™

Check for
updates

A Study on Dimensional Parameters of Shell-to-Bottom
Weld Area in Molten Salt Storage Tanks

Yiming Xue®, Qipeng Song, Wei Zhao, Yingchun Wang, Dengyun Zhao, Kang Chen
Northwest Engineering Corporation Limited of POWERCHINA, Xian 710000, China

*xyml130200@163.com

Abstract. The molten salt storage tank is a key component of the solar thermal
power plant's energy storage system. In the structure of the tank, the region with
shell-to-bottom weld is a weak area that affects the safe operation of the tank.
This study focuses on the design of a storage tank in a solar thermal project in
Qinghai Province, and uses the ABAQUS finite element thermal-stress coupling
analysis method to investigate the influence of the first layer tank wall thickness,
edge plate extension length, and edge plate thickness in the region of shell-to-
bottom weld. The aim is to provide reference for the design of future molten salt
storage tanks. The research results indicate that increasing the thickness of the
tank wall and bottom plate are both beneficial for reducing the peak stress in the
region of shell-to-bottom weld. The extension length of the edge plate has a sig-
nificant impact on the stress in the bottom plate. When the extension length is too
small or too large, it leads to uneven distribution of peak stress in the bottom
plate. When the extension length exceeds 200mm, it no longer has a significant
impact on the stress in the bottom plate, the peak stress in the region of shell-to-
bottom weld, and the deformation of the bottom plate.
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1 Introduction

During the operation of a concentrated solar power plant, molten salt tanks play a cru-
cial rolel!-2!. These tanks serve as the primary storage vessels for molten salt, tasked not
only with enduring significant thermal stresses induced by high temperatures but also
ensuring structural stability and safety under various operational conditions®!.
Previous research has focused on the stress analysis of molten salt tank structures.
Zeng et al. ¥ evaluated stress distribution at the weld seams of a 20m diameter tank
using regulatory guidelines. Tang et al. ¥ computed deformation and stress distribution
of tank walls under steady-state conditions, conducting stress assessments. Zhang et al.
1] performed structural static analysis using ABAQUS finite element software, evalu-
ating stress in the tanks. Gao [7) established a finite element model in ANSY'S to analyze
stress and temperature distribution under static conditions. Wan ! evaluated tempera-
ture distribution using a coupled thermal performance model, studying mechanical
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performance via finite element modeling across various temperature conditions. Zhang
et al. P! simulated thermal stresses using sequential thermal-structural coupling, as-
sessing stress per the third strength theory.

In operational concentrated solar power plants, molten salt tank leaks have occurred
frequently. The integrity and stability of the shell-to-bottom weld, critical connections
between tank walls and bottoms, directly impact the structural safety of the entire tank
system.

However, in the current research mentioned earlier, there is relatively little research
on the geometric dimensions related to the shell-to-bottom weld area, and there is a lack
of reference in actual engineering design. This article uses ABAQUSY finite element
software to conduct parameter sensitivity analysis on three important geometric dimen-
sions of the shell-to-bottom weld area, including the thickness of the first layer of tank
wall, the extension length of the edge plate, and the thickness of the edge plate. Intended
to provide reference and basis for the design of molten salt storage tanks, filling the gap
in the study of the size of the shell-to-bottom weld area.

2 Introduction to Finite Element Models

2.1  Basic Information of Molten Salt Storage Tanks

Structural Information of Molten Salt Storage Tanks

This article is based on a solar thermal project in Qinghai Province, and selects high-
temperature molten salt storage tanks with higher temperatures as the research object.
The structural design of the molten salt storage tank is carried out using the change
point design method and relevant design basis in the API650 standard. The high-tem-
perature molten salt storage tank body is mainly composed of a top mesh shell structure,
a top plate, a tank wall plate, and a tank bottom plate. The arch has a height of 4.51m
and a curvature radius of 40.2m. The tank wall panel is divided into 6 layers from bot-
tom to top along the height direction, with each layer having a height of 2.5m. The
thickness gradually decreases from bottom to top, showing a stepped change. The tank
wall panel adopts a centerline aligned installation method. The radius of the molten salt
storage tank is 18.72m. The bottom plate of the tank is divided into the first ring of
annular edge plate, the second ring of annular edge plate, and the center plate from the
outside to the inside, and the thickness decreases sequentially. The specific dimensions
of the tank wall panel and tank bottom plate are shown in the Table 1. The geometric
dimensions of the molten salt storage tank in this project are shown in Fig. 1.

Table 1. Dimensions of wall and bottom plates for high-temperature molten salt storage tanks

Part Plate thickness (mm)  Plate width (mm)
First layer 54
Second layer 43
Nu:ieirl;’f;::” Third layer 33 2500
P Y Fourth layer 24

Fifth layer 15
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Fig. 1. Geometric dimension diagram of molten salt storage tank

Material Properties

At present, the steel used for high-temperature molten salt storage tanks is mainly
347H stainless steel. 347H stainless steel has excellent high-temperature strength and
corrosion resistance, and can maintain stable structure and performance under high tem-
perature conditions. In addition, during the modeling process, corrosion allowance is
considered according to the API650 specification. The parameters of 347H in an envi-
ronment of 575°C are shown in Table 2.

Table 2. 347H parameters

Items 347H (575°C)
Allowable stress (MPa) 92.3
Yield stress (MPa) 130
Elastic modulus (GPa) 154
Poisson's ratio 0.3
Coefficient of thermal expansion (106/°C) 18.71
Thermal conductivity coefficient (W/(m*°C)) 21.3
Density (kg/m?) 7980

Corrosion allowance (mm) 1.3
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Load Situation

In the numerical simulation process, the main loads considered are self weight load,
molten salt pressure, design internal pressure, live load, and temperature load, with spe-
cific values shown in Table 3. The friction coefficient between the bottom plate of the
molten salt storage tank and the foundation surface in the calculation is 0.5

Table 3. Load Value Table

Items Value
Tank weight Based on density 7980kg/m3
]])::; Self weight of insulation layer 1.12kPa
Self weight of tank top steel plate 0.5kPa

Molten salt pressure

Molten salt density 1725kg/m3
Maximum liquid level 13.65m
Maximum pressure 235.5kPa

Design pressure of storage tank

-0.25kPa~0.5kPa

Live load

0.72kPall

2.2 Establishment of the Finite Element Model

In this study, the main focus is on the stress distribution of the wall panels, bottom
plates, and shell-to-bottom weld areas of molten salt storage tanks. Therefore, in the
modeling process, the mesh shell structure of the tank top is simplified and only the
model of the tank top steel plate is established. In addition, the molten salt storage tank
has symmetry in structure and load, so the planar axisymmetric modeling method is
chosen for modeling. This processing method can not only improve calculation effi-
ciency but also ensure calculation accuracy. The schematic diagram of the finite ele-
ment model grid established in this study is shown in Fig. 2.
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Fig. 2. Finite element model and mesh diagram
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2.3 Finite Element Model Validation

Molten salt storage tanks belong to cylindrical thin-walled containers with free bound-
aries, uniform cross-sections and materials, and are not affected by concentrated loads.
When receiving the hydrostatic pressure of molten salt in the storage tank, the radial
deformation of the tank wall panel can be calculated using the thin plate theory, as
shown in equation (1).

ArR=2R )
E

e (@)
26

where, AR is the radial deformation of the thin-walled container; o is the cir-

cumferential stress of the wall panel; E s the elastic modulus of the material; o is
the pressure acting on the inner wall of the molten salt storage tank; D is the diameter
of the storage tank; O is the thickness of the tank wall.

As shown in Fig. 3, the radial deformation curves of the tank wall plate exhibit char-
acteristic fluctuations and abrupt changes in both theoretical calculations and numerical
simulations. The theoretical calculation results show a linear variation, while the nu-
merical simulation curves are smoother due to stress equilibrium between elements.
Discrepancies in axial deformation at lower wall heights occur because the numerical
simulations account for friction between the tank bottom plate and the foundation,
which is not considered in the theoretical calculations.

Overall, the numerical model results align well with the theoretical calculations, val-
idating the accuracy and effectiveness of the finite element model established in this
study.

—— Theoretical calculation results
—— Numerical model results
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Fig. 3. Comparison between numerical models and theoretical calculation results
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3 Study on the Influence of Wall Panel Size on Stress

Due to the similarity between the molten salt pressure acting on the walls of molten salt
tanks and hydrostatic pressure, the maximum pressure occurs at the bottom and de-
creases gradually upwards. Under uniform internal pressure, the wall primarily experi-
ences hoop stress, leading to a decreasing thickness from bottom to top.

However, the first layer of tank wall at the bottom interacts with the foundation
through friction, which restricts tank deformation. Therefore, the first layer of wall not
only experiences hoop stress but also axial and radial stresses, especially near the shell-
to-bottom weld area, resulting in a complex stress state. Therefore, it is necessary to
analyze and study the thickness of the first layer of wall panels

Based on the completed dimensions of the molten salt tank detailed in Section 2.1,
this section aims to optimize the thickness of the wall panels and analyze the effect of
wall panel thickness on stress. To achieve this, the stress distribution of the first layer
wall was studied under various thicknesses: 48 mm, 50 mm, 52 mm, 54 mm, 56 mm,
58 mm, and 60 mm.

Fig. 4 illustrates the Mises stress on the inner and outer sides of the tank wall at
different thicknesses of the first layer. The X-axis represents the height of the wall,
where Om to 2.5m corresponds to the first layer and 2.5m to 5m to the second layer.
The figure shows that varying the thickness of the first layer significantly affects stress
distribution in that layer but has minimal impact on the second layer. Generally, in-
creasing the tank wall thickness results in an overall reduction of stress on both the
inner and outer sides of the tank wall.
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Fig. 4. Stress variation curves of the tank wall with different wall thicknesses: (a) Inner wall (b)
Outer wall

Fig. 5 shows the relationship between Mises stress on the inner and outer sides of
the tank wall at heights of 1.5m and 2.5m, plotted against tank wall thickness. The graph
reveals that the tank wall stress decreases linearly with increasing wall thickness. At a
height of 1.5m, the slope of the stress variation curve with wall thickness is greater than
at 2.5m, indicating a larger impact of wall thickness on stress in the middle section of
the tank wall.
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On the inner side of the tank wall, when the thickness is less than 52mm, the stress
at 1.5m is greater than at 2.5m. However, with increasing thickness, the stress at 2.5m
gradually exceeds that at 1.5m. On the outer side of the tank wall, the stress at 2.5m is
consistently greater than at 1.5m.

Mises stress of wall panel at 1.5m (Inside)
100 | Mises stress of wall panel at 2.5m (Inside)
96 = = Mises stress of wall panel at 1.5m (Outside)
= = Mises stress of wall panel at 2.5m (Outside)
92

88 [
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76 ~ o

72k ~ o

68 -~
64

Mises stress(MPa)

48 50 52 54 56 58 60
First layer wall panel thickness(m)

Fig. 5. Stress versus wall thickness curves at 1.5m and 2.5m positions of the tank wall

Fig. 6 displays the variation of maximum Mises stress on the inner and outer sides
of the tank wall weld seam with respect to tank wall thickness. As the tank wall thick-
ness increases, both the maximum stresses on the inner and outer sides of the weld seam
decrease, following a generally linear downward trend in the curves.
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Fig. 6. Maximum stress versus wall thickness curve at the shell-to-bottom weld.

4 Study on the Influence of Bottom Plate Size on Stress

4.1  The Influence of Edge Plate Extension Length

Under the combined action of lateral pressure from the molten salt, friction from the
bottom plate, and high-temperature expansion, the shell-to-bottom weld area often
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tends to rotate. The extended part of the edge plate can serve as a constraint on this
rotation. Therefore, it is necessary to study the influence of the edge plate's extension
length on the stress distribution in the shell-to-bottom weld area. In this study, the ex-
tension lengths of the edge plate were selected as 0 mm, 50 mm, 100 mm, 150 mm, 200
mm, 250 mm, and 300 mm.

Fig. 7 illustrates the stress variation on the lower side of the bottom plate for different
edge extension lengths. When the extension length is Omm, stress paths on the bottom
plate exhibit two extreme points: the first extreme corresponds to the inner side of the
tank wall at the bottom plate position from left to right, and the second extreme corre-
sponds to the outermost edge of the bottom plate. As the extension length increases, the
stress at these two points gradually decreases.

For non-zero extension lengths, a third stress extreme appears between the first and
second points, corresponding to the outer side of the tank wall at the bottom plate po-
sition. As the extension length increases further, the Mises stress at this point continues
to rise until reaching a constant value at 200mm extension length.

In summary, at an extension length of 150mm, the stresses at the three extreme points
mentioned above are relatively balanced. For other extension lengths, there may be
cases where the stress at one extreme point is significantly higher. Therefore, selecting
an extension length of 150mm for the edge plate is deemed reasonable based on the
stress curves discussed earlier.
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Fig. 7. Bottom plate stress path curves for different edge plate extension length

Fig. 8 shows the variation curves of the maximum Mises stress on the inner and
outer sides of the shell-to-bottom weld with different edge plate extension length. For
the inner side, the stress curve increases as the extension length changes from Omm to
50mm, then decreases as the extension length continues to increase. The outer side
shows the opposite trend, with the stress curve decreasing from Omm to 50mm and then
increasing as the extension length increases further.

At an extension length of 150mm, the Mises stress on both the inner and outer sides
is approximately equal, indicating a more uniform stress distribution in the shell-to-
bottom weld region. When the extension length exceeds 200mm, the extension length
has little to no effect on the stress on both the inner and outer sides of the shell-to-
bottom weld.
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Fig. 8. Maximum stress variation curve of the shell-to-bottom weld with different extension

lengths

Fig. 9 shows the stress variation curves on the inner and outer sides of the first layer
of the tank wall with different edge plate extension lengths. The figure indicates that
changes in the extension length affect the first layer wall panel within the height range
of Om to 1.5m, with minimal impact on the stress of the wall panel between 1.5m and
2.5m. Additionally, as the extension length increases, the point of minimum stress on
the curve gradually shifts to the left, indicating that the height of the minimum stress
point on the first layer wall panel decreases.
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9. Stress variation curves of the first layer of the tank wall with different edge plate exten-
sion lengths: (a) Inner side (b) Outer side

Fig. 10(a) shows the deformation distribution of the bottom plate with different edge
plate extension lengths. The figure indicates that when the edge plate extension length
changes, the bottom plate near the shell-to-bottom weld deforms upwards, resulting in
detachment from the foundation. With smaller extension lengths, the height of the bot-
tom plate detachment from the foundation is greater, and the width of the detached
portion is also larger.
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Fig. 10(b) shows the relationship between the maximum height of bottom plate de-
tachment from the foundation and the edge plate extension length. As the extension
length increases, the detachment height gradually decreases. When the extension length
reaches 200mm, further increasing the extension length does not reduce the detachment
height.
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Fig. 10. (a) Vertical deformation distribution curves of the bottom plate with different edge
plate extension lengths. (b) Relationship curve between the maximum detachment height of the
bottom plate and the edge plate extension length.

4.2 The Influence of Bottom Plate Thickness

The welding between the first edge plate and the first layer of the wall plate forms the
shell-to-bottom weld area. This area not only bears the self-weight pressure of the upper
wall plate but also generates significant friction with the foundation due to thermal ex-
pansion. Therefore, it is essential to study the effect of edge plate thickness on the stress
distribution in the shell-to-bottom weld area. In this study, the thicknesses of the first
ring of the annular edge plate were selected as 37 mm, 39 mm, 41 mm, 43 mm, 45 mm,
47 mm, and 49 mm, respectively.

Fig. 11 illustrates the stress path curves of the bottom plate at different bottom plate
thicknesses. The horizontal axis represents the distance extending from the inner to the
outer side of the first ring of annular edge plate. There are three stress extremum points
on the stress path curve: the first stress extremum point is located in the middle of the
first ring of annular edge plate, and the second and third stress extremum points are
located at the positions of the wall plate. From the graph, it is evident that the stress
extremum points of the bottom plate decrease with increasing bottom plate thickness.
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Fig. 11. Stress path curves of the bottom plate at different bottom plate thicknesses

Fig. 12 depicts the relationship between the maximum Mises stress on the inner and
outer sides of the shell-to-bottom weld and the thickness of the first ring of annular
edge plate. The graph shows that with increasing thickness of the first ring of annular
edge plate, the maximum stress on the outer side of the shell-to-bottom weld decreases
linearly. However, the variation in bottom plate thickness does not affect the maximum
stress on the inner side of the shell-to-bottom weld, which remains around 257 MPa.
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Fig. 12. Relationship curves between the maximum Mises stress on the inner and outer sides of
the shell-to-bottom weld and the thickness of the first ring of annular edge plate.

Fig. 13 shows the vertical deformation distribution curves of the bottom plate and
the variation of the maximum detachment height with different thicknesses of the first
ring of annular edge plate. The graph illustrates that increasing the bottom plate thick-
ness causes the maximum detachment height to decrease continuously, following a lin-
ear trend. Additionally, the change in bottom plate thickness does not affect the width
range of the bottom plate detachment from the foundation.
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Fig. 13. (a) Vertical deformation distribution curves of the bottom plate with different thick-
nesses of the first ring of annular edge plate. (b) Relationship curve between the maximum de-
tachment height of the bottom plate and the thickness of the first ring of annular edge plate.

5 Conclusion

Through extensive finite element numerical simulations based on a molten salt storage
tank design project in Qinghai Province, this study conducted a parametric investiga-
tion on various geometric dimensions at the location of the shell-to-bottom weld. It
examined the effects of the first layer wall plate thickness, edge plate extension length,
and edge plate thickness on the tank's stress and deformation. The conclusions drawn
from the study are summarized as follows:

1. Increasing the thickness of the first layer wall plate primarily affects the stress of
the first layer wall plate, significantly reducing the Mises stress at a height of 1.5m and
having a smaller impact at 2.5m. The peak stress at the shell-to-bottom weld decreases
significantly with an increase in wall plate thickness.

2. The edge plate extension length has a significant impact on the stress of the bottom
plate. When the extension length is too small or too large, there are significant stress
extremum points on the bottom plate, and there is a large difference in stress between
the inner and outer sides of the shell-to-bottom weld. When the extension length is
150mm, the stress extremum points on the bottom plate are more evenly distributed,
and the difference in maximum stress between the inner and outer sides of the shell-to-
bottom weld is smaller. The edge plate extension length should not be too small or too
large, and should be determined based on the results of finite element analysis.

3. A larger edge plate extension length results in a narrower range of detachment
width of the bottom plate from the foundation and a smaller maximum detachment
height. When the extension length exceeds 200mm, it has no significant effect on the
stress of the bottom plate, shell-to-bottom weld stress, and bottom plate deformation.

4. Increasing the thickness of the first ring edge plate significantly reduces the stress
of the bottom plate and the maximum stress on the outer side of the shell-to-bottom
weld, while it has no effect on the maximum stress on the inner side of the shell-to-
bottom weld. Increasing the bottom plate thickness reduces the maximum detachment
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height from the foundation but does not affect the width range of detachment from the
foundation.

5. Compared to the bottom plate thickness, the wall plate thickness has a greater
impact on the maximum stress in the shell-to-bottom weld region. Therefore, in the
design process, if it is necessary to control the maximum stress in the shell-to-bottom
weld, increasing the wall plate thickness should be considered first. And the selection
of thickness should be balanced with engineering costs.

In summary, this study provides valuable references for the subsequent engineering
design of molten salt storage tanks through extensive finite element parameter calcula-
tions. However, there are still some issues that require further research and discussion
due to the complexity of the problem and the simplifications made in the finite element
model.

1. This study only investigated the three main geometric dimensions of the shell-to-
bottom weld area. Further research is needed to examine the influence of other param-
eters on the stress distribution in the shell-to-bottom weld area.

2. Integration with the calculation methods specified in the API 650 standard is nec-
essary to optimize the geometric dimensions of the shell-to-bottom weld area.
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