9 MPa and from 23.4 kPa to 166.0 MPa for
the cold and hot tanks, respectively, with the maximum values
occurring at the top of the weld toes. The Tresca stress shows a
similar distribution. Both tanks are affected by the stress con-
centration within 20 cm from the tank bottom.

(3) The stress in the tank wall is evaluated through stress lineariza-
tion, and the results of the calculated primary stresses along the
five selected linearization lines satisfy the requirements for
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Fig. 8. Configuration change in the fillet weld at the bottom of the tank.
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Fig. 9. Von Mises stress distributions at the concentration region of the hot
tank with the original and improved welds.

Table 4

Stress concentration factor of the original and improved configurations.
Configuration Omax (MPa) Onom (MPa) K
Original 166.0 46.5 3.57
Improved 169.5 48.8 3.47

structural safety. The stress concentration in the weld region is
also studied. The improved circular transition fillet weld can
significantly reduce the stress concentration compared to the
original configuration, with the stress concentration factor K of
the concentration region decreasing from 3.57 to 3.47.

6. Research prospects

Two research prospects on the molten salt tank are provided as
follows.

(1) Improved models of the tank. Actual molten salt tanks have
complex structures, including multilayer tank walls, a ribbed
roof, a foundation with heat dissipation tubes, and auxiliary
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components, including the distribution ring, pumps and ducts.
Modified geometric models considering small structures will
achieve more accurate results and provide better information for
the engineering practice. However, the computational demand
will be higher and more complicated. On one hand, molten salt
tanks are comprised of structures of different sizes, which poses a
challenge to generating the calculation mesh. On the other hand,
some transient processes, especially the process containing the
large-scale salt flow, often show poor convergence. Therefore,
numerical methods to find a converged solution effecticely for
such complicated situation is highly needed.

(2) Creep and fatigue problems. Creep and fatigue issues should be
highly concerned because the tanks are periodically exposed to
high-temperature salts with different liquid levels and are sus-
ceptible to damage from the accumulation of plastic yielding.
However, the expected lifespan of a salt tank is up to 25 years
with approximately one charging-discharging cycle a day,
meaning that it is hard to complete a one-to-one fatigue experi-
ment. It is only possible to conduct numerical simulations. In
recent years, researchers have stepped into the study of long-term
mechanical properties. Nonetheless, little research has been re-
ported on creep and fatigue. With more commercial CSP plants
with molten salt tanks deployed, the problems in the second half
of the lifespan, including the long-period operation, discontinu-
ation and disposal, should also be seriously considered.
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