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Executive Summary

Thermal energy storage (TES) is a fundamental component in concentrating solar power (CSP) plants to
increase the plant’s dispatchability and capacity factor while reducing the levelized cost of electricity. In
central receiver CSP plants, nitrate molten salts have been used for several years for operation
temperatures of up to 565°C, which is currently considered the state-of-the-art. This report focuses on
tank design and performance at the current state-of-the-art temperature of 565°C. Although molten salt
tanks have been successfully deployed in commercial parabolic-trough CSP plants worldwide at
temperatures from 290°C to 390°C, several failures have been reported in tanks at central receiver plants
operating at 565°C after a few months or years of operation, causing significant economic loss and
mistrust in the technology. Most of these failures are associated with the infancy of the central receiver
CSP technology and multiple issues related to tank design, fabrication, commissioning, and aggressive
operation. A technical standard dedicated to the design and fabrication of molten nitrate TES tanks does
not exist today. Current in-service molten salt tanks have been generally designed based on the
American Petroleum Institute’s (API) 650 and ASME Section II standards. The API 650 code provides
guidelines for dimensions and fabrication for flat bottom tanks, including oil storage tanks, up to 260°C.
The ASME standard provides allowable stress values for various materials at a range of temperatures
and conditions. Both standards seem to be limited for molten salt TES tanks where high temperatures,
thermal cycling, and transient conditions are expected.

In 2020, NREL released the Concentrating Solar Power Best Practices Study (NREL/TP-5500-75763)!
that summarized issues and lessons learned in CSP plants, along with recommendations to address those
issues based on information collected from participants representing about 80% of operating CSP plants
in the world. One of the recommendations from that study was the development of accurate and
validated models to evaluate the plant’s transient operation, capable of capturing the effect of short-term
clouds and operator response, while being adaptable to various spatial and temporal resource data. This
project, “Failure Analysis for Molten Salt Thermal Energy Storage Tanks for In-Service CSP Plants,”
was inspired by this recommendation and focused on (1) developing and validating a physics-based
model for a representative, commercial-scale molten salt tank, (2) performing simulations to evaluate
the behavior of the tank as a function of typical plant operating conditions, (3) understanding tank
failures mechanisms, (4) determining the residual stresses and distortion in the tank floor after welding
fabrication and evaluating their impact in the stresses developed in the tank during operation, (5)
assessing the impact of key operating parameters on the temperature and stress distributions, (6)
conducting a preliminary evaluation of design features to reduce stresses and improve the tank’s
reliability, and (7) estimating the tank’s service life based on the stress developed under diverse
operating scenarios.

From the analysis conducted in the project and presented in this report, it was found that maximum
stresses surpassing the yield strength of the stainless steel (SS) 347H may be developed on the tank floor
near the perimeter. These large stresses are strongly influenced by the initial residual stresses and
distortion of the tank floor after welding fabrication. During operation, large stresses are developed in
the tank floor at high operating temperatures with low salt inventory levels during transient operation.
High stresses are also related to elevated temperature gradients in the tank floor that could be attributed
to insufficient mixing between the salt inflow and the salt inventory. Based on the analysis, creep is the
predominant failure mechanism. However, the large stress levels could favor plastic deformation

I Available at https://www.nrel.gov/docs/fy200sti/75763.pdf.
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developing buckles in the floor, and crack formation due to stress relaxation cracking during cycle
operation. A lifetime below 3 years was estimated for the tank for representative plant operating
conditions and a specific initial residual stress and deformation distribution of the tank floor. The
estimated life agrees with the service time to failure reported in several commercial molten salt tanks.

SS 347H has been considered the state-of-the-art for molten nitrate salt hot tanks for central receiver
CSP plants. It is worth noting that this report does not intend to demonstrate whether SS 347H is still a
feasible material for the next generation of commercial plants. Several challenges for SS 347H have
been identified, including its susceptibility to stress relaxation cracking, in addition to the challenges
associated with performing post-weld heat treatment on large tanks and performing repairs due to its
high potential for hot reheat cracking. Even when research is recommended to evaluate design,
fabrication, and implementation alternatives to reduce stresses and cracking susceptibility of this
material, alternative stainless steel materials other than SS 347H also deserve further consideration to
evaluate their potential to contribute to solving current tank failures.

Design and operation guidelines can be extracted from the analysis presented in this report to help tank
manufacturers and CSP operators reduce residual and operational stresses to achieve a tank service life
of at least 30 years. Based on the lessons learned in this study, further R&D is required to understand
how various factors influence the tank failures, and the best long-term solution. Addressing failures in
molten salt TES tanks is fundamental for the CSP industry’s survivability, but it is also important for
other industrial and power generation applications using this TES technology, including nuclear and
concentrating solar thermal.
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1 Introduction

1.1 Background

The current generation of central receiver (solar tower) concentrating solar power (CSP) plants typically
uses a two-tank molten salt thermal energy storage (TES) configuration integrated with a conventional
steam-Rankine power generation cycle. Usually, hot tanks for central receiver CSP applications are
composed of stainless steel (SS) 347H shell and floor; a tank foundation made of sand, firebrick, cellular
glass, and concrete; a piping system that transports the molten salts (usually a sodium/potassium nitrate
blend) in and out of the tank; internal piping and static mixers that distribute the salt inside the tank; and
an exterior insulation (Figure 1). Several failures in molten salt hot TES tanks in commercial CSP plants
have occurred around the world [1], including the Crescent Dunes Solar Energy Project in the United
States, causing significant economic loss and mistrust in this CSP technology. The majority of these
failures are associated with the design and fabrication procedures of the tank floor, leading to high
residual stresses after welding fabrication, as well as the friction between the floor and the foundation
and the temperature gradients in the tank floor that result in high stress (that routinely exceed the SS
347H yield strength) during operation, stress relaxation cracking (SRC), buckling, and creep [2,3].
Technical standards for design, fabrication, and implementation of molten salt tanks operating at
temperatures up to 565°C do not exist today. While molten salt tanks operating at 290°C to 390°C have
generally performed well, those designed for and run at higher temperatures have experienced costly
failures. In general, in-service hot tanks in the CSP industry have been designed based on the American
Petroleum Institute’s (API) 650 and ASME Boiler and Pressure Vessel Code (BPVC) standards [4-7].
The API 650 code provides guidelines about dimensions and fabrication for flat bottom tanks, including
oil storage tanks, for operating temperatures of up to 260°C. The ASME BPVC includes several
guidelines for different components; however, none of these is directly applicable to the molten salt tank
due to high operating temperatures (up to 565°C), thermal cycling, and transient conditions.
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Figure 1. Schematic diagram of a molten salt thermal energy storage tank

The use of a TES system is essential for CSP economics as it can increase the plant’s reliability,
capacity factor, and dispatchability. The TES system is also integral to plant operation, and one of the
most expensive subsystems in the plant, so its failure is highly undesirable [8]. A proper quantification
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of the impact of transient and off-design operating conditions on TES systems’ lifetime is challenging,
but required to improve reliability of current and next generation CSP technologies.

Few studies related to 2-dimensional (2D) and 3-dimensional (3D) modeling and simulation of molten
salt tanks are available in the literature. Most of these studies are focused on evaluating heat transfer and
thermal losses [9-12], stresses on tanks for parabolic trough plants [13,14], performance evaluation of
the hot tank for various operating conditions [9,11,15], small tanks (below 22.4 m in diameter)
[13,14,16,17] and tanks fabricated with materials different from SS 347H such as SS 321H [14], carbon
steel (SA-516 Gr-70) [18], or SS 304 [16]. However, none of these works analyze the effect of the
resulting stress and/or the effect of receiver thermal transients on the tank’s lifetime for in-service CSP
plants. Beside some work related to buckling failure [20], to the best of our knowledge, studies on
failure analysis on molten salt tanks, tank floor design and fabrication optimization, and evaluation of
alternatives to address those failures are not available in the literature.

One of the most relevant publications in terms of operating conditions is a design basis document from
Sandia National Laboratories [21]. The report, published in 2001, provides some initial design
considerations for the major CSP components, including the TES system, based on experience from the
Solar Two project. Published operational and heat loss data are available for the 10 MWe Solar Two
project [22] and a pilot-scale system at the University of Lleida (Spain) [23] for operational
temperatures up to 400°C [23]. The experimental and theoretical results from analysis conducted on
small tanks provide important information on the heat transfer mechanisms but do not fully apply to
commercial-scale tanks, where higher inertia and an increased thermal stratification impact temperature
gradients and stress distribution.

This report presents the main outcomes of the project “Failure Analysis for Molten Salt Thermal Energy
Storage Tanks for In-Service CSP Plants.” This project was focused on conducting in-depth engineering
analysis in commercial-scale molten salt TES tanks, evaluating temperature and stress distribution in the
tank, and estimating lifetime under typical plant operating conditions. Based on the analysis, some
design and operation alternatives are proposed and evaluated.

1.2 Failures in SS 347H Molten Salt Tanks

In 2020, NREL published the Concentrating Solar Power Best Practices Study [1] that evaluated causes
of past issues and failures in parabolic trough and central receiver CSP plants. For central receiver
plants, key issues have been identified that are related to the design of the steam generation system and
the design of the hot tank and its foundation. Additional information on central receiver CSP issues
sorted by severity and number of occurrences is presented in Figure 2. In central receiver hot tanks,
failures have been reported after several months or years of operation and could be associated with
corrosion (stress corrosion cracking and pitting corrosion), cracks across weldments, cracking related to
a combination of creep, low-cycle fatigue, friction forces between the tank floor and the foundation, and
high-stress generation in the tank floor and the foundation due to expansion/contraction during thermal
cycling and other transient events. The project team has had access to detailed information on hot tank
failures that have occurred in multiple plants around the world. Confidential information, provided by
CSP plants under non-disclosure agreements, has been very useful during the execution of the project to
understand failure mechanisms and their root causes, and to direct our simulations and analysis efforts to
design, fabrication, operation, and implementation alternatives to advance toward a definitive solution to
avoid these failures.
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Figure 2. Central receiver CSP issues plotted by priority score and number of occurrences [1]

1.2.1 Factors Influencing Tank Failures

Based on the project team’s experience with commercial CSP plants and research conducted on molten
salt TES tanks during the last three years in this project® and previous projects,®* four main failure
behaviors in SS 347H hot tanks have been identified: (1) low-cycle fatigue, (2) SRC, (3) creep, and
(4) buckling. These failure behaviors are strongly influenced by design, fabrication, and operation
factors, including:

1. Floor fabrication using plates that plastically deform and buckle
2. Defects in weldments—Iack of fusion and misalignment—within tank floor and walls
3. Use of the matching filler E347 for the SS 347H base material that is susceptible to SRC

4. Non-optimal designs of floor plates layout and welding procedure introducing distortion and
large residual stress in the tank floor after welding fabrication (Figure 3a) that lead to high
stresses during operation (Figure 3b)

5. Insufficient mixing between the incoming salt and the salt inventory that leads to large radial and
circumferential temperature gradients in the tank floor

2 38475 — “Failure Analysis for Molten Salt Thermal Energy Storage Tanks for In-Service CSP Plants” — PI: J. Osorio, NREL.
3 37373 — “Mechanical Failure Risk Management for In-Service CSP Nitrate Hot Tanks.” — PI: C. Agustine, NREL.
433458 — “Stress relaxation cracking (SRC) of alloys at temperatures higher than 540°C” — PI: J. Vidal, NREL.
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6. Non-uniform friction coefficient between the floor and foundation, mainly attributed to the initial
distortion of the floor and the presence of backing plates that lead to high localized friction
forces and stresses and non-uniform thermal expansion of the floor during operation

7. Challenging transient operation conditions
8. Aggressive plant operation at low inventory levels, during cloudy sky conditions, and at startup.

A flow diagram of the failure behaviors and the key factors influencing SS 347H tank failures is
summarized in Figure 4. In general, failures presented in current in-service SS 347H hot tanks can be
explained as a combination of several of these behaviors and the influence of design, fabrication,
implementation, and operation factors. Note that other failure mechanisms such as molten salt corrosion
and stress corrosion cracking have not been seen in SS 347H tanks.

4&— Stress ir; the floor ‘ ‘ (b)

Pa
S, Mises (Pa) surpass Yield Strength!

(Avg: 75%)
+5.241e+08
+4.821e+08
+4.400e+08
+3.980e+08
+3.560e+08
+3.140e+08
+2.720e+08
+2.300e+08
+1.879¢+08
+1.459¢+08
+1.03%e+08
+6.190e+07
+1.988e+07 ) 1

pa
N
=
o
S
=
o

“ SS 347H Yield Strength

1

B
w
a

Floor Temperature

-
o
o

-

W

o
'
~n
&

S
N
o

Maximun Stress in
theTank Floor

2 3 4
Time (hours)

Max Von Mises Stress (M
B
8
Average floor temperature (°C)

-
N
o
s
-
w

w
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Figure 4. Failure behaviors in SS 347H molten salt hot tanks
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1.2.2 Low-Cycle Fatigue

In addition to SRC, the major parameters that contribute to storage tank floor damage are friction forces
and thermal gradients. In a typical commercial project, salt from the receiver is introduced into the hot
salt tank through a distribution ring (or sparger ring). During plant operation, rapid transient
conditions—mainly attributed to variable solar radiation due to the presence of clouds—Ilower the
temperature of the salt entering the hot tank; such events can increase temperature gradients and thus
thermal stresses in unforeseen ways. As the tank expands and contracts with each thermal cycle, friction
forces are present throughout the tank floor. The combination of thermal stresses and friction forces
during expansion/contraction can result in periodic high stresses that compromise the low-cycle fatigue
life of the tank. In situations where the inlet salt flow is colder than the inventory and the flow rate is
low, buoyancy forces cause the incoming fluid to sink and contact the tank floor. This flow pattern
initially generates radial thermal gradients along the tank floor, and eventually causes vertical
stratification when enough salt has entered the tank. Temperature gradients in either direction are
potentially important stress generators.

1.2.3 Stress Relaxation Cracking

SRC is a failure mechanism associated with the relief of high residual stress during a high-temperature
operation, leading to cracking. SS 347H has been widely adopted for molten salt hot tanks due to its
corrosion resistance and higher yield and creep strength for temperatures up to 650°C when compared
with other steels such as SS 304 and SS 316. It also exhibits good sensitization resistance due to the
addition of Niobium (Nb) that favors the formation of carbonitride (C,N) precipitates [25,26]. However,
several issues have been reported in SS 347H welds made with matching E347 filler including SRC in
the fusion zone (FZ) or heat-affected zone (HAZ) during service or even during post-weld heat
treatment (PWHT) [3,25,27-29]. Creep and SRC mechanisms are intrinsically related during floor
welding fabrication. Stabilized niobium carbonitrides are dissolved in the FZ and HAZ. Then, during
operation at high temperatures (up to 565°C) fine Nb (C,N) particles reprecipitate in the grain interiors
on dislocation cores, while coarse precipitates form along the grain boundaries [25,26], leading to the
formation of soft precipitate free zones (PFZs) adjacent to the grain boundaries. In the PFZs, the weld-
induced residual strain preferentially relaxes, exhausting the local creep strain, leading to creep cavities
and finally cracking in the HAZ or FZ [28,30-33].

1.2.4 Creep

Current tank design and operation conditions result in long-term exposure of high stresses that, even
below the yield strength of the material, cause slow and continuous deformation. This behavior is
exacerbated by the high operation temperatures of the hot tank. Based on analyses conducted within this
project, creep is expected to be a more dominant failure mechanism than low-cycle fatigue for typical
plant operations. However, the combination of creep and fatigue results in a synergetic behavior that is
expected to accelerate failures in hot tanks. Currently, there is no evidence of failures in hot tanks that
have been caused only by creep, but by a combination of multiple mechanisms including creep.

1.2.5 Buckling

The permanent deformation of the tank floor forming narrow ridges or buckles is associated with the
development of high compression stress in the tank floor during operation. Key factors contributing to
buckle formation include the high-temperature gradients in the tank floor (usually larger than 30°C; the
temperature gradient is defined as the temperature difference between the outer annular ring and the
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central part of the floor plate), the slope in the floor, non-uniform distribution of the friction coefficient
between the floor and the foundation (mainly attributed to the effect of backing plates that remain
between the floor and the foundation after welding fabrication) leading to localized high friction forces,
thin floors, tank pre-heating, and the initial condition (stress and distortion) of the tank floor after
welding fabrication. The direct effect of high radial temperature gradients in the tank and the friction
coefficient (> 0.5) on the buckling sensitivity have been analyzed [20]. In particular, a finite element
analysis (FEA) conducted in rectangular plate layout floors has shown permanently deformed ridges that
can be initiated under very small temperature variations, see Figure 5.

The residual stresses and deformation (distortion) in the tank floor after welding fabrication [2] have
been analyzed and quantified. This initial floor condition results in a pre-loaded, pre-deformed state that
makes it easy for the floor to plastically deform into local buckles during pre-heating and operation. The
backing plates and the non-flat initial characteristics of the floor—deformed floor with elevated regions
near the center of each floor plate, and depressed regions near the weld seams—result in a non-uniform
distribution of friction forces between the floor and the foundation. This condition implies higher
localized stress at specific points in the floor and high strain in the top of the buckles, reducing the
resistance to further buckling. The permanent and continual plastic deformation of the tank floor during

cyclic plant operation will eventually result in cracking.

— -

2a0 | |— 10 mm floor plate at 10kPa
—— 15 mm floor plate at 10kPa

| |=—— 25 mm floor plate at 10kPa
—— 40 mm floor plate at 10kPa

8

Z-axis displacement, mm
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Figure 5. Buckling modeling on the tank floor [20]. Left: FEA simulation results showing permanently
deformed floor shape (buckles). Right top: radial floor temperature gradient distribution used in the FEA
simulation. Right bottom: buckling initiation as a function of temperature difference (from the center to
the half of floor radius) for several floor thicknesses. Note that z-axis is normal to the floor plane.
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1.3 Project Description and Approach

This project is intended to gain understanding of mechanical failure mechanisms in commercial-scale
molten salt TES tanks and quantify the temperature distribution and the corresponding stresses as a
function of typical plant operating conditions and their impact on tank life.

1.3.1 Project Objectives

The main goal of the project was to investigate failure mechanisms by evaluating temperature and stress
distributions in commercial hot tanks for central receiver CSP plants operating at temperatures of up to
565°C and estimate the tank’s lifetime as a function of stresses developed during operation. In-depth
engineering analysis, multiphysics simulation tools, and high-performance computing capabilities at the
National Renewable Energy Laboratory (NREL) have been used to establish the relationship between
transient events, plant operation variables, and failures in the hot tanks. Specific project objectives are
summarized as follows:

e Characterize in-service tank designs, plant operating conditions, and failures in commercial
molten salt TES tanks for central receiver CSP plants.

¢ Formulate and implement a physical representation of a commercial molten salt hot tank in a
Multiphysics (that combines multiple physical disciplines including heat transfer,
thermodynamics, fluid mechanism, material science) simulation environment.

e [Evaluate stresses developed in the tank and estimate the service life as a function of plant
operating parameters and characteristic transient events.

e Investigate the correlation between fundamental operation parameters—inlet salt flow rate, inlet
salt temperature, inventory level—and the temperature and stress distribution in the tank.

e Propose and preliminarily evaluate design and operation alternatives to reduce stresses and
increase the tank’s reliability.

1.3.2 Technical Approach

This project was divided into five tasks and six milestones. A detailed diagram with the tasks, activities,
and milestones is presented in Figure 6.

Task 1 Task 2 Task 3 Task 4 Task 5
Tank design Tank model Stress evaluation Failure probability Alternatives

Molten salt injection Data analysis
Fluid dynamics Shared loads ERnre
Heat transfer Temperature gradients probability
charts or

Operation

data

M M 2. Model M 3.1 Temperature M 4. Failure M 5. Four
Selection of a : gradients and stress probability e

development and calculation.
implementation M 3.2. Lifetime
/ estimation

charts and/or
correlations

preliminary
evaluated

Representative
Tank design

Figure 6. Diagram of the technical scope summary of the project
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The first milestone of the project was the selection of a representative commercial hot tank design. To
achieve this milestone, a survey and literature review were conducted about different hot tank designs,
dimensions, and foundations; characteristic plant operating conditions; and tank failures reported for in-
service CSP plants. Most of the operational central receiver CSP plants were contacted to request their
participation in the project. Every plant contacted has a power output capacity > 20 MWe and uses
molten salt tanks. Table 1 lists the CSP plants approached.

Table 1. Contacted Central Receiver CSP Plants (Nominal Capacity 220 MW and Using Molten Salt TES)
Capacity Location Started Operation Storage Capacity

Project (MW) (Country) (Year) (Hours)
SUPCON Delingha 50 China 2018 7
Shouhang Yumen 100 China 2021 10
Shouhang Dunhuang Phase I 100 China 2018 11
Power China Qinghai Gonghe 50 China 2019 6
NOOR I 150 Morocco 2018 7
Noor Energy 1/ DEWA IV 100 UAE 2021 15
LuNeng Haixi15 50 China 2019 12
Gemasolar Thermosolar Plant 20 Spain 2011 15
Crescent Dunes 110 USA 2015 10
CEEC Hami 50 China 2019 8
Atacama | / Cerro Dominador 110 Chile 2021 17.5

A questionnaire for an initial collection of design information was developed. The questionnaire was
distributed to interested central receiver CSP plant participants to acquire general tank design
information from plants including dimensions for the shell, floor, sparger ring, foundation type and
materials, and general operating conditions (Table Al in Appendix A). A multiple-choice format
avoided asking for exact design details while still providing important information for comparison of in-
service plants. More detailed information including tank drawings, welding procedure specifications,
and historic operational data were requested of participating plants later in the project. The information
received from the plants was used to develop a representative commercial tank design that was the
subject of analysis for the project. The representative tank geometry was implemented in Solid Edge,
and then exported to ANSYS. The model was refined, optimized, and then validated using historic plant
operation data. All the simulations were conducted on NREL’s supercomputer Eagle. The historic
operational data were used to produce several representative plant operational cases for the model.
These operational cases were created by extracting, scaling (multiplying), and reorganizing multiple
transient events from multiple days for several plants. This procedure was necessary to develop a new
dataset of typical and representative commercial plant operating conditions different from the received
proprietary information. A similar approach was adopted to produce the representative tank design to
protect the received proprietary information. The temperature and stress distributions were evaluated in
all the tank’s components as a function of typical operating conditions, and the regions in the tank
experiencing the larger stresses, and thereby more susceptible to failures, were identified. Finally, some
design and operating alternatives were proposed and evaluated in terms of reduction of stresses. This
report provides information that might serve as guidance to mitigate failure of existing tanks and could
be considered in the design of new tanks. The technical description and approach of the project are
summarized in Figure 7.
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Figure 7. Summary of the project description and approach
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2 Molten Salt Tank Model Development

2.1 Representative Tank Design

The tank design information received from the plants was the basis for the development of a general,
representative hot tank design for analysis with computational fluid dynamics (CFD) and finite element
(FE) models. The design information received corresponded to central receiver CSP plants with a
nominal capacity between 50 and 150 MWe with a storage capacity ranging between 300 and 1200
MWhe per tank (~1400 and ~2800 MWhy), estimated based on tank volume assuming cycle temperatures
of 290° and 560°C. This project was focused on hot tanks using molten salts for central receiver plants.
To the best of our knowledge, commercial-scale, in-service parabolic trough plants around the world do
not use molten salt in the solar field. Hot tanks in parabolic trough plants operate at lower temperatures
(~390°C) and present significant differences in the solar field geometry and flow configurations
compared to molten salt tower projects. A sketch of the representative tank design is presented in Figure
8. Additional design diagrams for the tank are presented in Figures B1 to B6 in Appendix B.
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Figure 8. Representative hot tank design

The main dimensions of the tank were initially determined as the average value for each specific feature
of actual tanks. However, due to the different sized tanks surveyed around the world, this calculation
may result in tank dimensions that are not appropriate for a commercial design in the U.S. market. For
the market of interest, techno-economic analysis looking at CSP projects often results in plants with
gross capacity >100 MWe with at least 6 hours of storage [34]. Considering the project goal of
representing a commercial storage tank, the weighted mean based on plant or tank capacity was
considered. Weighting the mean based on plant capacity increases the tank diameter by 2 m and results
in a slight decrease in the maximum operating inventory level; a similar increase in diameter is achieved
when weighting based on tank capacity without decreasing the inventory level. Weighting based on tank
capacity results in a 12.6% increase in the representative tank storage capacity compared to the
arithmetic mean. Using this methodology, the estimated capacity of the representative tank design is
2.64 GWhy, i.e., 111 MWe for 10 hours, assuming 42% gross power-cycle efficiency.
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For the sparger ring and foundation, the most frequent design was selected. Additional details for the
sparger ring are presented in Figure 9. The foundation is composed mainly of expanded clay with sand
and a metal slip-plate. The tank will include 16” (40.6 cm) of mineral wool on both the wall and roof.
Some design features (for example the presence of anchor bolts) were determined based on the API 650
standard due to the large variation in the information received from the plants. For the foundation, for
instance, the most common material used was expanded clay and sand as solid lubricant. About half the
plants indicated the use of metal slip-plates at the perimeter of the tank, while the other tanks do not use
slip-plates and have a floor without any difference between the perimeter and the center. The foundation
for the representative tank design is composed mainly of expanded clay with sand and a metal slip-plate
in the perimeter and the floor has a slope of 1.3%, see Figure 8.

DIAGRAM NOT TO SCALE

ANSI B16.9 EQUALTEE —.
20" SCH20

20" SCH20PIPE —

50.8 mm TOP ORIFICE (52) —

38.1 mm BOTTOM ORIFICE (4) —

Figure 9. Salt distribution top view

From the design data received, some interesting trends were identified:

e The tank diameter increases with plant capacity while the wall height is relatively constant. The
wall height is generally limited by the soil bearing capacity with the maximum inventory level.

e The minimum floor thickness is larger for smaller plants (§—11 mm), but lower for the higher
capacity plants (6—8 mm). It seems that larger floor thicknesses have been adopted in new plants,
having small tanks, to reduce failure susceptibility.

e In all cases, the tank wall and floor satisfy the minimum design criteria outlined in the API 650
standard [4]. Because this standard does not cover the operating temperatures of interest for the
maximum allowable stress, ASME Section II is commonly used in tank design calculations [5].

e Similar values to the surveyed wall thicknesses could be calculated through the hoop stress
equation with an added 0.7 mm corrosion allowance, considering the maximum inventory level.
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Table 2. Similarities and Differences in Design Features Among Surveyed Molten Salt Hot Tanks

Similar Design Features Distinct Design Features
o Constructed of stainless steel 347H o Interior diameter (20—42 m)
e Sloped floor (1-1.5% slope) e  Minimum floor thickness (6—11 mm)
e Self-supported roof e Maximum wall thickness (30-50 mm)
e Wall heights (12—-15 m) e Diameter of distribution ring, % of tank shell
e The inlet piping system consists of a distribution interior diameter (40-80%)
ring near the tank floor ¢ Angle of injection (0-30°). 0° vertical up
e External insulation around tank wall and roof e Number of orifices in the distribution ring
e Concrete mat foundation with forced air cooling e Not all tanks use eductors
e Atleast one layer of foundation insulation in e Material composition at perimeter (metal slip-
between the concrete foundation and tank shell plate, expanded clay, refractory)

e Reinforced concrete ring wall for supporting the
foundation insulation

e Sand as solid lubricant for the foundation if
considered in the design

Material composition at center (for foundation)

Table 3. Deviation of Key Tank Design Features With Respect to the Representative Tank Design for
Plants With Net Capacity Larger Than 100 MWe

Design Feature Deviation Respect to the

Value Representative Tank (%)

General
Storage capacity electric [MWh] 1063 3.5-94
Storage capacity (thermal) [MWh] 2620 2.8-11.0
Tank shell
Interior diameter [m] 39.57 3.6-11.5
Minimum floor thickness [mm] 6.67 2.5-5.0
Maximum wall thickness [mm] 47.67 5.6-15.4
Wall height [m] 12.93 0.5-1.0
Floor slope [%] 1.30 7.7-23.1
Internal mixing ring header

. T
e s s
Height from tank floor [m] 0.97 6.9-55.2

Regarding the salt distribution system, a larger variation in design parameters was observed. There were
no clear trends with plant capacity, other than the use of static mixers in tanks with capacity above 2
GWh thermal. Eductors (also known as static mixers) can reduce stratification by entraining bulk
inventory into the inlet flow. Based on the information, stratification and stagnation zones are a greater
concern in larger tanks. In general, significant variation in the inlet piping arrangement between tanks
was observed despite the relatively similar tank shell and foundation designs. Key similarities and
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differences in design features among surveyed molten salt hot tanks are presented in Table 2. Table 3
presents the range of the percentage of deviation (% Dev) for the design features (DF) of surveyed tanks
with plant capacities larger than 100 MW with respect to the representative tank design. The %
deviation is calculated from Equation 1.

|DFtank,i - DFrep.,tank|

* 100 (1)
DFrep.,tank

% Dev.=

2.2 Typical Plant Operating Conditions

Operational information from commercial-scale CSP plants is not publicly available and is considered
proprietary information. Our initial approach was extracting typical receiver and tank operating
conditions using the molten salt power tower (MSPT) module in NREL’s System Advisor Model (SAM)
[35]. These types of models capture the general range of conditions experienced by the hot tank, but
they cannot capture the exact control strategies in place at operating plants, operator decisions, response
time for molten salt valves, or real-world emergency conditions such as power, pump, or valve failures
that can produce large and rapid temperature changes in the salt inflow to the hot tank.

Table 4 presents the typical operating conditions for a 115 MWe central receiver plant (565 MW
receiver), and 10-hour storage capacity, operating under clear sky day conditions at Tonopah, Nevada.
The direct normal irradiance (DNI) and weather data were obtained for this location in 2018 for the
National Solar Radiation Database (NSRDB) [36]. Table 4 provides minimum and maximum limits and
percentiles of the annual distributions of receiver outlet temperatures, flow rates, hot tank salt-fill
fraction, and tank average temperature. Plant control strategies govern the flow rate and temperature of
the salt inflow into the tank, the timing of energy dispatch from the hot tank, and the tank levels and
temperatures. The receiver is usually operated in a way that the DNI is sufficient to maintain mass flows
above the receiver’s minimum turndown ratio. Mass flow rates to the receiver are controlled based on
the target outlet temperature (565°C) for an expected (forecasted) clear sky day DNI at each time. This
control strategy is known to be employed at existing plants to protect the receiver from sudden and
unpredictable changes in DNI during periods with the presence of clouds. However, this operation
strategy produces a receiver outlet temperature that fluctuates with DNI and can deviate substantially
from the design point temperature. The salt flow output from the receiver is typically sent to the hot tank
but is diverted to the cold tank when the temperature drops below a certain predefined value (for
example, 430°C in some plants). Salt stored in the hot tank is then dispatched to the cold tank, passing
through the primary heat exchanger to operate the power cycle.

The information obtained from simulations using the SAM-MSPT Model was initially considered to set
the boundary conditions of the hot tank model. Then, initial and simulation conditions were replaced
with historic operational data received from participating plants through non-disclosure agreements
(NDA). Similar to the development of the representative tank design, real plant operational data were
utilized to develop a set of typical operating conditions used in the model. These operational cases were
created by extracting, scaling (multiplying), and reorganizing multiple transient events from multiple
days for several plants to produce typical plant operation data, different from the received proprietary
information. Key operation variables for the representative tank design used in the model are presented
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in Table 5. The deviation of these variables with respect to the surveyed plants with net capacity larger
than 100 MWe is also presented in this table.

Table 4. SAM-MSPT Model-Predicted Conditions Experienced by the Receiver and Hot Tank; Minimum
and Maximum Limits and Percentiles Are Shown for the Annual Simulation

Percentiles

Operation Condition/Variable
Min 5th 25th 50t 75t 95t  Max

Receiver Operation

Receiver outlet T (°C) 353 440 565 565 565 565 565
Receiver mass flow (kg/s) 311 695 1078 1270 1376 1468 1651
Receiver Operation and Salt Flow Sent to Hot Tank

Receiver outlet T (°C) 427 478 565 565 565 565 565
Receiver mass flow (kg/s) 311 686 1068 1267 1374 1464 1651
Hot tank average T (°C) 441 516 558 564 564 565 565

Difference between receiver outlet and 132

hot tank average (°C) -36 04 0.7 4 24 103

Hot tank fraction 0 0.01 010 029 054 0.82 1.0
Receiver Startup or Shutdown

Hot tank fraction at receiver startup 0 0 0 0 0.01 047 0.95
Hot tank fraction at receiver shutdown 0 0 0.03 0.3 0.6 0.88 0.98

Table 5. Key Operation Variables Used in the Model and Deviation with Respect to the Surveyed Plants
with Net Capacity Larger Than 100 MW,

Deviation Respect to the

Operation Variable Value Representative Tank (%)
Maximum salt inventory level (operation) (m) 11.57 49-12.4
Minimum salt inventory level (m) 0.93 3.6-7.1

Salt inventory temperature at beginning of startup (°C) 489.2 29-58
Incoming salt temperature when switching from cold to hot tank (°C) 509.2 1.8-3.6
Incoming salt temperature rate of change (°C/min) 5.7 55.9-111.8

The typical plant operating conditions used in the model are presented in Figure 10. This set of operation
conditions consists of four days—or four cases used in the analysis—with different characteristics. The
first day (case 1) corresponds to clear sky day conditions (Figure 10a) where a smooth variation in the
salt inlet temperature and mass flow rate are appreciated. The highest salt inventory temperature was
achieved during this day, and the lowest salt inventory level at the beginning. The second day (case 2)
corresponds to a cloudy sky day condition, with the presence of multiple transient events (Figure 10b).
The presence of clouds during the day could represent challenging operation conditions and multiple
operator decisions. Operators seek to produce maximum power, while avoiding operations that could
lead to large temperature variations that overly stress plant components. The lowest inlet temperatures
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occur during case 2. The cases 3 and 4 (third and fourth days) correspond to partly cloudy sky day
conditions with the presence of some transient events (Figure 10c and Figure 10d). Evaluating the
behavior of the tank with operation under the presence of clouds is fundamental to capture the transient
events and their potential effect on the system’s lifetime. It is worth noting that partly cloudy sky days
usually account for a large percentage of the days during the year.
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Figure 10. Typical plant operating conditions used in the model. (a) clear sky day, (b) cloudy sky day, (c)
and (d) partly cloudy sky day conditions

2.3 Model Formulation and Implementation

The tank geometry was constructed using the computer-aided design program Solid Edge based on the
representative tank design (see Figure 8). The 3D solid representation of the tank is presented in Figure
11. The external appearance is displayed in Figure 11 (left). The tank interior is presented in Figure 11
(right), where the sparger ring and outlet salt pipes can be appreciated. The 3D solid tank geometry was
then implemented into ANSYS.
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1II

Figure 11. 3D solid representation of the representative tank. Left: exterior. Right: interior.

2.3.1 Initial 2D Model

Initially, a 2D simplified model of a tank was developed to tune the model and verify that all the
components (tank shell, molten salt, foundation) were responding accordingly. This approach was also
used with the intention of determining the mesh attributes and the calibration of the characteristic time
step of the process. The following assumptions were considered for the 2D model:

e The tank roof was simplified as a flat plate.

e Tank walls have a constant thickness of 25 mm.

e No slope was considered for the tank floor.

e The tank has one inlet and one outlet (SCH 20 pipes).

e The soil under the tank has a depth of 20 m and a width of 60 m.

Diagrams of the 2D tank geometry implemented in ANSY'S and the corresponding mesh are presented
in Figure 12.

m i Wm

rim

Figure 12. 2D tank model representation in ANSYS. Left: Dimensions. Right: Mesh generated.

The behavior of the molten salt is determined by solving the governing continuity and momentum
conservation equations (Equations 2 and 3). For the viscous model, a standard k — & approach was
considered with enhanced wall treatment [37], which accounts for the heat transfer between the molten
salt and the tank wall.
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where v is the average velocity vector, P is the pressure distribution, p is the fluid density, u is the
dynamic viscosity, and g is the acceleration of gravity. The operator D /Dt is given by Equation 4:
D 0 + 3
Dt ot " (4)

In addition, the turbulent kinetic energy and turbulence dissipation can be computed from Equations 5
and 6, respectively. This model is appropriate to accurately predict the flow away from the tank walls. It
also offers a good quality prediction on the flow near the walls when the velocity oscillations near the
wall are not critical [38,39]; these oscillations are relatively low for the larger diameter of the
representative tank design [40].

0 ¢\ 0K
(P)"‘ (PKU)_ax [(u+‘u)a—l+GK+Gb—p£—YM+SK (5)
]

52
(,0 ) + (pgu'l) = _I x]l + Cie k (G + C3£Gb) CZep + S, (6)

where u; represents the velocity component in a specific i (x or y), G, is the generation of turbulence
kinetic energy by mean velocity gradients, G, is the generation of turbulence kinetic energy due to
buoyancy, Y}, is the contribution of the fluctuating dilatation, S, and S, are user-defined source terms,
oy and g, are Prandtl numbers, and C; ., C,, and C5, are model constants. The energy equation solved in
ANSYS fluent is given by Equations 7 and 8 for fluid and solid regions, respectively [41].

9 _
S (PE)+ 7 - (V(pE + p)) =V (kesVT) (7)

%(pcpT) =V (kVT) (8)

where E is the sum of enthalpy and kinetic energy (total energy), k. is the effective thermal
conductivity that accounts for the thermal conductivity of the molten salt and turbulence-induced
conductivity [41], ¢, is the solid specific heat, and k is the thermal conductivity of the tank shell.

For the initial approach, a SS 304 was considered for the tank shell and floor. For the 3D analysis, the
material was replaced by SS 347H. The thermophysical properties for the tank shell and foundation are
listed in Table 6.
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Figure 13. Temperature profile evolution of the molten salt inside the tank. (a) 0 seconds, (b) 10 seconds,
(c) 30 seconds, (d) 40 seconds, (e) 50 seconds, (f) 70 seconds.

Table 6. Thermophysical Properties of Tank Components [16] Used in the 2D Model; Temperature in K

Material p [kg/m?] k [W/m K] ¢, [J/kgK]
Tank Walls 7830 22.02 502.5
Sand 1600 0.25 840
Thin Plate (Steel) 7830 16.27 502.5
Clay 1702 0.6 878
Concrete 2400 2.25 880
Soil 1200 0.25 800

The exposed walls were set as convection walls with a heat transfer coefficient of 15 W/m?K and a free
stream temperature of 300 K. A temperature of 300 K was set for the bottom edge of the soil. For the
simulation, molten salt enters the tank at 5 m/s and 800 K. All internal overlapping edges between
materials were set as coupled wall interfaces. Also, the initial temperature (model initialization value)
for the molten salt and air was 600 K. The model uses 0.05 second time steps and convergences after 75
seconds. The evolution of the temperature distribution inside the tank is displayed in Figure 13 and the
corresponding velocity distribution contours are presented in Figure 14. Note that the results presented
in Figure 13 and Figure 14 are used for model development and calibration. These results do not
correspond to a real tank geometry.
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Figure 14. Velocity profile evolution of the molten salt inside the tank. (a) 0 seconds, (b) 10 seconds, (c) 30
seconds, (d) 40 seconds, (e) 50 seconds, (f) 70 seconds.

2.3.2 Sparger Ring CFD Model

The ANSYS CFD simulation was conducted using two models, one for the sparger ring and the other
one for the salt inventory in the tank. Using a separate model for the sparger ring allowed a reduction in
the parametrization complexity due to structured mesh and boundary conditions. The initial analysis
included a theoretical validation of salt velocity and mass flow for the sparger ring. The sparger ring
model was imported, meshed, parametrized, and simulated to get the outlet velocity components for
every outlet (total of 52 orifices). The velocity profiles at each orifice corresponded to the inlet velocity
profiles for the molten salt flow entering the tank.

The molten salt inlet conditions obtained from the sparger ring model are continuously streamed to the
salt inventory CFD model. The sparger ring model does not consider structural effects such as stress and
deformation because failures have not been consistently reported in this component similar to the floor.
The geometry and dimensions for the sparger ring are presented in Figure 15 and the corresponding
finite element mesh for its implementation in ANSYS is presented in Figure 16. The mesh for this
component is composed of 3,185,646 elements and 634,534 nodes.
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Figure 15. Sparger ring dimensions. (a) Front view; (b) Top view.
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(a)
Figure 16. Mesh for ring molten salt. (a) General meshing; (b) Detail for outlet fluid meshing.

The molten salt inflow through the sparger ring was simulated using the transient continuity model and
considering the viscous k — ¢ standard model. Properties for the molten salt as a function of temperature
are listed in Table 7. All exposed walls were set as no-slip walls.

The pressure drop inside the sparger ring between two orifice positions is given by:

_ fpuoz (ao - ai) (9)

dP, >D

where u, is the salt velocity in the ring at the position a,, a; is the previous position, D is the inner ring
diameter, and f is the friction factor for a fully developed turbulent flow [43]:

34735156351 ( £ )1'11+63'6350
N ' " \p/2 Re

where Re is the Reynolds number (Re = p u,D /), and ¢ is the tube’s roughness, assumed equal to
0.045 mm for commercial steel pipes.

(10)

The mass flow through each orifice, at the position a,, was calculate from [44]:

Po - Pbottom)

%0 = Cattop [2(—

(11)

where A, is the area of the orifice, C; is the discharge coefficient (fixed at 0.7 [44]), Pyottom 1S the
molten salt pressure head on the sparger ring (set at 193.58 kPa), and P, is the pressure inside the ring at
position a,,, which is given by:

B, = ref — dF, (12)

where P,..f is the required pressure to move the fluid through the half of the sparger ring—set at 285.0
kPa. The velocity through each orifice can be determined from:
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4o

uO = AO p (13)
The mass flow inside the ring g,- reduces when the molten salt flow passes through each orifice:
Qrnext orifice = 9r — Yo (14)
The velocity of the salt for the next orifice yields:
q : ¢ ifi
Up next orifice — %;Tllce (15)

where A is the cross-section area of the ring. For every position p,, the theoretical model can predict
P,,u,, q, and u,.

A preliminary simulation was conducted using a molten salt flow velocity of 7m/s and a temperature of
800 K at each orifice. In this case, the initial salt inventory in the tank was set at a temperature of 600 K
and a level of 11.9 m. A constant temperature of 300 K was set for the bottom layer of the foundation.
The prediction of streamline profiles for each tank inlet at three different times is presented in Figure 17.

. v | .
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Figure 17. Prediction of time streamline profiles at the tank’s inlets (sparger ring outlets) at (a) 117
seconds, (b) 1360 seconds, (c) 2800 seconds

2.3.3 Molten Salt Inventory Model

The interaction between the inflow and the salt inventory was simulated using a CFD approach by
solving the governing continuity and momentum conservation equations (Equations 2 and 3) and the
standard k — € approach [37] for the viscous model. The molten salt inventory model also considers a
multiphase treatment to solve the momentum interaction between the phases (molten salt and air). The
fluent simulation was parametrized with the volume of fluid multiphase model, where each cell of the
mesh is parametrized with only one fluid phase. The model parametrization allows obtaining the level of
the tank from the creation of cell registers, one for the air at the top of the tank and the other for the
molten salt phase at the bottom of the tank. It is important to note that gravitational acceleration was
considered. The volume of fluid formulation is given by Equation 16.
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110 — : ;

p_q E(“qpq) +V- (aqpqvq) = Z(mpq - mqp) (16)
p=1

where p and q are the phases of the fluid, m, is the mass transfer from q to p phase, M, is the transfer
mass form p to q phase, and @ is the volume fraction in the cell. If @, = 0, the cell is empty, and if
ag = 1 the cell is full of g fluid.

The solid bodies (shell, floor, roof, foundation, internal piping) and the inventory fluids (molten salt and
air) were implemented in ANSYS. For the inventory, the meshing depends on the geometry of the
sparger ring and its supports, the salt outlet pipes, the floor geometry, and the roof joint. A structured
mesh for fluid phases was created using automatic sizing control in critical zones, see Figure 18. The
mesh was refined to have higher resolution in regions of interest. The quality of the mesh was monitored
using orthogonal and skewness quality factors according to ANSYS best practices. Each body (floor,
shell, and so on) was sectioned into sub-bodies to obtain face splits and edges to obtain the structured
mesh. The model did not integrate the sparger ring supports to improve the mesh quality. In addition, all
the simulations were conducted on one half of the tank—using a symmetry boundary condition—to take
advantage of the tank geometry and reduce computational time by reducing the number of elements.

(b)

Figure 18. Mesh for tank inventory fluids (molten salt and air); (a) isometric and (b) cross-section view
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The model included heat losses through the insulated walls and roof and through the tank floor toward
the foundation. For the shell and roof, a convection heat transfer coefficient of 15 W/m?K, an ambient
temperature of 300 K, and an atmospheric pressure of 101 kPa were applied. In the floor, a heat loss
boundary condition was implemented following the profile presented in Figure 19 and Equation 17,
which corresponds to the heat exchange as a function of the tank’s radius. A shell conduction model was
activated for the foundation layers. It is worth noting that the heat loss profile as a function of the tank
radius (Figure 19) was derived from a previous modeling effort by Solar Dynamics. The model was
validated by comparing the soil temperature beneath the tank to the temperature predicted by the model.
The output of the conduction model was incorporated into the hot tank model as a polynomial equation
(Equation 17) using a user-defined function. Near the center of the tank, the heat transfer from the floor
to the foundation is one dimensional (i.e., straight down), and the heat flux is moderate due to the large
conduction heat transfer path from the center of the tank to the environment. In contrast, near the edge of
the tank, the heat transfer through the floor is two-dimensional (i.e., down vertically, and across
horizontally). Because the conduction heat transfer distance from the tank perimeter to the environment
is short, the heat flux at the perimeter is almost double the heat flux near the center. This simplified heat
loss model for the tank floor should only be used when salt is in the tank.

120

100

o]
o

D
o

Floor heat flux, W/m?
=

[ae]
o

0 0.2 0.4 06 0.8 1.0
Non-dimensional tank radius

Figure 19. Floor heat loss in the tank floor

The floor heat flux (Q), in W/m?, was estimated through the following polynomial interpolation:
Qf = 0.00053027> — 0.021747* + 0.311473 — 1.823372 + 3.77287 + 62.197 (17)

where 7 represents the non-dimensional radial distance from the center point of tank in meters.

Other important considerations for the model included:

e All the exposed walls were set as no-slip walls.

e The orifices through the sparger ring were set as pressure outlet conditions based on the tank’s
level and hydrostatic pressure formulation.

e The inlets were the face areas of the sparger ring orifices and were set considering the outlet
mass flow results from the sparger ring simulation.
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e The lateral face area corresponding to outlet flow was set as a mass flow outlet boundary
condition.

The thermophysical properties for the nitrate molten salt (60% NaNO3 — 40% KNOs3) and air are listed
in Table 7 and Table 8, respectively.

Table 7. Nitrate Molten Salt Properties [42]; Temperature in K

Property Polynomial Approximation
Density (kg/m?®) 2263.72 — 0.64T
Thermal Conductivity (W/m K) 0.39 + 1.9x107*T
Specific Heat (J/kg K) 1443 + 0.172T
Dynamic Viscosity (Pa. s) 7.55x107% — 2.78x107*T + 3.49x1077T? — 1.47x1071°T3

Table 8. Thermophysical Properties of Air [45]; Temperature in K

Property Polynomial Approximation

Density (kg/m?) 1.225
Thermal Conductivity (W/m K) 2.03x1072 + 4.8x107°T
Specific Heat (J/kg K) 1006.43
Dynamic Viscosity (Pa. s) 1.7894e-05

2.3.4 Tank Structural Model

The finite element simulation of the tank shell takes the temperature and pressure at the wall boundary
from the molten salt CFD simulation. The tank structural mesh is presented in Figure 20. The molten
salt outlet was simplified as a single element located in the tank wall at the same height as the inlets of
the three vertical pipes that extract the salt out of the tank. This simplification was adopted to improve
the convergence of the salt inventory CFD model and to reduce the computational time. It has a minor
impact on the temperature distribution in the tank shell and floor, which was evaluated by comparing the
temperature results obtained when considering the salt outlet pipes.

Table 9. Thermophysical Properties of Tank Components; Temperature in K

Material p (kg/m3) k (W/im K) ¢, (J/kg K)

Sand [41] 1400 0.66 879.09
Slip Plate (Steel) 8030 16.27 502.48
Clay [46] 1587 0.28 1170
Concrete [47] 2391.7 2.07 936.35
Thermal Insulation Wool (width = 18 in.) 128 3x107*T — 0.1025 956

Wall, Floor, Roof (ss347H) [48] 7650.8 8.2x1073T — 1850 0.16 T — 559.44
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The tank shell was made of austenitic SS 347H. This material has a Poisson ratio of 0.31 and a thermal
expansion coefficient of 1.89x107 K™! [49]. The Young’s modulus, yield strength (YS), and ultimate
tensile strength for SS 347H as a function of temperature are presented in Figure 21. The thermophysical
properties of tank components used in the structural model are listed in Table 9. For this model, the
floor's symmetrical edge was restricted for displacement in the x-axis (i.e., displacement in x is 0 mm),
and no restriction was imposed on the y-axis and z-axis. The central node in the bottom edge of the floor
was set as a fixed support to avoid a displacement of the tank with respect to its initial position, whereas
the floor was analyzed as an elastic support with a constant foundation stiffness of 0.015 N/mm? [50].
The friction coefficient between the floor and the first layer of the foundation (sand) was set to 0.5. The
weight of the sparger ring (10,800 kg) was equally distributed over eight supports.

Figure 20. Tank structural mesh
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Figure 21. Mechanical properties of stainless steel 347H [48]

The Kirchhoff plate theory for thin plates was employed to conduct a structural assessment. It assumes
that the line normal to the mid-surface remains straight and normal after applying the load, which means
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that the deformations will only occur in the x- and z-axis in the tank floor. This condition is associated
with the shell element model approach. The corresponding plate displacements in x- and z-axis (u and
v, respectively) are presented in Equations 18 and 19 [51]:

ow(x, z)

u= —yT (18)
ow(x, z) (19)
=y

where w is the main y-axis deflection as a function of the deflection in x and z coordinates. The strain
component in y direction €,, is equal to 0 for a thin plate (due to the shell element approach);
additionally, due to the deflection is free in y-axis, the stress in this component is also zero. The
corresponding mechanical strain €, and stress (o, 0,, T,,) are given by:

([ 0%w)
Y oxz
Ex 0w
“TL0 T Ve | (20)
Vz), oz
oy ——
\ yaxazJ e
Oy E 1 v 0 Ex
o, \ = ~lv 1 0 & (21)
) 170 0 a-v/2ll

where E is Young’s modulus and v is the Poisson’s ratio. Note that y,., is the shear strain due to the shear
Stress Ty,.

The force q(x,y) is equal to the equilibrium equation of a shell in the z-axis, as follows [51]:

EW (0t 9t 9\
1201 = o9 \ax* T 2ax2a22 T 572)W = 90D (22)

where h is thickness of the thin plate.

Because the model considers thermal loads, the strain due to temperature changes must be included.
Equations 23 and 24 correspond to the plane stress and plane strain, respectively [49,51]:

[fx } {aAT}
& =3¢ ¢ =3adT
Vxz), 0 (23)
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Ex (1 +v)adT
& = [52} = {(1 + v)aAT} (24)
Vxz) o 0

Where a is the coefficient of thermal expansion and AT is the temporal (each timestep) temperature
change at each shell element. The total strain is then defined as the sum of mechanical and thermal

loads:
E = &z + &z
Vxz) o Yxz), (25)

Finally, the stress is determined from the expression [49]:
oc=E(e— ¢, (26)

This structural model applies when the stresses of thin plate or shell are evaluated in a quasi-static state
step by step. During the transient simulation, the time step was set as Auto Time Stepping between
0.0001 s and 1 s. It is worth noting that the study presented in this report is focused on fatigue and creep
failure mechanisms. To capture the plastic deformation in the y-axis requires a different approach
different to the shell element model, having a representation of the tank floor as multiple finite elements,
which can be used to capture buckling formation. The shell element model was considered in this work
to reduce computation time and considering that the focus of the project was creep and fatigue lifetime
analysis.

Based on the shell element approach the following assumptions and implications of the tank structural
model need to be considered:

e The stresses are calculated in the floor plane, but not in the vertical direction.

e The deformation in the vertical direction does not vary with time.

e The effect of having a deformation only in the floor plane (x- and z-axis) is assumed to have a
minor impact on the total stress state.

¢ [Initial residual stresses and distortion in the tank floor after welding fabrication are imported into
the tank structural model as a boundary condition.

In addition to the mechanical model used to determine stress distribution and evolution in the tank shell
and floor, a finite element model for the floor fabrication was conducted. The model was used to
determine residual stresses and deformation in the tank floor after welding. This analysis is the subject
of Section 3.

2.3.5 Model Integration

As discussed in the previous sections, the hot tank model is composed of four models: (1) a sparger ring
CFD model, (2) a CFD molten salt inventory model, (3) a floor welding fabrication model, and (4) a
tank mechanical (structural) model. The first model uses typical tank operating conditions (see Figure
10)—molten salt flow at a specific temperature that comes from the downcomer—as an input time
series, simulates the flow through the sparger ring, and predicts the salt flow rates entering the tank
through the sparger ring orifices. The outlet mass flows for the sparger ring orifices are then used as
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inflow boundary conditions for the second model (tank CFD model). This model simulates the mixing
between the incoming salt flow and the salt inventory and determines the velocity field, change in the
inventory level, and the temperature and pressure distributions of the salt at every timestep for all nodes.
The third model is used to evaluate residual stresses and distortion of the tank floor after fabrication
through welding. The temperature distribution obtained from the second model and the residual stress
distribution and deformation of the tank floor are then used by the fourth model to determine the
associated stress induced in the tank shell, floor, and roof during operation. The model has the flexibility
to integrate design features of interest to analyze. Initially, the model considered an ideal flat floor,
which was replaced by a more realistic floor that considered distortion and residual stress after
fabrication obtained from the third model. A diagram for the hot tank model, describing the integration
of the sparger ring CFD model, the CFD molten salt inventory model, the floor fabrication model, and
the tank structural model is presented in Figure 22.

Mechanical
Model

Sparger Ring
CFD Model

' Deformation and
residual stress
Lifetime

“Time  9radients  graqs distribution Low Cycle Fatigue  Prediction Tank floor fabrication

Figure 22. Schematic diagram of the hot tank model

A cross-section view of the representative tank, including all components, is presented in Figure 23.
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Figure 24. Top view of representative tank floor with monitors

Multiple monitors (points of fast collection of physical variables such as temperature, pressure, strain,
and stress) were implemented in the model at different positions in the salt inventory, and the tank wall
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and floor. Figure 24 presents the distribution of monitors in the tank floor; 36 monitors for half of the
floor, 71 in total. Five of the monitors (for the half floor) were placed right under the sparger ring. Also,
one monitor was positioned at the center of the tank floor.

2.4 Model Validation

A mesh independence analysis was conducted for all models to determine the number of volumes and
nodes from which the results are not affected by the mesh. The L2 norm difference [52] was the criterion
used in this analysis. The final mesh resolution for each model was selected once the L2 norm difference
reaches a constant value. For instance, for the sparger ring, the selected mesh consisted of 1,156,823
elements and 236,210 nodes, corresponding to a finite element size of 50 mm, while for the molten salt
inventory, the number of elements was 2,333,932 elements and 2,385,043 nodes, corresponding to a
finite element size of 100 mm. After the mesh independence analysis, a convergence analysis of each of
the models was performed to determine the maximum timestep. This time step was dynamically
adjusted (reduced) in the model when significant changes in the salt inflow temperature happen, i.e.,
during transient operating conditions due to clouding. Timesteps in the model dynamically changed
from 0.0001 to 10 seconds.

For the mesh independence and convergence analyses, the clear sky day operating condition was
considered (see Figure 10a). The validation procedure followed a different approach for each model. For
the sparger ring, the conservation of mass (in and out of this element) was verified. For the hot tank
model (integrated sparger ring, CFD salt inventory, and structural models) a validation was conducted
using real plant operation data that were scaled accordingly with the variation in the representative tank
dimensions. This validation process considered multiple full day profiles—clear sky and partly cloudy
sky day conditions. The maximum relative error (% error) obtained during the validation was below
4% (about 18°C difference) and was observed a few times only during the larger sudden changes
(transients) between the inflow and the inventory temperature, mainly at low inventory levels (<2 m).
This temperature difference (between the model and the real data) was always registered on the monitors
located in the floor right underneath the sparger ring, which are more susceptible to capturing variations
in the temperature of the incoming molten salt flow. Apart from these few cases, the error was always
less than 2% (temperature difference below 10°C). The % error is defined in Equation 27 and the
temperature difference (Tgjfravg) 18 defined in Equation 28. The temperature is in °C in both equations.

T —-T
% error = I real modell + 100

Treal

27)

Tdiff,avg = |Treal - Tmodell (28)

The validation results using real data cannot be released in this report due to the proprietary nature of
this information. However, we were able to conduct the validation procedure using a set of short
operational cases extracted from real plant operational data (with minor modifications); see Figure 25a
and 25d. The average temperatures registered by the monitors located in the floor and at the salt outlets
located at the tank wall were compared with the corresponding average temperatures in the floor and the
outlet salt flow deducted from the real plant operating conditions. Figure 25a presents the average tank
floor temperature comparison for a transient event occurring over about 20 minutes, while Figure 25d
shows the comparison for the average outlet flow temperature considering a smooth clear sky day
profile. The corresponding error and average temperature difference curves are presented in Figure 25b,
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25c¢, 25e, and 25f. In general, all predicted temperatures are relatively close to the real temperature
measurements. The more pronounced changes in temperature are very well captured by the model.
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Figure 25. Hot tank model CFD validation: (a) Comparison between average floor temperatures. (b)
Relative error for the average floor temperatures. (c¢) Average floor temperature difference. (d)
Comparison between average outlet flow temperatures. (e) Relative error for the average outlet flow
temperatures. (f) Average outlet flow temperature difference.

The mechanical model was verified by comparing the level of stress obtained from the hot tank model
and the stress reported in the literature for different systems sharing some commonalities, see Table 10.
It is important to highlight that stress measurements in commercial molten salt hot tanks are not
available in the literature. Maximum stresses predicted for the hot tank model are about 80 MPa at
~510°C for an ideal flat floor and reach values close to 260 MPa at high temperatures (~560°C) and
large inventory levels (> 8 m), when the initial distortion and residual stresses in the floor—after
welding fabrication—are considered (see Section 3).

Table 10 summarizes structural tank analyses conducted for TES tanks that are used to compare and
verify the mechanical portion of the hot tank model. It is important to note that none of these studies use
real or typical plant operating conditions as input or boundary conditions. Some studies are focused on
design, heat transfer fluid evaluation, techno-economic analysis, and stress analysis. These studies were
selected because, despite the differences, the TES tank has some level of commonality with the current
system, such as material, heat transfer fluid, dimensions, or maximum operating temperatures. It can be
observed from Table 10 that the level of stress for the hot tank lies within the stress values (ranges) for
the tank analyses reported in the literature for similar operating conditions. However, it is important to
highlight that a direct comparison between studies is not adequate as the stress results depend on
multiple fabrication, design, and operation parameters. As expected, the larger variation of the
maximum stress between these studies (80 to 478 MPa) are associated with different conditions and
parameters been considered.
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Table 10. Related Structural Analyses of Storage Tanks for CSP Systems

Max Temp

Max Stress

Study System Tank Design HTF °C) (MPa) Notes
Shell: SS347H Molten 80 @ 510°C .
Solar Insulation: Mineral nitrate salt (ideal floor) Transient
This work ’ 565 o ANSYS
tower wool NaNOs- 260 @ 560°C CED/mechanical
Diameter: 39.6 m KNO3 (deformed floor)
Gabbrieli _ (SA-516 Gr-70) _ >+ N0 NP
Parabolic . . nitrate salt transient data—
et al. Insulation: Ceramic 550 130
2009 [13] trough fiber NaNOs- 24 hours.
. ] KNO3 SAP2000
Diameter: 22.4 m
software
Shell: ASTM A533 Caloria
Gonzalez Class 2 Grade A 120 for flexible Transient. No
Not . HTF+ i . .
et al. reported Insulation: rock and 300 filler, input transient
2015 [17] P Fiberglass 300 for rigid filler data
. sand
Diameter: 18.2 m
_ 2D steady
Shel.l. SS 3?04 Molten salt state—ANSYS.
Wan et al. Solar Insulation: Mineral .
NaNOs- 565 100 Tank design:
2020 [19] tower wool
. KNOs Solar Two
Diameter: 11.6 m .
project
Transient.
Gage et Shell: Carbon steel
al.2021 %@ (sA516 Gr-70) Molten 720 135-161 ANSYS
tower . chloride salt CFD/mechanical
[18] Diameter: 41.8 m
Gen3
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3 Tank Floor Fabrication Model

3.1 Floor Fabrication

The tank floor has been identified as a critical component of this analysis due to the combination of high
friction loads and thermal transients. The tank floor is manufactured from several thin rectangular plates
that are welded together; see Figure 26. The welding fabrication process can result in residual stresses
and a non-flat floor, with elevated regions and depressed regions that contribute to the plastic
deformation of the floor during operation and increase the susceptibility to develop local buckles.
Further, the non-flat characteristics of the floor could result in an undesirable non-uniform distribution
of friction forces between the floor and the foundation.

Figure 26. Schematic representation of the tank floor fabrication

¥, longitudinal direction (LD)
'

TWO-paSS weld / L, Y transverse direction (TD)

N

(a) (b)
Figure 27. (a) Top view of a half symmetric model of two plates. X is the longitudinal direction, which is

parallel to the welding direction; Y is the transverse direction. (b) Transverse cross-sectional enlarged
view in the weld region of the mesh model; Z is the normal (thickness) direction.
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An FEA model was developed in the Abaqus software to simulate the floor welding and to determine
the residual stress magnitude and the deformation distribution of the floor after its fabrication. The
model considered SS 347H plates—32 feet (9,754 mm) long, 8 feet (2,440 mm) wide, and 9/32 inches
(7 mm) thick. The matching E347 welding filler was considered during the simulations. The model
development started with the welding simulation of two plates, then three plates, and finally half of the
tank floor. A half symmetric model was established for the welding procedure for plate welding and for
the entire floor to reduce the calculation time. Figure 27 presents a half symmetric FEA model of two
floor plates. The mesh of the weld bead area was refined to ensure calculation accuracy. Gradient mesh
was used away from the weld to reduce the element number and thus further minimize the calculation
time.

The welding parameters used for the floor fabrication modeling were determined from information
received from welding procedure specification of CSP plants and the results of metallurgical
characterization on field welds conducted by Colorado School of Mines. Gas tungsten arc welding
(GTAW) was used for the root pass (pass 1), and gas metal arc welding (GMAW) was used for pass 2.
The time between passes was 300 seconds, to allow for sufficient cooling of the plate after the root pass
below 80°C. Note that a dwell time of 1-2 seconds was determined to be mandatory through modeling
to ensure sufficient melting, i.e., avoid lack-of-fusion defect, at the start point of pass 2 welding. Table
11 summarizes the input welding parameters for the finite element modeling of the two passes, including
the heat input—calculated as voltage (U), times current (I), times arc efficiency (n)—and travel speed.

In the two-pass welding model, only elements of pass 1 were activated during the welding of pass 1,
whereas pass 2 elements remained deactivated. After pass 1 was completed, elements for pass 2 were
activated. In this simulation, the material properties were assumed to be the same for both the weldment
and the base metal. Table 12 tabulates the temperature-dependent material properties of SS 347H
[48,54]. Figure 28 presents the temperature-dependent flow stress/strain data for SS 347H. These data
were obtained (1) at room temperature (in black); (2) at 600°C—-1,050°C (in red) from Colorado School
of Mines thermo-mechanical testing, which used a Gleeble machine for the microstructure of the HAZ
of SS 347H [3,55]; and (3) at 100°C—400°C (in gray), from the National Institute for Materials Science
(NIMS) data sheets [56]. Note that the material database used for SS 347H and the finite element weld
modeling method used in this work were validated through neutron diffraction measurement [3]. 3D
finite element models using the sequentially coupled thermo-elastic-plastic method were established to
systematically investigate the dependence of residual stress distribution in SS 347H on base plate
thickness, joint geometry design, and pre-heating condition [3]. The elastic strain profiles calculated
from the weld model agreed well with those measured from neutron diffraction mapping, which
indicates that stress contours calculated from strain evolution from the weld model are reasonably
accurate.

Table 11. Welding Parameters Used in the FEA Model Simulation

Parameter Pass1 Pass2
Welding method GTAW GMAW
Heat input (nUI), Watt 1920 2720
Arc efficiency, () 0.6 0.85
Welding speed (v), mm/s 5 5
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Table 12. Temperature-Dependent Material Properties of SS 347H [48], [54]

Temp Density Cp k Young’s Mod. Expansion Coeff. Poisson’s

(°C)  (e-9kg/mm®)  (e-8 mJ/kg-K) (MW/mm-K) (GPa) (e-6)/s Ratio
20 7.9 4.43 15 200 16.5 0.278
100 17.5

200 7.8 5.15 17.5 185 18 0.288
400 7.7 5.63 20 170 18.5 0.298
538 156 0.298
600 7.6 5.81 225 153 19 0.313
800 7.5 6.09 255 135 20 0.327
900 7.4 20

1000 6.31 28.3 96 20.5 0.342

1100 7.3 70 21 0.342

1200 6.54 311 50 21 0.350

1300 10 22 0.351

1340 6.69 33.1

1400 6.75 225

1500 7.2 225

NIMS [42]

800°C
850°C
900°C

0.2 0.3 0.4
True Plastic Strain

Figure 28. Temperature-dependent stress/strain curves used in this materials database for 347H stainless
steel [55], [56]

3.2 Welding Heat Input Parameter Calibration

The welding heat source was simulated using Goldak’s double ellipsoidal model, which is a type of
body heat flux typically used in the modeling of arc welding processes. Figure 29 presents the schematic
diagram of Goldak’s double ellipsoidal heat source [57].

The heat source equations are presented in Equations 29, 30, and 31 [58]:
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Figure 29. Schematic diagram of Goldak’s double ellipsoidal heat source [57]

where 5 and g, are the front and rear of the heat flux at a point (x, y, z) in the ellipsoid, respectively;
a, b, and c are the three semi-axes of ellipsoid; fr and f, are the heat distribution between the front and

rear ellipsoid, respectively, the sum of which is equal to 2; Q is the total heat of welding; U is voltage; [
is current; and 7 is arc efficiency.

In the heat resource model (Equations 29 and 30), a, b, and ¢ determine the shape of the fusion zone and
f7 and f; affect the heat distribution of the front and rear half of the ellipsoid. The peak temperature of
the fusion zone decreases with increasing a, b, and c. The values of a, b, ¢, f;, and f,. were calibrated for
pass 1 and pass 2 to match the experimental fusion zone shapes. Table 13 and Table 14 present the trials
performed for calibration purposes for pass 1 and pass 2, respectively. The trial results indicated that the
influence of f and f, on the temperature field is marginal.

Table 13. Trials of Shape Parameters for Pass 1

fvalue Trial 1 Trial 2 Trial 3
fr=0.6 a, =11 a, =12 a, =12
f.=14 b=4 b=4 b=3

c=35 c=4 c=5

Figure 30 presents an example of trials resulting in insufficient heat input and lack of fusion in both pass
1 and pass 2. Figure 31 presents the thermal profiles calculated from the shape and heat distribution
parameters of trial 3 for pass 1 in Table 13, and of trial 1 for pass 2 in Table 14, which matches the
experimentally observed fusion zone boundaries of pass 1 and 2 reasonably well. It should be noted that
the heat source parameters may experience further change with a change in dwell time at the start point
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of weld pass 2. We determined that a dwell time of 2 seconds was required to avoid a lack of fusion
defects at the beginning of weld pass 2, although a full penetration could be achieved in the middle and
end of the weld length using the same welding parameter without the 2-second dwell time. The contours
in Figure 30 and Figure 31 were generated using the mirroring function in the half symmetric model to
illustrate the complete profile of the temperature distribution in the weldment.

Table 14. Trials of Shape Parameters for Pass 2

fvalue Trial 1 Trial 2 Trial 3
fAf=2 as =5 ar =4 ar =4.5
fr=06 a, =15 a, =12 a, =10
b=6 b=45 b=5
fr=14 c=5 c=45 c=5
Trial 4 Trial 5 Trial 6
foif=2 ar =4 ar =4.5 ar =4.5
fr=08 a, =12 a, =10 a. =10
b=45 b=4 b=5
fr=12 c=45 c=4 c=5
Trial 7 Trial 8 Trial 9
f4f=2 ar =4 ar =35 ar =3
f=1 a- =9 a, =7 a, =6
! b=6 b=6 b=6
fr=1 c=5 c=5 c=6
. mE S |-
e e
+9.733e+02 +9.733e+02

+8.542e+02
+7.350e+02
+6.158e+02
+4.967e+02
+3.775e+02
+2.583e+02
+1.392e+02
+2.000e+01

+8.542e+02
+7.350e+02
+&.158e+02
- +4.967e+02
+3.775e+02
+2.583e+02
+1.392e+02
+2.000e+01

Figure 30. Fusion zone boundary of (a) pass 1 and (b) pass 2 without dwell time in a calibration process
that showed a lack of fusion

NT11 (a)
+2.066e+03
+1,450e+03
+1.331e+03
+1.212e+03
+1.092e+03
+9,733e+02
+8.542e+02
+7.350e+02
+6.158e+02
+4.967e+02
+3.775e+02
+2,583e+02
+1.392e+02
+2,000e+01

NT11
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L
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Figure 31. Fusion zone boundaries matching the experimental bead shapes of (a) pass 1 and (b) pass 2
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3.3 Convergence Analysis in Thermal and Mechanical Models

Sequential coupling simulation in the thermo-elastic-plastic analysis of tank floor welding was used. The
first step was the transient heat transfer calculation under Goldak’s heat source. The temperature field
results were then imported into the second step as a temperature field load to conduct the elastic-plastic
analysis for calculation of stress and deformation.

S, Mises
NT11 .
+2.3242+03 “ (Avg: 75%)
+1.398e+03 BT e
+1.283e+03 139830102
+1.168e+03 +4.4842+02
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+9.387e+02 — +3.488e+02
+8.238e+02 o +2,990e+02
jgess e
+ e+
+4.793e+02 +1.495e+02
+3.645e+02 +9.972e+01
+2.497e+02 +4,991e+01
- +1.348e+02 +9.152e-02
+2.000e+01 Y
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Figure 32. Temperature contours of pass 2 for Figure 33. Von Mises stress contours around the entire
(a) Model I, (b) Model Il, and (c) Model Ill at weld length of (a) Model |, (b) Model Il, and (c) Model Il
half of the welding time after welding completion

An eight-node linear hexahedral element type was used in the heat transfer calculation with DC3D8 (D:
diffusive heat transfer or mass diffusion elements, C: solid element, 3D: three-dimensional element, §:
each element has 8 nodes) and the non-linear elastic-plastic calculation with C3D8R (R stands for
reduce integration). Table 15 tabulates three trials of the model with different longitudinal mesh sizes in
the weld bead to evaluate convergence. We analyzed the impact of mesh size on computation time,
thermal results, and mechanical results to identify a meshing strategy with a reasonable number of
elements that maintained the accuracy of the analysis.

From Table 15, by decreasing the mesh size, the calculation time of the thermal model increases. Figure
32 presents the temperature fields generated during pass 2 for the three mesh models at half the welding
time. By comparing Figure 32a and 32b, it can be seen that the coarser mesh size in Model I leads to a
less smooth fusion zone boundary, especially toward the tail of the gray colored region. For more
refined meshes, Figure 32b and 32c, the peak temperature values are very close and their contour lines
are less impacted by the mesh element geometry than those of Model I. Note that the mesh shapes of
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weld passes were slightly different among the three models, leading to some variations among absolute
values predicted from the three models.

Table 15. Three Trials of the Model with Different Longitudinal Mesh Sizes in the Weld Bead

Model | Model Il Model Ill

Longitudinal mesh size in weld bead (mm) 3 2.5 2

Number of elements 62533 80623 104296
Number of nodes 84227 109165 141630
Calculation time—CPU time—(seconds) 336776 551544 863528

s, 511
(Avg: 75%)
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- +5.5568+02
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+4,059e+02
+3.381le+02
+2.702e+02
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4+6.650e+01
-1,388e+00
-6.928e+01
-1.372e+02
-2.051e+02
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+6.290e+02
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Figure 34. Cross-sectional view of the contours of longitudinal residual stress (S11) in the two-pass
welding procedure for (a) Model I, (b) Model ll, and (c) Model lll, sectioned at the middle of the weld length
and along the weld centerline

Figure 33 presents the contours of the Von Mises stress along the entire weld length of Models I, 11, and
IIT after welding completion. The stress distribution and peak stress value—critical factors that
determine cracking susceptibility—were not impacted noticeably, as can be seen by comparing Figure
33a, 33b, and 33c. Figure 34 compares the cross-sectional views of longitudinal stress (S11) after
welding completion for Models I, II and III, while Figure 35 and Figure 36 contrast transverse stress
(S22) after welding completion for Models I and I, respectively. These cross-sectional views are taken
from the middle of the plate along the welding direction. Figure 34a, 34b, and 34c indicate that the
weldment experiences high longitudinal tensile stresses at the weld toe on the top surface, and
underneath the top weld bead (pass 2) where reheating occurred. Similarly, the maximum transverse
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tensile stress occurs underneath the top weld bead, see Figure 35 and Figure 36. Model I, with a coarser
mesh, underpredicts the peak stress values and outputs slightly more homogeneously distributed stress
fields than Model II, which has a finer mesh. However, as it was mentioned, this was partly influenced
by the difference in heat input shape parameters.

5, 522 S, S22

(Avg: 75%) (Avg: 75%)
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-6.753e+01 +1.931e+01
-2.039e+02 -1.101e+02
-3.403e+02 -2.396e+02
-4.767e+02 -3.690e+02
-6.130e+02 -4,985e+02
-7.494e+02 -6.27%e+02
-8.858e+02 -7.574e+02

Figure 35. Cross-sectional view of the contours of Figure 36. Cross-sectional view of the contours of

transverse (S22) residual stress in the two-pass transverse (S22) residual stress in the two-pass
welding procedure for Model I, sectioned at the welding procedure for Model Il, sectioned at the
middle of the weld length and along the weld middle of the weld length and along the weld
centerline centerline

Figure 37 presents a comparison of longitudinal residual stresses in the peak region (red region in Figure
34a, 34b, and 34c) within pass 1 along the x-axis (welding direction) extracted from Model I, II, and III.
The longitudinal stresses from Model II and Model I1I exhibit a better agreement than that of Model I.
Figure 38 compares the transverse residual stress in the peak region (red region in Figure 35 and Figure
36) along the y-axis (transverse direction) extracted from Model I and Model II. Model I, which has a
coarser mesh, underpredicted the peak transverse stress in the weld centerline.
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Figure 37. Longitudinal residual stress in the peak region (red region in the left figure) within pass 1 along
the x-axis (welding direction) extracted from Model | (black), Model Il (red), and Model Il (blue)
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Figure 38. Transverse residual stress in the peak region (red region in Figure 35 and Figure 36) along the
y-axis (transverse direction) extracted from Model | and Model I

In summary, with the refinement of element size, the Model Il meshing strategy demonstrates adequate
data accuracy, as it was evidenced by its outputs aligning closely with those generated from more
refined mesh Model III. In comparison, the coarse Model I mesh strategy tends to underpredict the
transverse peak residual stress and overpredict the HAZ longitudinal peak residual stress. Taking into
account calculation time and accuracy, the mesh size of Model II is chosen for the two-tank floor plate
weld model for the subsequent analysis.

3.4 Modeling Approach Analysis and Down Selection

There are multiple methods to create a weld model, including: implicit thermo-elastic-plastic FE solid
model, implicit thermo-elastic-plastic FE shell model, explicit analysis approach, and inherent strain
method. These methods are systematically compared here to assist in determination of the appropriate
approach to generate reliable residual stress and distortion profiles in the entire tank floor with sufficient
spatial resolution within a reasonable calculation time.

The thermo-elastic-plastic FE method with solid element and two-pass welding procedure provides the
most detailed thermal profile during welding and accurate residual stress and distortion of plates after
welding completion. However, this method is computationally intensive and encounters excessive weld-
induced deflection due to the large floor dimensions, resulting in unresolved convergence issues when
activating the elements of Pass 2 weld, especially for the long-edge welds. To address this convergence
challenge—inherent in implicit thermo-elastic-plastic FE solid models when simulating extreme large-
scale welds that induce significant plastic deformation—the two-pass weld model was firstly simplified
into a one-pass weld model. To identify the proper heat input parameters for this simplification in a
time-efficient manner, a small-plate two-pass weld model was first built in Section 3.4.1. The impacts of
plate geometry on the stress and distortion profiles are evaluated by comparing the results from welding
on two small and large plates, respectively. Additionally, in Section 3.4.2, a two-pass implicit solid
model is established for three small plates welding, which is not achievable for large plates due to the
convergence challenge. This modeling effort provides valuable inputs as a comparison or validation for
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other weld modeling methods to be evaluated next. Section 3.4.3 describes details of heat input
parameter adjustment for weld pass simplification using the small-plate model. In later sections of 3.4, a
systematic investigation of weld modeling methods is performed using the simplified one-pass weld
including (1) implicit thermo-elastic-plastic method with one weld pass, (2) explicit thermo-elastic-
plastic model with one weld pass, (3) inherent strain model with two weld passes, and (4) shell element
model with one weld pass. A thorough comparison is made between the outputs from these different
tank floor welding models and the small-plate model to identify the most appropriate modeling
method(s).

3.4.1 Implicit Thermo-Elastic-Plastic Finite Element Model of Small-Plates with
Two-Pass Welds

The plate dimensions used in the model were 12” (304.8 mm) long, 6” (152.4 mm) wide, and 9/32” (7
mm) thick. Figure 39 presents the mesh model of the two small plates with a two-pass weld along the x-
axis. The mesh of the weld bead area is refined to ensure calculation accuracy.

(a) (b)
Pass 2

Pass 1

Figure 39. Mesh model of two small plates with a two-pass weld along the x-axis: (a) top view and (b)
transverse cross-sectional view of the two-pass weld

All welding parameters were kept the same as those used in the tank floor plate simulation. Note that a
dwell time of 1-2 seconds was added at the weld start point for the second pass to ensure sufficient
melting, i.e., to avoid lack-of-fusion defects. Table 16 summarizes the input welding parameters for
modeling of the two passes. The heat input is calculated by multiplying the voltage (U), current (I), and
arc efficiency (7).

Table 16. Welding Parameters Used in the Model to Simulate the Two-Pass Welding of Two Small Plates

Parameter Pass1 Pass 2
Welding method GTAW GMAW
Heat input (nUI), watt (J/s) 1920 2720
Welding speed (v), mm/s 5 5

Figure 40 presents the calculated contours of the Von Mises stress along the whole weld length of a
small-plate model. As shown in Figure 40a and 40b, peak stress values are comparable between the two
weld models. Figure 41a and 41b present Von Mises stress contours in the transverse cross-sectional
view around the weld bead along the red lines in Figure 40 of small plates and tank floor plates,
respectively. Figure 42 to Figure 44 present the longitudinal stress, transverse stress, and normal stress
in the transverse cross-sectional view around the weld bead of small plates and tank floor plates,
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respectively. The overall magnitudes of the stresses from different directions are comparable, although
the stress near the top surface may differ between the small-plate and large-plate model. The difference
in the transverse stress distribution between the small-plate and tank floor plate models may be related to
the different length-to-width ratios.
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Figure 40. Top view of Von Mises stress contours calculated from (a) the small-plate model and (b) the
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Figure 41. Transverse cross-sectional view of Von Mises stress contours along the red lines marked in
Figure 40 from (a) the small-plate model and (b) the tank floor plate model
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Figure 42. Transverse cross-sectional view of longitudinal stress contours along the red lines in Figure 40
from (a) the small-plate model and (b) the tank floor plate model
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Figure 43. Transverse cross-sectional view of transverse stress contours along the red lines in Figure 40
from (a) the small-plate model and (b) the tank floor plate model
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Figure 44. Transverse cross-sectional view of normal stress contours along the red lines in Figure 40
from (a) the small-plate model and (b) the tank floor plate model
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Figure 45 compares the equivalent plastic strain (PEEQ) contours for the small-plate and tank floor plate
models in the transverse cross-sectional view around the weld bead along the red lines in Figure 40.
Comparable PEEQ distribution patterns and values are observed in both models. Figure 46 to Figure 48
present the plastic strain distributions along longitudinal, transverse, and normal directions on the same
cross-section of the small-plate and tank floor plate models. Along all three directions, the distribution
and magnitude of the plastic strains throughout the cross-section area near the welds are comparable.
This justifies using strain fields calculated from the small model as inherent strain inputs for deflection
calculation in the large tank floor.
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Figure 45. Transverse cross-sectional view of PEEQ contours along the red lines in Figure 40 from (a) the
small-plate model and (b) the tank floor plate model

PE, PEL1
(Avg: 75%)
+3.268e-02
- +2.829e-02
+2.390e-02

(@)
+1.951e-02
+1.512e-02 —
+1.07 3e-02
+6.338e-03
- +1.949e-03
-2.441e-03
(b)

PE, PE11
(Avg: 75%)
+3.093e-02
+2.670e-02
+2.247e-02
- +1.824€-02
+1.401e-02
- +9.780e-03
+5.5518-03
- +1.322¢-03
-2.9078-03
-7.1378-03
-1.1378-02
-1.5608-02
-1.9828-02

Figure 46. Transverse cross-sectional view of longitudinal plastic strain contours along the red lines in
Figure 40 from (a) the small-plate model and (b) the tank floor plate model

Figure 49 presents the normal direction displacement patterns induced by welding of the small-plate and
tank floor plate models from top and side views. With comparable plastic strain contours, the overall
trend of distortion patterns is comparable between the small-plate and tank floor plate models, although
the plate size difference leads to one-order of magnitude difference in absolute distortion. It was found
that the small thermo-elastic-plastic FEA can provide valuable insights on the stress and strain profiles
in large tank floor welding.
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Figure 47. Transverse cross-sectional view of transverse plastic strain contours along the red lines in
Figure 40 from (a) the small-plate model and (b) the tank floor plate model
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Figure 48. Transverse cross-sectional view of normal plastic strain contours along the red lines in Figure
40 from (a) the small-plate model and (b) the tank floor plate model
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Figure 49. Top and side views of normal direction displacement contours of (a) the small-plate model and
(b) the previous tank floor plate model

46

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



3.4.2 Modeling of the Three-Small-Plate Model with Two-Pass Welds

The dimensions of the plates in the small three-plate model are the same as those in the two-plate model:
12” (304.8 mm) long, 6” (152.4 mm) wide, and 9/32” (7 mm) thick for each plate. Figure 50 presents the
mesh model of the three-small-plate model with two welds. The weld bead crown was removed and
simplified with a flat top surface to create a mesh at the intersection of the weld beads. The mesh of the
weld bead area was refined to ensure calculation accuracy. This model considered the welding heat input
parameters listed in Table 16, which were calibrated to match experimental fusion zone geometry. In
this model, the weld was first made along the short edge between plates 1 and 2, and then along the long
edge to weld plate 3 onto plates 1 and 2. Table 17 tabulates the analysis steps of the three-small-plate
model with two-pass welding. In Table 17, steps 1-5 are for the short-side weld, and steps 6—10 are for
the long-side weld. Both welds introduced a dwell time of 2 s at the start point of the second weld pass
to ensure sufficient melting, at the beginning of the transient stage.

P3

(b)

Long side weld bead Pass 2

H

Pass 1

Shot side weld bead

Figure 50. Mesh model of (a) three-small-plate model with two welds and (b) transverse cross-sectional
view of the two-pass weld. P1-P3 represents plates 1-3.

Figure 51a and 51b present temperature contours during the pass 2 welding process at the short and long
edges, respectively, from the three-small-plate model.
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Figure 51. Example temperature contours during the pass 2 welding process at (a) the short edge and (b)
the long edge from the three-small-plate model
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Table 17. Analysis Steps of Three-Small-Plate Model with Two-Pass Welding

Step Description Step Description
y Pass 1 heating for short-edge weld 6 Activation of pass 1 elements and heating for
long-edge weld

2 Pass 1 cooling for short-edge weld 7 Pass 1 cooling for long-edge weld

5  Activation of pass 2 elements and 2-s dwell g  Activation of pass 2 elements and 2-s dwell
time at the start of pass 2 for short-edge weld time at the start of pass 2 for long-edge weld

4 Pass 2 heating for short-edge weld 9 Pass 2 heating for long-edge weld

5 Pass 2 cooling for short-edge weld 10 Pass 2 cooling for long-edge weld

Figure 52 illustrates the boundary conditions set for stress and distortion analysis in the three-small-plate
weld model. It should be noted that the boundary condition settings can also impact the displacement
calculation. Currently, no information is available to confirm boundary conditions representing the
actual field assembly process. A variety of boundary conditions that simulate potential field assembly
practices can be evaluated to reveal the potential displacement variation range. Figure 53 shows the top
view of the Von Mises stress and normal displacement calculated from the three-small-plate weld model
under the assumed boundary conditions. These results demonstrate how the stress and displacement
patterns on the top surface were impacted significantly by intersecting weld paths.
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Figure 52. Boundary conditions set Figure 53. Top view of (a) Von Mises stress and (b) normal
for the analysis in the three-smali- displacement contours calculated from the three-small-plate
plate weld model weld model

Figure 54 and Figure 55 show the transverse cross-sectional view of the Von Mises stress and PEEQ
along lines 1 and 2, as marked by the red lines in Figure 53a, demonstrating the interaction of
intersecting welds. Because the plate size is relatively small, the two long-edge welding passes reheated
plates 1 and 2, which is expected to introduce significant changes in the stress and strain distributions of
the previous short-edge weld as compared to the large tank floor welds.
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Figure 54. Transverse cross-sectional view of Von Mises stress contours along (a) line 1 and (b) line 2, as
marked by the red lines in Figure 53a
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Figure 55. Transverse cross-sectional view of PEEQ contours along (a) line 1 and (b) line 2, as marked by
the red lines in Figure 53a

3.4.3 Equivalent One-Pass Weld Model Calibration

This analysis considered an equivalent one-pass weld model as a base of the following explicit approach
and shell element model. The welding parameters were calibrated to ensure that the calculated fusion
zone boundary in the one-pass weld model matched the overall fusion zone shape of the previous two-
pass weld. The two-small-plate (12 % 6””) model, discussed in Section 3.4.1, was used to calibrate
welding parameters for the one-pass weld.

Goldak’s double ellipsoidal model [57] was used to the simulate the heat source in the one-pass weld
model. The sequential coupled thermo-elastic-plastic FEA method was used. Note that a 2-s dwell time
was added to ensure sufficient melting at the start point of welding. The analysis process included three
steps: (1) dwell time of 2 s before the heat source starts moving, (2) heat source moving, and (3) cooling.
Table 18 and Table 19 show the calibrated welding parameters and heat source shape parameters used in
the one-pass weld model. Figure 56 presents the thermal profile calculated from the parameters in Table
18 and Table 19, which matches the experimentally observed fusion zone boundaries of total pass 1 and
pass 2 reasonably well.

Table 18. Calibrated Welding Parameters Used in One-Pass Welding Simulation

Parameter One-Pass Weld
Welding method GMAW
Heat input (nUl), watt (J/s) 4352
Welding speed (v), mm/s 5
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Table 19. Calibrated Heat Source Shape Parameters Used in One-Pass Welding Simulation

Heat Distribution Parameters | Heat Source Shape Parameters
af =5
+f =2
Ir+ 1 a, 15
fr=20.6

=4

fr=14 b
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NT11(C)
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Figure 56. Fusion zone boundary generated from one-pass weld using calibrated heat input parameters

Figure 57 compares the top view of the Von Mises stress distributions around the whole weld length
calculated from the one-pass and two-pass weld models with small plates. The overall distribution of
Von Mises stress between the two cases is similar, although differences can be seen within the weld
bead. The peak value of the Von Mises stress from the two-pass welding is larger than the one-pass
welding, which is most likely caused by the reheating involved in two-pass welding. Figure 58 compares
the normal displacement of the one-pass and two-pass weld models. The overall distortion patterns
generated from the two models are very similar. The two-pass weld model had a peak deflection of 19.6
mm by adding the absolute values of maximum and minimum normal displacement in Figure 58b. In
comparison, the one-pass weld model yielded slightly less distortion, with a peak deflection of 18.58
mm, 5.2% smaller than that of two-pass weld.
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Figure 57. Top view of Von Mises stress contours around the whole weld length calculated from the (a)
one-pass weld, explicit model and (b) two-pass weld implicit model with small plates
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Figure 58. Normal displacement contours: (a) one-pass and (b) two-pass weld models with small plates

It can be concluded from this modeling effort that the simplified one-pass weld can reduce the
simulation time by 30%-35% while predicting reasonably matching patterns of stress and deflection in
the whole plate. One key takeaway from Sections 3.4.1-3.4.3 is that if area-of-interest is within the weld
region itself, a two-pass small-plate model is preferred over the simplified one-pass large plate model,
since the small plate model can provide a reliable analysis within the two-pass welds while the one-pass
simplification leads to underprediction of peak stresses and strain (or deflection).

3.4.4 Explicit Model of Three-Tank Floor-Plate With One-Pass Weld

Abaqus software provides two different solvers: implicit and explicit, corresponding to two core analysis
modules of ABAQUS/Standard and ABAQUS/Explicit, respectively. In general, implicit is the default
analysis type in Abaqus. It is primarily used for static and quasi-static problems where the response of
the structure is smooth and continuous throughout the loading process. In implicit analysis, the solution
proceeds incrementally over time or load steps; this approach is well-suited for problems involving
material nonlinearities, contact, and large deformations. Explicit analysis is often used for transient
dynamic simulations and impact/crash analysis which is characterized by high-speed phenomena or
where inertia effects dominate. In explicit analysis, the solution is computed explicitly at each time step
without the need to iterate.

Typically, the welding procedure of sequentially coupled thermo-elastic-plastic analysis can be solved
well by implicit method. But convergence issues caused by the extreme distortion due to the excessive
dimensions of tank floor plates introduced inconsistent impacts on the analysis results. Compared to
implicit analysis, explicit solution proceeds without iterating at each time step, which makes it well
suited for solving cases with convergence concerns. However, the smaller time steps can make it
computationally expensive for problems with long durations or slow processes. The explicit method
does not allow for setup of element activation during the analysis steps. Therefore, the two-pass weld
simulation was simplified into a one-pass weld case for the explicit model.

Figure 59 presents the mesh model for one-pass welding of three tank floor plates. The weld bead was
simplified to be flat on the top surface to enable meshing at the intersection of two welds. The mesh of
the weld bead area was refined to ensure calculation accuracy. The short edge between plates 1 (P1) and
2 (P2) was welded first in this model, followed by the long edge. Table 20 tabulates the analysis steps.
Steps 1 to 3 are for the short-edge weld, and steps 4 to 6 are for the long-edge weld.
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Weld bead of long side

Figure 59. Mesh model of three tank floor plates with (a) top view and (b) transverse cross-sectional view
of the short-edge weld bead of the one-pass weld

Figure 60a and 60b present example temperature contours during one-pass welding of the short edge and
long edge, respectively, from the explicit three-tank floor-plate model.
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Figure 60. Example temperature contours during one-pass welding of (a) the short edge and (b) the long
edge for the three-tank floor-plate model

Once the thermal analysis is completed, the explicit solving method to calculate the stress and distortion
of three-plate tank floor welds was applied. Figure 61 illustrates the boundary conditions set for the
explicit analysis of stress and distortion. The same boundary conditions as the small three-plate weld
model were evaluated. Figure 62 shows the top view of the Von Mises stress calculated from the three-
tank floor-plate weld model using the explicit solving method. As shown in Figure 62, due to the large
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plate size, the intersecting impact is localized. The overall stress distribution pattern at the short edge
and long edge remains unimpacted.

p U1=U2=U3=0

U2=U3=0

S, Mises (MPa)
(Avg: 75%)
+5.868e+02
1 U1=U2=U3=0 +5.379e+02
+4.890e+02
+4.,401e+02
+3.912e+02
+3.423e+02
+2.934e+02
+2.445e+02
+1.956e+02
+1.467e+02
+9.780e+01
+4.890e+01
+3.405e-03

Y
U3=0 i.x

u3=0

Figure 61. Boundary conditions set for the explicit = Figure 62. Top view of Von Mises stress contour
analysis in the three-plate tank floor model calculated from three-tank floor-plate weld model
using the explicit solving method

Table 20. Analysis Steps of Three Tank Floor Plate Model with One-Pass Welding

Step Description Time
1 Dwell time at start of short-edge weld 2s
2 Heating for short-edge weld 487.6 s
3 Cooling for short-edge weld 1200 s
4 Dwell time at start of long-edge weld 2s
5 Heating for long-edge weld 1950.8 s
6 Cooling for long-edge weld 1200 s
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Figure 63. The pattern calculated from the three-small-plate weld model with (a) set of boundary
conditions considered for the three-small-plate model under implicit solving, (b) deformation contour, and
(c) normal displacement contour under explicit solving

The three-small-plate model was initially used to test the effect of different boundary conditions on the
distortion of welded plates under explicit solving. Figure 63 and Figure 64 present the deformation and
normal displacement patterns calculated from the three-small-plate weld models under implicit and
explicit solving, respectively, with different boundary conditions, as can be seen in Figure 63a and
Figure 64a. Comparing Figure 63 and Figure 64, it can be concluded that the constraint at the weld
intersection restricted the deformation of the plates, leading to a very different distortion pattern in the
three plates. Therefore, it is critical to obtain field assembly details to understand the boundary
conditions that best represent real cases. It would also be beneficial to evaluate how to control distortion
patterns by applying proper constraints during floor plate assembly.
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Figure 64. A three-small-plate weld model under explicit solving using (a) the same boundary conditions
for the three-tank floor-plate model under implicit solving, (b) calculated deformation, and (c) normal
displacement contours
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Figure 65 and Figure 66 present the Von Mises stress and PEEQ in the transverse cross-sectional view
along lines 3 and 4, as marked by the red lines in Figure 62. The distribution of Von Mises stress and
PEEQ in the weld center (i.e., quasi-steady-state region) from the short- and long-edge welds are almost
identical. This demonstrates that when the plate size is sufficiently large, the stress and strain
distributions within the quasi-steady-state region are independent of weld length, except at the weld
intersections.
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Figure 65. Von Mises stress contours in the transverse cross-sectional view along (a) line 3 and (b) line 4,
as marked by the red lines in Figure 62
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Figure 66. PEEQ contours in the transverse cross-sectional view along (a) line 3 and (b) line 4, as marked
by the red lines in Figure 62

3.4.5 Inherent Strain Method for Deformation of Plates

The explicit thermo-elastic-plastic finite element method is an accurate alternative to determine residual
stress in the hot tank after welding fabrication. However, the extensive calculation time limits the
explicit simulation to a maximum of a quarter of the tank floor. In comparison, the inherent strain
method can reduce the simulation time for a whole tank floor substantially. The inherent strain method
has been demonstrated to be the most time efficient method for predicting welding distortion in large
and complex welded structures. Table 21 compares detailed aspects of the inherent strain method and
the thermo-elastic-plastic method.

The governing principle of the inherent strain method is to load the inherent strain obtained from
analytic calculation or thermo-elastic-plastic FEA to the weldment as an initial strain, and then perform
elastic FEA to calculate the corresponding stress and distortion of welded plates. To evaluate the
feasibility of the inherent strain method, the first inherent model was established for the small model
welding two 12 x 6” plates. The input inherent strain values as a function of location were extracted
from the thermo-elastic-plastic implicit small-plate model.
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Table 21. Comparison of the Thermo-Elastic-Plastic Method and Inherent Strain Method

Method Thermo-Elastic-Plastic Inherent Strain
Principle Thermo-elastic-plastic theory Inherent strain theory
* Fine mesh is needed for convergence * Mesh requirement is not high
Implementation * A heat source model is applied * Inherent strain is applied
* Thermal-mechanical coupling calculation * Only elastic calculation

Includes the whole welding thermo- Focuses on the stress and distortion

Features . associated with localized weld-
mechanical process . . : )
induced shrinkage during cooling
Costs Large number of calculation steps and long Fewer computation steps and short
calculation time calculation time
Range of application Small structure Large, complex structure

According to the theory of thermo-mechanical-metallurgical FEA, the total strain can be expressed as:
glotal — g 4 el + gP + &° + PR (32)

where £ is elastic strain, €7 is thermal strain, €P is plastic strain, ¢ is creep strain, and £"" is phase-
transformation-induced strain. Inherent strain, €%, is expressed as:

e =l + &P + &+ &Pt (33)

The creep strain during welding is typically small and is often ignored. Thermal strain will disappear
after the plate temperature drops. Phase-transformation-induced strain becomes a part of plastic strain in
the final structure. Therefore, the plastic strain is the main component of the inherent strain.

Figure 67 presents a schematic of the region where the inherent strain is obtained from the thermo-
elastic-plastic model. The area of interest covers both the fusion zone and the heat-affected zone. The
inherent strain can be assigned to the model as an average plastic strain. To improve the accuracy of the
inherent strain method, the inherent strain model was divided into a few different regions with different
average inherent strain values assigned to them. Figure 68 illustrates how different regions are set up to
apply average inherent strains at all three directions in the inherent strain model. Along the longitudinal
direction, i.e., the welding direction, the domain was divided into quasi-steady and transient regions.
Along the transverse direction, the width of the region to be assigned for inherent strain is similar to the
heat-affected zone width. Along the normal direction, the shrinkage of pass 1 and pass 2 beads are
different, and two regions were defined accordingly for inherent strain application. In total, the model
set up six regions for application of average inherent strains along the three coordinate directions.
Abaqus software provides a function that uses the anisotropy coefficient of thermal expansion and
temperature variation to simulate the generation of inherent strain.
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Figure 67. Schematic diagram of the region where the inherent strain is obtained from the thermo-elastic-
plastic model

(b) Pass 2 area

Pass 1 area

Figure 68. Schematic diagram illustrating the divided regions for applying the average plastic strain in (a)
a 3D view and (b) a side view in the inherent strain model

Figure 69 summarizes and compares the distortion results calculated from the thermo-elastic-plastic
model and the inherent strain model in the three coordinate directions. In this figure, U1, U2, and U3
represent the displacement along the x-axis (longitudinal direction), y-axis (transverse direction), and z-
axis (normal direction), respectively. The overall distortion trends in all three directions from the two
models are consistent. The observed discrepancy in the peak displacement value may be reduced by
further calibrating the averaged inherent strain through adjustment of the averaging area selection and
division.
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Figure 69. Comparison of distortion results calculated from the thermo-elastic-plastic and inherent strain
models in the three coordinate directions: (a-b) longitudinal displacement of thermo-elastic-plastic and
inherent strain, (c—d) transverse displacement of thermo-elastic-plastic with inherent strain model, (e-f)

normal displacement of thermo-elastic-plastic with inherent strain model

3.4.6 Shell Element Model: Model Comparison and Selection

As discussed in the previous sections, the explicit thermo-elastic-plastic finite element method requires
extensive calculation time, while the inherent strain method has limitations in prediction accuracy. In
this section, another alternative method, implicit thermo-elastic-plastic FEM method with shell element
and simplified one-pass weld, is evaluated. The shell model doesn’t have geometric thickness due to the
nature of shell elements, which is factored into the model through use of the section integration points.
This approach can significantly reduce the calculation time. However, the impact of shell element on
predication accuracy needs to be evaluated through a comparison to the implicit thermo-elastic-plastic
solid model with two-pass welds.

The plates size, material properties, analysis steps, and boundary conditions of shell model are the same
as that of solid model. Figure 70 presents the comparison of temperature contours after welding along
short edge of two floor pates using (a) the solid element model and (b) shell element model,
respectively. It can be seen that the overall temperature field and fusion zone shape from the top view
are very similar between the solid and shell models, although the shell model with simplified one-pass
weld overpredicted the peak temperature. This discrepancy is mainly attributed to a higher heat input
used in one-pass weld model for the purpose of matching experimentally the observed fusion zone
geometry (Figure 56), which is described in Section 3.4.3. Figure 71 presents the comparison of Von
Mises stress contours after welding along short edge of two floor pates using (a) the solid element model
and (b) shell element model. To better understand the stress distribution difference between the solid and
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shell models, stress distributions along the two red lines, and also as a function of thickness depth, in
Figure 72 are further investigated.
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Figure 70. Temperature contours of two plates after welding with (a) solid element model and (b) shell
element model, respectively
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Figure 71. Von Mises stress contours of two plates after welding with (a) solid element model and (b) shell
element model

As illustrated in Figure 72a, three stress profiles are extracted along three different thickness levels. The
shell model doesn’t have thickness direction information due to the nature of shell model. Therefore,
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Figure 72b compares one line of stress distribution from shell model to three lines at different thickness
of solid model. The shell model mostly averages the Von Mises stress results of the three different
thickness levels from the solid model. It can be concluded that the shell model does not yield the most
detailed stress distribution profile within a weld region, similar to what was observed in the explicit
model, which is a combined impact of one-pass simplification and shell element. However, it does
provide reasonable prediction of overall stress distribution in welded large plates for further
investigation of service condition on stress and strain evolution.
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Figure 72. Comparison of residual stresses calculated from solid model and shell model: (a) contours of
Von Mises stress in the cross-sectional view normal to the longitudinal direction, (b) Von Mises stress of
three thickness levels (along the red lines in Figure 72a), in solid model and Von Mises stress in shell
element in shell model

Table 22 compares the three methods based on weld plate size, simulation principle, mesh size, and time
needed for stress and strain calculations. As seen in Table 22, for welding of two floor plates, the
number of elements for the solid model is approximately 21 times larger than the elements for the shell
model. In addition, the calculation time (CPU time) for the thermal analysis for the solid model is about
150 times greater when compared with the shell model. The calculation time in the shell model can be
reduced significantly for the stress and distortion analysis, because it does not calculate the stress/strain
along thickness direction and due to the simplification from a two-weld pass to a single-weld pass. The
inherent strain model in turn takes only tens of seconds to calculate the stress and strain profiles
corresponding to an applied averaged inherent strain from the weld zone for two small plates. However,
implementing the thermo-elastic-plastic FEA method with solid element, which is the most accurate and
common method, for the entire tank floor is unrealistic due to the extensive computation power
requirement. In contrast, the thermo-elastic-plastic FE method with shell elements and simplified one-
weld pass can provide sufficiently insightful results on thermal, stress, and strain profiles in a whole
welded plate, which could be comparable to the solid element model, except for its limitation in
providing results along the thickness direction due to the nature of shell element, especially within the
weld region. The inherent strain method considers a simplified shrinkage force and a lump-pass
modeling approach that allows a fast distortion calculation in the whole tank floor and can be useful for
welding design optimization. To maintain the accuracy, efficiency, and reliability of the model, the
thermo-elastic-plastic FE shell element model with a simplified one-weld pass is adopted for the
analysis of residual stress and distortion for the tank floor fabrication model.
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Table 22. Comparison of Three Types of Models for Tank Floor Analysis

Variable/Model Solid Shell Inherent Strain

Two tank-floor plates  Two tank-floor plates  Two small plates
Element evaluated

(32° x 8’ x 9/32”) (32° x 8’ x 9/32”) (12” x 6” x 9/32”)
Thermo-elastic- Thermo-elastic- Inherent strain
Simulation method plastic FEA method plastic FEA method
. . method
with two-pass weld with one-pass weld
Longitudinal mesh in weld bead 2.5 mm 4.9 mm 2.5 mm
Number of elements 170638 8168 18792
Number of nodes 217137 24541 23550
Calculation time (CPU. time) of 1540130 s 10279 s /
thermal analysis
Calculation tlme (QPU t|me)'of 411376 s 20573 s /
stress and distortion analysis
Calculation time (CPU time) of / / 28 s

applying inherent strain

3.5 Tank Floor Weld Model Setup and Calibration

The shell element model was built and implemented in Abaqus software, taking advantage of the
symmetry of the tank by considering only half of the tank floor, as can be seen in Figure 73.

_dl [ | .y Single plate dimensions: 32’ x 8’
‘ ‘ R (9754mm x 2438mm)

| | symmetry plane

Figure 73. Layout of the hot tank floor used in the tank floor fabrication model

3.5.1 Model Parameters and Mesh Size

Two different mesh sizes were evaluated to identify a meshing strategy with a reasonable number of
elements while maintaining the accuracy of the analysis. Figure 74 presents the half-tank floor mesh
with two different sizes. The finer mesh has 1,048,103 elements and 1,036,337 nodes. The coarser mesh
has 126,423 elements and 123,398 nodes. A mixture of four-node linear quadrilateral and three-node
linear triangular element types was used in the heat transfer (defined as DS4/DS3) and non-linear
elastic-plastic calculations (S4R/S3R).
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Minimum mesh size: 4 x 5 mm

Minimum mesh size: 8 x 20 mm

Figure 74. Mesh models of tank floor with (a) fine mesh and (b) coarse mesh

In the shell element model, the floor doesn’t have geometric thickness, but this is factored into the
model through use of the section integration points. In this case a shell thickness value of 7 mm was
considered, with 5 thickness integration points and using Simpson thickness integration rule. Similar to
the solid model, for the shell element model, the heat source used in one-pass welding was evaluated
using the Goldak double ellipsoidal model [57].

123‘4

Welding

Welding direction

direction

13
Short edge welds 10 11 12 Long edge welds

Figure 75. Welding simulation scheme along (a) short edges and (b) long edges

The sequentially coupled thermo-elastic-plastic FEA method was still used, and the welding simulation
of tank floor fabrication was performed along short and long edges of each floor plate. All the short
edges were welded at the same time, then all the long edges were also welded simultaneously in order to
minimize the simulation time; see Figure 75. The 27 short-edge welding paths are marked with red lines
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in Figure 75a, in which the welding direction is parallel to the positive direction of the x-axis. Similarly,
the 18 long-edge welding paths are marked with red lines in Figure 75b and the long-edge welds start at
the center of the plate (y=0), with welds 1 to 9 moving along the positive direction of the y-axis and
welds 10 to 18 moving along the negative direction of the y-axis, respectively. In summary, the
simulation started with the welding and cooling of the short edges, followed by the long edge welding
and cooling. Note that a dwell time of 1 second was also added to ensure sufficient melting at the start
point of welding. The welding simulation steps are tabulated in Table 23.

Table 23. Welding Simulation Steps in Shell Model of Tank Floor

Step Description

—_

Dwell before short edges welding
All short edges welding
All short edges cooling

2

3

4 Dwell before long edges welding
5 All long edges welding

6

All long edges cooling

The thermal analysis was performed using fine- and coarse-mesh models. Figure 76 and Figure 77
present the temperature contours of short-edge welds at a welding time of 224 s for fine- and coarse-
mesh models, respectively. The computational time to complete the short-edge welds was 38.8 hours
using the fine mesh, but it was only 2.75 hours using the coarse mesh. The peak temperature value and
overall temperature field predicted by the two models match reasonably well, as can be seen in Figure
76 and Figure 77.
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Figure 76. Temperature contours at the short edges of the tank floor for a fine mesh at 224 s welding time
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Figure 77. Temperature contours at the short edges of the floor for a coarse mesh at 224 s welding time

3.5.2 Impact of Long-Edge Weld Element Deactivation

For the tank floor welding simulation, there are two alternatives for setting up the welding bead
elements. The first one is to deactivate long-edge weld elements when short edges are being welded, and
then reactivate long-edge elements when they are going to be welded. In this setup, every vertical strip
with short edges welded is an independent part of the model and the vertical strips do not exert an
impact on the others during the heat transfer process. In the second alternative, the elements within
welds on the long edges are activated while the short edges are being welded. It simulates the case when
the stiffness is introduced by numerous spot welds to avoid misalignment between neighboring plates.
Heat transfer exists between the neighboring vertical strips, but the offset of short-edge weld paths
avoids the interplay between thermal profiles of short-edge weld passes.
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Figure 78. Temperature contours of the tank floor (a) with deactivated long-edge weld elements and (b)
without deactivation at half of short-edge welding time
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Figure 78 presents temperature contours obtained from welding modeling with and without deactivated
long-edge weld elements. By comparing Figure 78a and 78b, it can be appreciated that the thermal
profile contours from both models are similar, except that the model with deactivated elements exhibited
a small extended temperature field into the left-side neighboring plate, as shown by the enlarged view of
Figure 78b. The slight difference in peak temperature is attributed to the temperature fluctuation of each

simulation increment.
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Figure 79. Temperature contours of the tank floor with deactivated long-edge weld elements at (a) early
stage and (b) late stage of long edges’ welding time

(a) (b)

o
nT11(°C) nti1 (°C)

+3.217e+03 +3.202e+0
+2.947e+03 +1.450e+0
+2.676e+03 +1.326e+03
+2.406e+03 +1.203e+03
+2.136e+03 +1.079e+03
+1.866e+03 +9.5548+02

: +8.317e+02
+1.596e+03 BT
+1.326e+03 X
+1.056e+03 .
+7.855e+02 .
+5.153e+02 .
+2.452e+02 :
-2.495e4+01 3

Y

1—5 X

Figure 80. Temperature contours of the tank floor without deactivating long-edge welding elements at (a)
early stage and (b) late stage of long-edge welding

Figure 79 and Figure 80 present temperature contours for the welding simulation with and without
deactivated long-edge weld elements, respectively, during the long-edge welding. The difference
between the thermal profile distribution and peak temperatures is very low. By comparing thermal
profiles from welding simulations with and without deactivating the long edges, it can be stated that
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both models are suitable to simulate the thermal profile of the tank floor during welding. The
temperature field results were then imported into the model to conduct the elastic-plastic analysis.

3.5.3 Residual Stress and Distortion Analysis

Figure 81 and Figure 82 respectively present the constraints in models with and without deactivated
long-edge weld elements for stress analysis. Three different symbols represent different constraint types
used in the model. The bottom line is the plane of symmetry perpendicular to the x-axis. As shown in
Figure 81, the model with deactivated long edges applies nine fixed constraints (Ui =0, URi =0, 1=
1,2,3) on one corner of each long strip that is connected by the short edges (represented by the star
symbol). In addition, to prevent rotation of strips around the z-axis (out-of-plane direction in Figure 81),
nine open dots are applied at the left corners of the strips that restrict that specific rotation degree of
freedom. The purpose of these constraints is to mitigate convergency issues in stress calculation. In turn,
the model without deactivated long edges only applied one fixed constraint (star symbol) at the origin
point (x =0, y = 0) in Figure 82. In addition, solid dots with limited constraint (U3 =0, UR1 = UR2 = 0)
are applied to all the other corners of the plates.
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Figure 81. Constraints in the tank floor with deactivated long edges for residual stress and distortion
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Figure 83 and Figure 84, respectively, present the Von Mises, longitudinal, and transverse stress
contours in the tank floor with deactivated long edges after completion of short-edge welding. The
contours around two ends of the short edges are discontinuous because of the deactivation of long edges.
The contours for the neighboring plates of the two ends of short edge are influenced by the constraints
on them. Note that in Figure 84, for short-edge welds, S11 is the longitudinal stress and S22 is the
transverse stress.
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Figure 83. Von Mises stress contour of the tank floor with deactivated long edges after completion of

short-edge welding
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Figure 84. Longitudinal and transverse stress contours of the tank floor with deactivated long edges after
the completion of short-edge welding
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Figure 85 and Figure 86, respectively, present the Von Mises, longitudinal, and transverse stress
contours in the tank floor without deactivating long edges after completion of short-edge welding. The
contours around two ends of short edges are continuous. In Figure 86, S11 is the longitudinal stress and
S22 is the transverse stress.
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Figure 85. Von Mises stress contour of the tank floor without deactivating long edges after completion of
short-edge welding
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Figure 86. Longitudinal and transverse stress contours of the tank floor without deactivating long edges
after completion of short-edge welding

Comparing Figure 83 to Figure 85, and Figure 84 to Figure 86, the stress distributions and peak stress
values of Von Mises and S11 obtained from both models are similar. The differences in the distribution
and peak stress value of S22 are attributed to the differences in the boundary conditions in the two
models.
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Figure 87 and Figure 88 present the normal displacement contours and deformation of the tank floor,
with and without deactivating long edges after welding of the short edges, respectively. The peak normal
displacement value of the model without deactivating long edges is higher than that of the model with
deactivated ones, because the constraints applied on the model with deactivated long edges are stricter,
allowing a lower level of deformation.
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Figure 87. (a) Normal displacement contour and (b) deformed shape (deformation scale factor is 1) of
model with deactivated long edges after completion of short-edge welding
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Figure 88. (a) Normal displacement contour and (b) deformed shape (deformation scale factor is 1) of
model without deactivating long edges after completion of short-edge welding

Figure 89 presents the deformed tank floor after reactivating the long-edge elements as long-edge
welding started. It is worth noting that the deformation scale factor in this figure was set to 10 for
visualization purposes. The long edge elements have significant, visible distortions. The warping of each
strip after completion of short-edge welds caused model convergency issues. Thereafter, the model
without deactivating long edges is used to complete the analysis of the residual stress and distortion of
tank floor induced by long-edge welds.

69

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Figure 89. Deformed tank floor after reactivating the long-edge weld elements at start of long-edge
welding. Deformation scale factor is exaggerated for visualization.
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Figure 90. Von Mises stress contours of the tank floor obtained from the model without deactivating the
long edges after completion of all the welds

s, 511 (MPa) s, s22 (MPa)
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%
+5.523e+02 +6.873e+02
+4.533e+02 +5.732e+02
+3.543e+02
+2,553e+02 X
- +1.562e+02 +2.312e+02
+5.723e+01 +1.171e+02
-4,178e+01 +3.110e+00
-1.408e+02 -1.109e+02
-2.398e+02 -2.2498+02
-3,388e+02 -3.390e+02
-4.378e+02 - - k-~ -4.530e+02
- -5.369e+02 Al : . - -5.670e+02
-6,359e+02 = -6.810e+02

Figure 91. Longitudinal and transverse stress contours of the hot tank calculated without deactivating
long edges after the completion of all the welds
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Figure 90 and Figure 91 present the Von Mises, longitudinal, and transverse stress contours of the tank
floor obtained from the model without deactivating long edges after completion of all the welds. Note
that in Figure 91, for short-edge welds, S11 is the longitudinal stress and S22 is the transverse stress; for
long-edge welds, S11 is the transverse stress and S22 is the longitudinal stress.

Figure 92 presents the normal displacement contours (parallel to z axis) and deformed tank floor
determined from the model without deactivating long edges after completion of all the welds. By
comparing Figure 88 to Figure 92, the long-edge welding procedure further increased the normal
displacement along the z-axis. The alignment between short edges and the consistent space left between
these short edges lead to formation of long extended distortion patterns parallel to the x-axis. The
residual stress and the deformation distributions (Figure 90 and Figure 92, respectively) are integrated
into the hot tank model to perform the temperature and stress behavior of the tank as a function of
typical operating conditions. Since the weld-induced residual stress and distortion have an adverse
impact on the performance of the tank floor during operation, the temperature and stress analysis results
of tank floor with and without considering weld-induced residual stress and distortion should be
compared, which assists to reveal how the weld-induced residual stress and distortion affect the tank
floor performance during operation.
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Figure 92. (a) Normal displacement contour and (b) deformed shape (deformation scale factor is 1) of
model without deactivating long edges after completion of all the welds
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4 Results and Analysis

4.1 Parametric Analysis

The effect of main operation variables, including the initial inventory level, initial inventory temperature
(Tiny.), inlet mass flow rate (1m;;,), inlet mass flow temperature (T;;,), and outlet mass flow rate (m,,;) on
the temperature distribution in the tank was analyzed. The values of the operation variables considered
in this analysis are listed in Table 24. For each variable, a minimum and maximum value were selected
and, except for the inventory temperature, an intermediate value. The ranges and values for each
variable were determined based on an occurrence analysis over several months of historic plant
operation data. Two main sets of parametric cases were analyzed: (1) low inventory level cases (1 and
2.33 m) with no molten salt being pumped out of the tank, (2) inventory levels ranging from 1 to 3.66 m
with equal inlet and outlet mass flow rates. The first set characterizes a tank charging operation, while
the second one represents an operating condition where the tank is being charged and discharged
simultaneously.

Table 24. Tank Operation Variables Used in the Parametric Analysis

Parameter Values
Initial salt inventory level (m) 1 233 3.66
Initial Inventory temperature, T;,, (°C) 400 - 530
Inlet mass flow rate, m;, (kg/s) 800 1000 1200
Inlet flow temperature, T;, (°C) 500 536 560
Outlet mass flow rate, mg,; (kg/s) 800 1000 1200

The parametric conditions for all the cases are listed in Tables C1 and C2 in Appendix C. For each case,
the operation variables are maintained constant during the simulation; however, the inventory level and
the inventory temperature change during the simulation. The parametric analysis was focused on the
evolution of the temperature in the tank floor, considering that large spatial temperature differences
(temperature gradients) in the floor are associated with large operation stress (exacerbated by high
friction coefficients) and eventually buckle formation.

Figure 93 presents the effect of the inlet mass flow rate on the maximum temperature difference (Ty,qy —
Tynin) in the tank floor for 1 and 2.33 m initial inventory levels; constant inlet flow temperatures of
500°C (Figure 93a, 93d, and 93g), 536°C (Figure 93b, 93e, and 93h), and 560°C (Figure 93c, 93f, and
931); and initial inventory temperatures of 400°C and 530°C. For these cases, m,,; = 0. In general,
higher temperature differences between two points in the tank floor are observed at higher mass flow
rates, and they usually occur between 10 and 40 minutes of operation. Maximum temperature
differences of about 50°C are predicted at low inventory levels (1 m) for large discrepancies between the
inventory and the flow inlet temperatures, i.e., for T;,,, = 400°C and T;,, = 560°C, see Figure 93f. As
expected, the lower difference in temperature is obtained when T;,,,, and T;, are very close—for
example Tj,, = 536°C and T;,, = 530°C (Figure 93b)—or when the inventory level is higher (2.33 m)
due to the larger inertia, as can be seen in Figure 93g, 93h, and 93i. Figure 93a represents a common
operation case where inflow having a lower temperature than the inventory is pumped into the hot tank.
The inflow salt should be diverted to the cold tank until its temperature surpasses the hot tank inventory
temperature.
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Figure 94 presents the cumulative average of maximum temperature difference, (Tpax — Trmin) em,avgs i
the tank floor during 60 minutes of operation for the corresponding cases presented in Figure 93.
(Trmax — Tmin) em,avg- 18 defined as follows:

(Tmax - Tmin)cm,avg -

Zg(Tmax - Tmin)i
i

, i=123..,n

(34)

where i is the difference counter, which denotes the number of differences calculated from the initial
time (t,) to a specific time. Equation 34 represents the evolution of the average maximum temperature
in the tank floor with time and is useful to observe a more general behavior of the floor temperature
without considering the short-term fluctuations. Note that Figure 94 is obtained from Figure 93 by

applying Equation 34.
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Figure 93. Maximum temperature difference in the tank floor for 60 minutes of charging operation for
varying inventory temperature at time zero (T;,,,), salt level, and incoming salt temperature (T;,)
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Figure 94. Cumulative average of maximum temperature difference in the tank floor during 60 minutes of
charging operation for varying inventory temperature at time zero (T;,,), salt level, and incoming salt
temperature (T;,)
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Figure 95. Maximum temperature difference in the tank floor during 60 minutes of operation as a function

of the inlet mass flow rate and temperature

In general, the highest average for the maximum temperature difference in the floor of about 38°C is
observed at the highest inlet mass flow rates for Tj,,, =400°C and T}, = 560°C. Significant reduction in
(Trmax — Tmin) em,avg and faster stabilization is predicted for larger salt inventory levels; see Figure 94g,

94h, and 94i. In general, for ri;, = 800 kg/s, the (Tqx — Trmin) em,avg has lower values for the 60-
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minute operational range, while higher values are obtained at different time intervals for m;,, = 1000
kg/s and m;,, = 1200 kg/s at inventory levels of 1m, see for example Figure 94a, 94c, 94d, and 94f. For a
larger inventory level of 2.33 m, the largest (Tryqx — Tonin) em,avg Occurs most of the times for 1, =
1200 kg/s (see Figure 94g, 94h, and 941,); however, the maximum value in these cases (below 15°C) is
lower when compared with those obtained for an inventory level of 1 m and similar inventory and inlet
flow temperatures, i.e., Figure 94d, 94e, and 94f.

The effect of the mass flow rate on the maximum Ty, — Trnin (0F (Triax — Tmin)max) for the tank floor
during 60 minutes of operation is presented in Figure 95 for T;,,, = 530°C and inventory Level = 1 m
(Figure 95a), Ty, = 400°C and inventory Level = Im (Figure 95b), and Tj,,,, = 400°C and inventory
Level =2.33 m (Figure 95c¢). In general, the influence of 1, on (Trax — Tmin)max 1S relatively small
for low inventory levels, with (T, 0 — Tonin)max increase of about 7°C when m;,, rises from 800 kg/s to
1200 kg/s for T;;,,. = 400°C, inventory Level = 1m, and T, = 560°C, see Figure 95b. For an inventory
level of 2.33 m, there is a strong influence of the 111;, on (Tax — Tmin)max When 1, augments from
800 kg/s to 1000 kg/s, see Figure 95c¢; a trend is not seen when m;,, increases from 1000 kg/s to 1200
kg/s.
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Figure 96. Cumulative average maximum temperature difference in the tank floor at 30 and 60 minutes of
operation as a function of the inlet mass flow rate

The corresponding cumulative average maximum temperature difference in the tank floor as a function
of m;,, is presented in Figure 96. In this figure, this cumulative average is displayed to 30 and 60
minutes of operation. At inventory levels of 1 m and m;,, of 800 and 1000 kg/s (Figure 96a and Figure
96b), (Trnax — Tmin)em.avg 1S always higher at 60 minutes, which means that the temperature takes more
time to stabilize. For the cases with an inventory level of 2.33 m (Figure 96c), a close to linear behavior
is observed for (Tynax — Trmin) cm,avg With ;.

A similar parametric analysis was conducted but considering an outlet mass flow rate equal to the
inflow, i.e., M, = My, = m. Figure 97 and Figure 98, respectively, present Ty, 4 — Tpnin and

(Tmax — Tmin)em,avg for different m, Ty, , Tj, and inventory levels of 1 m, 2.33 m, and 3.66 m. For
these cases, the inventory level remains constant. From Figure 97, the Ty, 4, — Tinin Strongly depends on
the difference between T;,,, and T;,. With low inventory levels, this behavior is exacerbated due to
lower inertia. For instance, for the cases presented in Figure 97d, 97e, and 97f (having the maximum
difference between Tj,,,, and T;;,, among the analyzed cases and the low inventory level of 1m), T;,,q, —
Tnin values larger than 40°C are observed, reaching a maximum of more than 70°C for m = 1200 kg/s
(Figure 971). This large temperature difference between two points in the tank is not desirable because it
could lead to large stress, and eventually, buckling. It is worth noting that, in general, the curve

75

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Tin 500°C Tin 536°C Tin S60°C

20 - 20 20
a B b c o
S ———rfin = fineus = 800 kgs -
£ 161 e 16 —riiin = fheut = 1000 kg's | 16
- Ey P . == = theut = 1200 kg's — 4
s £ ! e s e bl Y — "
g £ 12} /}t"'r"\ rd £ 12 £ 12 /NN - -
g £ | 7T £ L
< v - ' ' 2
w By 1 x B »x B i,
g &l : B
. |/ = 1 I
z cr wmm i = e = 800 kgls e e i
= 4. — i = it = 1000 kg5 4 P 1 45 b
== = o = 1200 kg/s :L_;;,,,-_-:; - | v
0 " " " i " 0 - 0 " " " " -
10 20 a0 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Time [mins] Time [mins] Time [mins]
80 4 80 a0
d e f
£ - -
3 87 c® ’ ' g * P
- LA ———" ‘g Fof
o £ 40 A~ P L _//,/ \ e & a0l S
< ' P R L ' B ' Y
_ s iy -
g 20 _’// e =it = s = BOO kgl " o2 ,'-'}/’ ~== i = Ficun = 800 kgls ] {r
~ { V5 = fhous = 1000 kg/s A i = Feut = 1000 kgy's W
L == fun = o = 1200 kgls - == e = iout = 1200 kg's {
o . s . . . 0 . . . . . | 0 . . . . .
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Time [mins] Time [mins] Time [mins]
30 30 30
. g h i
—ffin = s = 800 kgl =i = fhoun = 800 kgl
- 25| e = e = 1000 igls 25 e = thewt = 1000 1g's 1 25
@ == fhn = e = 1200 kgfs — == i = fcut = 1200 kg's .
3 o £ 20 2
5 = £ = >
- i 15! £ 15 g £ s o °
§ E 10§ P T - — £ 10 '\.',r\_,'/f:-. - £ 104 ‘;_/ rd ——
= I S =" ——— —— ] L [\ [ W At
z 5r\‘\"7‘ = - 5 W 51 %
= o
0 0 0
10 20 30 40 S0 60 10 20 30 40 50 60 10 20 30 40 50 60
Time [mins] Time [mins] Time [mins]
£ 16.) L o} !
< -
o - I U — P
b O 1ol O 12l o 2 12 e
z = s e c A c S
£ T E S E R
- = 4 === ¥ LA = f/’ -
o .8 S P ]S R . B e
o * — - 3 I'd -~ * -
m o =T o .'/z o F‘E ,;/{/
% ’E [ Ry .E )|\1 A IE I\l‘. - ;"’"/
7 LT eetha = o = 800 kg . LW metl” == hin = ot = 800 ki \ TN =i = Pt = 800 kg
z 4ﬂ\\,,.,,=;f/ = M = 1000 dgls 4 [\ —2.,:2..::1000?:‘:. ariey e = fo = 1000 h's
(= e i = e = 1200 kgls ) L == riun = fiout = 1200 kgi's == rfun = et = 1200 hg's
U i i i i n 0 U i i n e i J
10 20 a0 40 50 60 10 20 30 40 50 &0 10 20 30 40 50 B0
Time [mins] Time [mins] Time [mins]

Figure 97. Maximum temperature difference in the tank floor for 60 minutes charging/discharging of
operation for varying inventory temperature at time zero (T;,,,), salt level, and incoming salt temperature

(Tin)

Tomax — Tmin has a local maximum at the beginning of the operation (startup) and a global maximum
after 30 minutes. By the 60-minute of operation, this temperature difference seems to be more stable.
Similarly to the case when m,,; = 0, the minimum T,,,,, — T)nin, Values are obtained for T;,, = 536°C
and T;,,, = 530°C, which are practically independent on the mass flow rate (see Figure 97b). This could
represent a proper operation alternative when large amount of salt needs to be pumped into the tank,
without causing a large Ty, — Trmin 10 the floor. Figure 97j, 97k, and 971 presents the results for an
inventory level of 3.66 m. Besides the cases presented in Figure 97b (having close values of T;,,, and
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Tin), lower Ty, 0 — Timin values are maintained at larger inventory levels. For inventory levels of 2.33 m
and 3.66 m, a direct dependency is observed between T, — Tpnin and m.
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Figure 98. Cumulative average of maximum temperature difference in the tank floor during 60 minutes of
charging/discharging operation for varying inventory temperature at time zero (T;,, ), salt level, and
incoming salt temperature (T;,)

The corresponding (Tynax — Tomin) em,avg Curves, for the cases shown in Figure 97, are presented in
Figure 98. It can be appreciated after 30 minutes of operation that the larger (Tynax — Timin) em,avg 15
associated with the higher m;,, i.e., 1200 kg/s. Also, the (Tryqx — Tonin) cm,avg CUrves present lower
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values and variation for inventory levels of 2.33 m and 3.66 m, almost independent on the difference
between Tj,,, and T;;,, as can be seen in Figure 98g to 981. This implies that the tank operation is safer at
higher inventory levels because transient events—Ileading to large differences between the inventory
temperature and the temperature of the incoming flow—will produce a small T, ,,, — Tpin 1n the floor.

Comparing similar parametric cases having Tj,,, = 400°C and an initial inventory level of 1 m for a tank
charging scenario, i.e., Mg, = 0 (Figure 93d to 93f) and for a charging/discharging scenario, i.e., m;, =
My = M (Figure 97d to 971), it can be seen a similar behavior of T, 4, — Tinin during the first 10
minutes of operation. For the charging scenarios, the inertia augments with time, which leads to a
maximum Ty, 4, — Tmin that reduces and/or stabilizes after 60 minutes; the maximum Ty, 4y — Tpnin for
these set of cases ranges between ~35° and ~50°C. In contrast, the salt inventory level remains constant
for the charging/discharging cases, which leads to maximum T},,4, — Trnin Values that range between
~50°C and ~72°C and take more time to stabilize.
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Figure 99. Maximum temperature difference in the tank floor during 60 minutes of charging/discharging
operation as a function of the mass flow rate for varying inventory temperature at time zero (T;,, ), salt
level, and incoming salt temperature (T;,)

The behavior of (T4 — Tmin)max @s @ function of 1 is presented in Figure 99. In general, an increase
of the (Trnax — Trmin)max 1S Observed with 11, except for the cases presented in Figure 99b that present
the largest (Trnax — Tmin)max Values. It can be observed in Figure 95b and Figure 99b that the cause for
the maximum temperature difference in the tank floor is mainly associated with the large temperature
difference between the salt inflow and the inventory when the tank has a low inventory level. For these
specific cases (presented in Figure 95b and Figure 99b), the effect of the inlet mass flow seems to be
secondary. The corresponding (Tpnax — Trmin)em,avg for the cases presented in Figure 97 and Figure
98—calculated after 30 and 60 minutes of operation— are displayed in Figure 100. In this figure, it can

78

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



be appreciated that at high tank inventory levels, (Tyqx — Tinin) cm,avg DOt Only present relatively low
values, but it behaves practically linear with the inlet mass flow, which makes it more predictable.
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Figure 100. Cumulative average maximum temperature difference in the tank floor at 30 and 60 minutes of
charging/discharging operation as a function of the mass flow rate for varying inventory temperature at
time zero (T;,,,,), salt level, and incoming salt temperature (T;,)
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Figure 101. (a) Maximum temperature difference in the tank floor during 60 minutes of
charging/discharging operation as a function of the inventory level. (b) Cumulative average maximum
temperature difference in the tank floor at 30 and 60 minutes of charging/discharging operation as a
function of the inventory level

Some results presented in Figure 99 and Figure 100 were reorganized and displayed in Figure 101 to
better appreciate the effect of the inventory level. A significant reduction in (T, — Tonin)masx and
(Trax — Tmin) em,avg With an inventory level of 2.33 m and 3.66 m is observed. These results suggest

that the hot tank operation protocol should specify a minimum inventory level, which is a function of
T;n, to avoid excessive temperature difference in the floor.
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To better illustrate the impact of the temperature difference (or temperature gradients) on the stresses
developed in the tank floor, Figure 102 presents the maximum Von Mises stress for three sets of cases:
(1) cases with low difference between T}, and T;,,, for an inventory level of 1 m, which presented the
minimum Tpqy — Typin and (Tinax — Trmin) em,avg (5€€ Figure 93b), (2) cases with a larger difference
between T;, and T}, also for an inventory level of Im (see Figure 93e) that presented temperature
differences in two location in the tank floor of more than 40°C, and (3) cases with a larger difference
between Tj, and T;,,, but with an inventory level of 2.33 m (see Figure 93h). Figure 102 also shows the
yield strength (Y'S) limit of SS 347H at the average tank floor temperature, which is presented for all the
analyzed cases in Figure 103. It can be seen in Figure 102a that the lower T, — Tinin below 5°C (see
Figure 93b) leads to a low maximum stresses in the tank floor, far from the SS 347H YS limit. In
contrast, the large Ty, qx — Tnin—obtained when T;,, = 536°C and T, = 400°C for a 1 m inventory level
(see Figure 93e)—results in high maximum stresses that grow very fast and surpass the SS 347H YS
point just after 15 minutes of operation, as can be seen in Figure 102b. It can be seen in Figure 103b that
the average tank floor temperature is even lower for these last cases (with higher stresses), when
compared with the cases presented in Figure 103a, which demonstrate the strong impact of the
temperature spatial variations (Ty,qx — Timin) 0 the floor on the resulting operation stresses. Figure 102¢
shows the stress reduction in the tank floor when the inventory level increases from 1 to 2.33 m for
similar T}, = 536°C and T, = 400°C.
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Figure 102. Maximum Von Mises stress in the tank floor during 30 minutes of charging operation for
varying inventory temperature at time zero (T;,,,) and salt level
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Figure 103. Average tank floor temperature during 30 minutes of charging operation for varying inventory
temperature at time zero (T;,,,) and salt level

In summary, this parametric analysis demonstrates the impact of the key tank operating variables in the
spatial temperature difference in the tank floor. These high-temperature differences are undesirable as
they could favor the formation of buckles due to the larger mismatch in expansion and stresses between
floor and foundation. In addition to some safe plant operating protocols, a better design of the sparger
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ring should improve the mixing between the incoming salt and the inventory, reducing thermal gradients
and stresses on the tank floor.

4.2 Temperature and Stress Distributions

In addition to the parametric analysis in the previous section, this section presents the temperature and
stress distribution in the tank obtained for typical plant operating conditions (see Section 2.2). Figure
104 shows the variation of the average floor temperatures and the corresponding stresses during
transient operating conditions. The average floor temperature exerts a direct impact on the stress; small
fluctuations in the floor temperature could lead to large changes in stresses. It can be appreciated in this
figure that under some specific operating conditions, the stress curve surpasses the SS 347H Y'S limit.
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Figure 104. Typical maximum Von Mises stress evolution and average temperature in the tank floor
during transient operating conditions. SS 347H yield strength is surpassed within the first hour of

operation.
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Figure 105. Tank temperature profiles: (a) case 1, (b) case 2, (c) case 3, and (d) case 4
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The temperature and stress analyses considered four cases representing typical tank operating
conditions, which are presented in Figure 10 and Section 2.2 Typical Plant Operating Conditions.
Temperature profiles for the four cases are presented in Figure 105. These profiles correspond to the
maximum temperature in the floor, the maximum temperature in the tank shell, and the average
inventory temperature. Case 1 corresponds to a clear sky day operating condition where the temperature
in the tank reaches values beyond 550°C; see Figure 105a. Cases 2 to 4 correspond to a partly cloudy
sky day, with multiple transient events due to the presence of clouds. In particular, case 2 presents the
large number of transient events among the analyzed cases, which lead to a relative low operating
temperature; see Figure 105b.

As mentioned, multiple monitor nodes were set in the simulation for a fast evaluation of temperature and
stress. Figure 106 presents the distribution of the monitors in the tank floor and the corresponding radial
coordinate from the center. The stress and temperature evolution for nodes 1 to 6 for the 4 typical
operational cases are presented in Figure 107. Stress levels of more than 250 MPa have been found for
cases 1, 3, and 4 for node 6, which is closer to the tank perimeter. These high values could be influenced
by the effect of the tank wall at the perimeter that becomes an addition barrier for the floor radial
displacement. The stress in nodes 1, 2, 3, and 5 are relatively similar in each case. Node 4 is on the floor
right under the sparger ring; stresses in this node present a different behavior, mainly influenced by the
salt inflow. The high stresses obtained in the tank floor in cases 1, 3, and 4 surpass the YS point of SS
347H, which will lead to a plastic deformation. From Figure 107, a direct influence of the temperature
on the Von Mises stress can be observed.
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Figure 106. Distribution of tank floor monitors

Von Mises stress contours for the tank floor at different operating times for clear sky and partly cloudy
sky operating conditions are presented in Figure 108. The clear sky and partly cloudy sky day operating
conditions correspond to case 1 (Figure 10a) and case 2 (Figure 10b), respectively. Despite the transient
events after 15 and 49 mins of operation during the partly cloudy sky, the contours stresses for this
condition (Figure 108d to 108f) present lower values when compared with the stresses produced during
the clear sky day (Figure 108a to 108c) driven by a higher operating temperature. Stresses of up to 260
MPa are developed in the tank floor during a clear sky day after 300 mins, when the temperature in the
tank is about 554°C (see Figure 105a and Figure 107b). Note that the temperature for the partly cloudy
sky day is below 500°C (see Figure 105b and Figure 107d) and the corresponding maximum Von Mises
stresses are below 180 MPa.
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Figure 107. Von Mises stress (left column) and temperature (right column) evolution at the six radial
monitor nodes located on the tank floor; friction coefficient = 0.5, floor thickness = 6.7 mm

Similar to the tank floor, Von Mises stress contours for the tank shell are presented in Figure 109. As
seen in this figure, stresses in the tank shell are larger in the bottom, but they are lower than the
maximum stresses in the floor. For the clear sky day operating conditions (Figure 109a to 109¢),
maximum stresses are around 180 MPa, while for the partly cloudy sky day (Figure 109d to 109f), these
stresses are below 140 MPa. Based on the analysis of stresses developed in the tank floor and shell, there
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are some regions in the tank floor near the perimeter and the bottom of the tank shell, whose values
exceed the yield strength of the SS 347H. This situation implies that the tank floor will deform
plastically with every cycle and eventually could lead to cracking.
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Figure 108. Von Mises stress contours in the tank floor at different operating times: (a)—(c) are clear sky
day conditions; (d)—(f) are partly cloudy sky day conditions

A comparison of the stress distribution in the tank floor when residual stress and deformation are and are
not considered is presented in Figure 110 for a clear sky day operation. Figure 110a to 110c correspond
to the stress contours during operation when initial residual stresses and the distortion in the tank floor
(after its fabrication) are included. The stress distribution in the floor changes considerably during
operation. Stresses close to 260 MPa are observed after 300 mins of operation near the perimeter of the
tank, which could be detrimental for the tank’s lifetime. If the residual stress and the distortion are not
considered, see Figure 110d to 110f, the stresses during operation in the tank floor are below 80 MPa,
which are far below the SS 347H YS limit. It is clear from this analysis that the initial state of the floor
after welding fabrication has a strong impact on the operating stresses. Ignoring this condition will lead
to operating stresses that do not represent the real stress values experienced by in-service hot tanks and
could lead to inaccurate conclusions on the failures that have occurred. It is worth noting that the
stresses can be substantially reduced with a better tank design, fabrication procedures, implementation,
and safer operation practices.
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Figure 109. Von Mises stress contours in the tank shell at different operating times: (a)—(c) are clear sky
day conditions; (d)—(f) are partly cloudy sky day conditions
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Figure 110. Von Mises stress distribution in the tank floor for clear sky operating conditions and at
different times: (a) to (c) show residual stress and distortion after welding fabrication, (d) to (f) show flat
floor (no stress and no deformation)
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4.3 Design Alternatives

In this section, the effect of some design parameters on the temperature and stress distribution in the
tank floor are evaluated, including the floor thickness, the friction coefficient between the floor and the
foundation, the location of salt outlets, and the height of the sparge ring above the tank floor. Note that
this analysis is focused on the floor because this component is critical due to the large loads and friction
forces with the foundation during cycle operation. Stress levels in the shell are also significantly lower
when compared with the levels in the floor. In addition, several tank failures of commercial molten salt
hot tanks have occurred on the tank floor.

4.3.1 Floor Thickness

Several floors in commercial hot tanks have been fabricated with thin SS 347H plates. The logic of this
design was the implementation of a thin layer to separate the molten salt from the foundation, which has
been operating fine in tanks for the oil and gas industry. The use of this thin layer seems to be motivated
by a lower cost and easier fabrication and implementation, considering that the tank support and
mechanical loads during operation are the primary function of the foundation. The analysis presented in
this section demonstrates that a proper design of the tank floor is required to withstand large mechanical
and thermal loads for the high temperatures (up to 565°C) and cycling operating conditions presented in
central receiver CSP plants. This analysis considered five different floor thicknesses—6.7 mm, 12 mm,
20 mm, 30 mm, and 40 mm—for 60 minutes of operation under the conditions corresponding to case 2.
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Figure 111. Von Mises stress evolution in the six nodes of the tank floor as a function of the floor
thickness for a partly cloudy sky day condition; friction factor = 0.5; case 2
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The Von Mises stress evolution in the six nodes in the tank floor during 60 mins of operation under a
partly cloudy sky day conditions is presented in Figure 111 for different floor thicknesses. The Von
Mises stresses in node 6 are higher for floors with thicknesses of 6.7 mm and 20 mm (see Figure 111a
and 111b). In general, increasing the floor thickness substantially reduces the stress due to a better
redistribution of the stress in the floor plate volume. In node 4, however, the effect of the floor thickness
on the stress is very low, and the stress values are mainly determined by the temperature of the molten
salt under the sparger ring. For a floor with a thickness of 6.7 mm, the Von Mises stress in node 6
surpasses the material yield strength, which is detrimental for the tank’s lifetime. Increasing the tank
floor to 20 mm will reduce the stresses in this node under the yield strength of the SS 347H. For a floor
with a thickness of 30 mm, the stress in nodes 4 and 6 are very similar. Note that an additional increment
in the floor thickness may not be effective as the stress in node 4 remains close to 100 MPa due to the
larger temperature changes in the region in the floor under the sparger ring where node 4 is located.

4.3.2 Friction Coefficient

The temperature and hydrostatic pressure profiles from the CFD simulation were imported into the
structural analysis for typical plant operation under a partly cloudy sky day condition (case 2). The
contact between the floor and the sand (solid lubricant) was set as frictional contact with a constant
friction coefficient. However, the effect of different magnitude constant friction coefficients on the
stress evolution in the tank floor was analyzed.
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Figure 112. Von Mises stress evolution in six nodes of the tank floor as a function of the friction
coefficient for a partly cloudy sky day condition; floor thickness 6.7 mm; case 2
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The effect of the friction coefficient between the tank floor and the foundation is presented in Figure 112
for four different nodes. As expected, larger friction coefficients lead to higher stress. For nodes 3 to 5,
the Von Mises stress increases between 4 and 7 MPa when the friction coefficient increases from 0.5 to
0.7. A reduction in the Von Mises stress is observed when the friction coefficient reduces from 0.5 to
0.3. For node 6, the effect of the friction coefficient on the Von Mises stress is proportionally smaller,
i.e., about 2 to 3 MPa when the friction coefficient increases to 0.7 or decreases to 0.3, with respect to
the case with a friction coefficient of 0.5. The large stresses in node 6 are highly influenced by the
weight of the shell and the floor-shell joint. Changing the friction coefficient in the system might require
the use of different materials between the floor and the foundation. The expected effect of reducing the
friction coefficient seems to be lower when compared to the effect of implementing a floor with a larger
thickness.

4.3.3 Tank Salt Outlets

The impact of the number of tank outlets on the temperature and stress distribution in the tank shell and
floor was also analyzed. Commercial tanks usually consider several salt outlet points that are
implemented in the tank using vertical pipes that hold the pumps and go through the roof (see Figure
11). The outlet pipes are connected to the molten salt pumps that are usually supported by a metallic
frame located above a portion of the tank roof. This design implies that all the outlet pipes extract the
salt in points at the tank volume that are relatively close to each other, which could be seen as a single
extraction point. The effect of having extraction points distributed at different locations in the tank
volume was analyzed in terms of the influence on the temperature of the tank floor. The initial
hypothesis was that having a better distribution of salt outlets could lead to better mixing and,
eventually, some reduction in the temperature gradients in the tank floor.

¢

~tg )

Figure 113. Molten salt tank design with (a) two outlets, and (b) four outlets

In addition to an outlet located at a single point extraction (representative tank design), two more cases
were analyzed: (1) an additional outlet at the opposite radial location, see Figure 113a, and (2) four
outlets, all of them at 90° from each other, see Figure 113b. The operational conditions corresponding to
cases 2 and 4 (Figure 10b and Figure 10d) were simulated for two and four tank outlets and were
compared with the representative tank design that features a single outlet. The total mass flow rate going
out the tank remained constant for all cases, which means that 100%, 50%, and 25% of the molten salt
mass exits the tank for the single-outlet, two-outlet, and four-outlet tanks, respectively.

Table 25 presents the maximum, minimum, and average temperature in the tank floor and shell for tanks
with 1, 2, and 4 salt extraction points for cases 2 and 4, respectively. The results are presented for 1, 2,
and 3 hours of operation. From Table 25, it can be appreciated that all temperatures practically remain
unaffected across tank designs with different numbers of outlets, which demonstrates that the current
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design having a single extraction point is satisfactory and, practically, does not exert any impact on the
floor temperature distribution.

Table 25. Temperatures in the Tank Floor and Shell for Case 2 and 4 Conditions

Case 2 Case 4
# Outlets Time (hr) | Tyin (°C) Tavg (°C) Tpax (°C) | Tmin (°C) Tavg (°C) Tyax (°C)
1 435.05 4357 436.39 | 518.75 521.33 523.03
Floor 2 42458 427.84 42943 | 52899 531.16 532.12
3 42614 42956 431.34 | 53252 533.75 534.88
1 1 37917 401.98 437.38 | 446.48 47628 522.02
Wall 2 378.74 400.64 430.35 | 446.07 48186 531.57
3 378.07 402.85 43226 | 446.09 48599 534.84
1 435.00 43567 436.37 | 518.73 521.35 52292
Floor 2 424.08  427.8 42949 | 52935 53123 532.11
3 426.34 42956 431.30 | 532,57 533.81 535.03
2 1 378.79 401.98 437.35 | 44629 476.36 521.81
Wall 2 378.46  400.6  430.36 | 44595 48192 53145
3 377.99 402.85 432.32 | 44583 486.01 534.74
1 43500 43568 436.39 | 519.04 521.38 522.89
Floor 2 424.07 427.81 42946 | 52930 53123 532.12
3 4264 42956 43125 | 53253 5338  535.01
° 1 378.79 402.01 437.37 | 44629 476.32 521.61
Wall 2 378.46 400.66 430.33 | 44596 48192 531.34
3 377.98 40296 432.26 | 44594 486.09 534.68

4.3.4 Sparger Ring Position

The parametric analysis and the evaluation of temperature distribution in the tank for the four typical
operating cases have shown that the inflow conditions exert an impact on the temperature and the
corresponding stress distributions. Usually, commercial hot tanks have sparger rings located relatively
close to the tank floor (between 0.5 and 1.5 m). In this section, the effect of the location of the inlet salt
jets is analyzed through the position of the sparger ring with respect to the floor.

Figure 114 displays temperature contours for the tank floor for different sparger ring heights at 5, 15,
and 30 minutes of operation, considering a 2 m salt inventory level, T;,,,, = 400°C, T;,= 560°C, m;,, =
1200 kg/s, and m,,,; = 0. Since the tank is charging, an increment in the temperature is observed in all
cases with time. The contours capture the variation in the tank floor temperature of up to 20°C at a
specific operating time. This temperature difference (T}, — Thnin) 1S clearly lower when the sparger
ring is located at 1.90 m from the floor after 5 and 30 minutes of operation.
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Figure 114. Temperature contours for the tank floor for different sparger ring heights at 5, 15, and 30
minutes of operation
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Figure 115. (a) Maximum temperature difference and (b) cumulative average of maximum temperature
difference calculated on a radial line in the tank floor
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Figure 116. (a) Maximum temperature difference and (b) cumulative average of maximum temperature
difference on the tank floor

The maximum temperature difference and the corresponding cumulative average for a radial line in the
tank floor are presented in Figure 115a and Figure 115b, respectively. The line analyzed corresponded to
a horizontal radius at 90° passing through nodes 1 through 6 in Figure 106. For the 30 minutes of
operation, Ty,qx — Tinin 18 lower during most of the time with a height of the sparger ring of 1.9 m; see
Figure 115a. As can be observed in Figure 115b, (Tpyax — Trnin)em.avg 1S always lower for a sparger
ring height of 1.9 m. Figure 116 presents the results of a similar analysis but considering the entire floor.
Again, Ty, 4 — Trmin presents lower values for most of the operating range, having a peak value of about
19°C; see Figure 116a. From Figure 116b, (Tynqx — Tmin)em,avg 1S always lower for the sparger ring
height of 1.9 m with values below 10°C for the 30 minutes of operation. The results obtained from this
analysis suggest that the design of the sparger ring could be substantially improved to reduce
temperature gradients, and consequently, stresses to enhance the tank reliability.

4 4 Lifetime Prediction

The lifetime prediction analysis for the tank is focused on low-cycle fatigue and creep failure
mechanisms. The stress results obtained from the hot tank model for the four typical operating
conditions (Figure 10) are used to estimate the tank’s service life.

4.4.1 ASME Review Code

The lifetime calculations were based on the procedures outlined in the ASME BPVC: Section VIII,
Division 2 and Section III, Division 5 and the API 579-1/ASME FFS (Fitness-For-Service [FFS])-1:
Part 10 and Part 14 standards. None of the published ASME or API standards can be directly applied to
the salt tank design due to the combination of high temperatures and cyclic operating conditions. There
are design-by-analysis procedures in both the BPVC and FFS documentation that can be followed, but
these procedures rely on an accurate estimation of stresses that the component will experience. BPVC
Section VIII describes the procedure for estimating fatigue damage, while Section III discusses creep
damage and combined creep-fatigue; both procedures are also described in detail in the FFS code, with
additional details on estimating the lifetime of in-service components. In the salt tank, both failure
mechanisms can be important due to the high temperature—for 347H creep is considered to occur for T
> 485°C—and daily cyclic operation (charging and discharging).
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Using the selected operational cycles, fatigue damage is calculated based on ASME BPVC Section VIII,
Division 2, Part 5.5.5, Protection Against Failure from Cyclic Loading.> The main equations to evaluate
the alternating stress to be considered are listed below:

1
ASyx = ﬁ [(AUn,k - ACTzz,k)2 + (Boy1 i — AUsz,k)z + (Aogop — A<733,k)2

(35)
0.5
+ 6(A015% + Adyz % + Aoy ?)|
KrKg i AS
Satee = =5 (36)

For each cyclical loading condition, k, the principal stresses are evaluated at the beginning and end of
each cycle to calculate in Equation 35. The stress amplitude, Sy, k., 1s then calculated using Equation 36,
where K; and K, are the fatigue strength reduction factor and the fatigue penalty factor, respectively.
Once Sg;¢ i for each load is known the number of cycles to failure, Ny, is calculated based on a
correlation provided in the code, Ny, = f(Sgi¢ x, Tk ), where Ty is the average temperature of each cycle.
Then the total fatigue damage, Dy, can be calculated based on the estimated number of cycles for each
loading condition, ny, as follows:

Dy = 4 N, (37)

In the simplest case, failure is expected to occur when Dy = 1, although several different criteria exist. It
is important to understand the impact of K¢ and K, . These factors account for imperfections due to
manufacturing and the impact of welds on the lifetime; for instance, quality of welds. K is selected
based on the level of examination done of the welds. A value for K¢ of 1.2 represents a weld that can be
observed (confirmed to not be misaligned) and subject to a volumetric non-destructive examination,
such as X-ray analysis. For the tank floor, the root pass on the floor welds cannot be observed and it
cannot be X-rayed. Because K and K, ) factors are direct multipliers on the value for Sy ., they have a
large impact on the result. For instance, increasing Ky from 1.2 to 2.5 could increase the fatigue damage
by an order of magnitude. The Ky value can vary from 1.2 to 4, while K, is calculated based on
geometrical imperfections from manufacturing. Kf = 2.5 and K, = 1.35 are likely reasonable values
that were considered in the fatigue analysis of the tank floor. Considering the previously discussed
challenges with the tank floor welds, the maximum value of K = 4 could be justified. If the modeling
analysis captures the imperfections during welding fabrication, then the factors can generally be reduced
to values of 1.0. Because the hot tank model incorporates residual stress and deformation of the floor
after welding fabrication, it captures most of the nonideal conditions, then the factors will be set to a low
value to account for other factors, such as plate misalignments.

In addition to fatigue, the hot tank operates at temperature ranges where creep is a consideration;
however, creep is not explicitly considered in the ASME BPVC.VIIIL.2 code. To evaluate creep, the
methodology published under the Welding Research Council Bulletin 541 was used. The methods

5 “Design by Analysis Requirements,” in BPVC.VIIL2 - Rules for Construction of Pressure Vessels, Alternative Rules. ASME, 2015.
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described in Bulletin 541 optimize the Larson-Miller Parameter stress-rupture coefficients for use in the
API 579-1/ASME FFS-1 standard.® The time to rupture, L [hours], is estimated as follows:

LMP
logolL] = # = Cmp (38)

Where LMP is the Larson-Miller Parameter corresponding to the applied stress, o is the applied stress in
MPa, T is the absolute temperature in K, and C;p is a constant for the material. The creep damage, D,,
is then calculated as the ratio of time spent at the applied stress and the time to rupture, which is
calculated using Equation 38. Based on the simulation results, the welding procedure of the tank floor
results in very high residual stresses which are only partially relaxed as the tank is filled with salt and
conditioned to operating temperature. The initial state of the floor after welding fabrication significantly
increases the mean stress during operation to levels where creep damage is significant.

To account for both creep and fatigue failure mechanisms, the damage attributed to each mechanism is
calculated using the same methodologies previously described, and the total damage can be calculated as
the sum of creep and fatigue components:

DtOt == DC + Df (39)

The accumulation of fatigue damage reduces the ability of the material to withstand creep damage; then,
the total damage that the material can tolerate before failure, D;,;, can be significantly less than 1, when

both creep and fatigue are considered. Figure 117 presents the characteristic failure criteria line for 347H
as a function of D, and Dy. At the inflection point, failure is expected at approximately Dy, = 0.6.
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Figure 117. Failure criteria for combined creep-fatigue failures in 304 and 316 stainless steels’

4.4.2 Lifetime Calculations

The lifetime of the tank is estimated based on the modeling results for the four representative operating
cases (see Figure 10) and the creep-fatigue analysis. Although each case is meant to represent a day of
operation, the full 24-hour period is not modeled due to computational resources; therefore, for the

® API 579-1/ASME FFS-1 Fitness-For-Service. API Publishing Services, 2016.
7BPVC.III.1.NH - Rules for Construction of Nuclear Facility Components, Class 1 Components in Elevated Temperature Service. ASME,
2015.
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purposes of this analysis, each stress profile is linearly interpolated to its starting point to complete the
daily operating cycle. The four different cases represent different weather and operating conditions and
are described in Table 26. The maximum compressive AT is comparable to the values measured for
commercial projects.

Table 26. Description and Comparison of Typical Operating Cases

Case Description M!,n' T Max. T (°C) Max. Comopresswe AT
(°C) (°C)
y Cleqr sky day with ideal w_eather conditions, 512.8 556.7 8.0
continuous steam generation
2 Fully clqudy day, minimal tank heating and steam 411.4 439 1 6.4
generation in the afternoon
3 Intermlttent cloudy day 1,.tanll< is heated with cloud 449 3 5159 74
transients, steam generation in the afternoon
4 Intermlttent cIOL_de day 2, tank is heat_ed with cloud 507.8 536.4 125
transients, continuous steam generation
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Figure 118. Von Mises stress and 3™ principal stress (S3), and temperature evolution of the tank floor; (a)
and (b) r = 2.0 m, near the center; (¢) and (d) r = 17.8 m, near the perimeter

The Von Mises stress and the 3™ principal stress (S3), as well as the temperature evolution of the tank
floor temperature calculated for each case is presented in Figure 118. Two points are considered in this
analysis: (1) a point located on the floor near the center (Figure 118a and 118b) and (2) a point near the
tank perimeter (Figure 118c and 118d). Consistently higher stresses are predicted at the perimeter,
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compared to the center, in all cases. As expected, for all cases, the 3™ principal stress (most negative
value of the principal stresses) dominates the Von Mises stress value, indicating that compressive forces
are dominant. The stress results are beyond the SS 347H YS limit for cases 1, 3, and 4. As a reference,
the Y'S limit of SS 347H at 560°C is ~150 MPa. From Table 26, it is not surprising that case 2 has lower
stresses, because this case has a lower average temperature, undergoes the smallest rise in temperature
throughout the day, and is not subjected to a large AT. Case 4 undergoes a similar small temperature rise
(< 30°C temperature increase), but more significant thermal gradients are present. Cases 1, 3, and 4 are
subject to a combination of friction and thermal stresses due to the increase in average tank temperature
and non-uniform temperature profiles; however, the conditions and results show enough variability that
it is difficult to attribute the stresses to a specific mechanism.

Table 27. Fatigue Damage Calculated With K, = 2 for Each Simulation Case at Several Different Radial
Positions, From Point 1 Near the Floor Center to Point 8 Near the Floor Perimeter

Point 1 2 3 4 5 6 7 8
r(m) 0.1 1.98 5.94 9.9 13.86 17.82 18.7 18.86
Case 1 0.00% 0.00% 0.00% 0.00% 0.00% 0.52% 3.04% 1.91%
Case 2 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 0.00%
Case 3 0.18% 0.17% 0.18% 0.14% 0.19% 0.00% 0.47% 0.75%
Case 4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.84% 0.50%
Total Dy 0.18% 0.17% 0.18% 0.14% 0.19% 0.52% 4.36% 3.16%

Table 28. Time-to-Rupture in Years Calculated Using the Von Mises Stress Profiles for Each Simulation
Case and Larson-Miller Parameters From the FFS-1 Standard

Point 1 2 3 4 5 6 7 8
r(m) 0.1 1.98 5.94 9.9 13.86 17.82 18.7 18.86
Case 1 13.08 13.29 12.91 11.69 11.31 0.67 0.86 0.89
Case 2 >100 > 100 > 100 >100 > 100 >100 >100 > 100
Case 3 56.53 57.25 56.67 101.14 47.99 9.90 9.93 9.93
Case 4 58.67 60.79 60.47 48.94 46.53 1.82 3.24 3.64
Combined 28.83 29.38 28.76 27.46 24.42 1.45 2.01 212

Fatigue damage is calculated using Equations 35 to 37 and assuming that each day of operation
represents one fatigue cycle. The relative frequency (occurrence) of each case considered in the lifetime
calculation was 29.7% for case 1, 0.8% for case 2, 29.7% for case 3, and 39.8% for case 4 based on
analysis of solar irradiance data for one year near Las Vegas, NV [59,60]. It is assumed no damage
accumulates during maintenance or commissioning procedures. The total fatigue damage and relative
contribution from each case is tabulated in Table 27. For this analysis, a combined factor K¢K, j = 2 is
selected to account for deviations in welding and geometrical imperfections in the floor such as plate
misalignments. While much higher values of Ky may be appropriated, a relatively low value is selected
for this analysis since the initial floor condition accounts for the residual stresses and deformations
during welding. The calculation is performed for different locations—along a radial line at an angle of
90°, see Figure 106—starting near the center of the floor and moving out towards the perimeter of the
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tank. It is worth noting that all the sampled points are located on thin floor plates, not in the outer
perimeter ring. The fatigue damage is negligible for all points near the center and increases near the
perimeter, reaching a maximum at r = 18.7 m (taper to annular plates begins at r = 18.8 m); in the
annular floor plates, the fatigue damage drops compared to the outer perimeter of the thin rectangular
floor plates (see points 7 and 8).

Creep damage was calculated on a minute-by-minute basis using the Von Mises stress as input to
Equation 38, and temperature data from the simulations. Like fatigue, the creep damage is calculated at
several different radial locations. The expected time (in years) to rupture for each location is listed in
Table 28. While creep is an important consideration in cases 1, 3, and 4, it is negligible in case 2 due to
the lower tank temperature throughout the day. Considering the combined case load percentages, failure
is predicted within 3 years near the perimeter of the tank.
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5 Final Remarks

5.1 Conclusions and Lessons Learned

The behavior of commercial-scale molten salt TES tanks for central receiver CSP plants was modeled
and analyzed. A physics-based model was formulated and implemented in a multiphysics simulation
environment considering a representative design of commercial hot molten salt TES tanks. The model
considered a shell element approach where the stress and strain in the floor are calculated in the floor
plane, but not in the vertical direction. This condition implied that the deformation of the floor does not
vary in the vertical direction with time, which limits the current model to predict other failure
mechanisms such as buckling. The model was validated using historic operational data of CSP plants
and was utilized to evaluate temperature and stress distributions as a function of typical operating
conditions, analyze the impact of key operating parameters, estimate lifetime, and conduct a preliminary
assessment on potential design alternatives to reduce temperature gradients and stresses to increase the
tank’s reliability. The main conclusions and lessons learned from this work are summarized as follows:

e Based on the tank design information received from multiple CSP plants, it was clearly
appreciated that despite some common features—mainly attributed to the guidelines followed
from API 650 and ASME BPVC Section II—important design differences, mainly in the sparger
ring and internal piping system and the foundation, exist among tanks, which demonstrates the
need for a technical standard dedicated to molten salt TES tanks for high temperature and
cycling operation.

e Failures in hot tanks can be attributed to multiple mechanisms, including low-cycle fatigue,
stress relaxation cracking, excessive deformation (buckling), and creep. Multiple factors related
to the design of the tank and its foundation, material characteristics, fabrication, commissioning,
and challenging operating conditions play an important role in how these mechanisms evolve.
This report was focused on estimating life expectancy through fatigue and creep mechanism.
Based on the analysis, creep is expected to be a more dominant failure mechanism than low-
cycle fatigue for typical plant operating conditions; the analysis on the combined effect of creep
and fatigue predicts tank floor failure in less than 3 years of operation. This lifetime prediction
agrees with the time of failures presented in several commercial tanks. Based on the high stress
levels close to 260 MPa, a failure is expected in the thin section of the floor near the perimeter.
Regions of maximum stress in the floor vary during operation and as a function of the initial
residual stress and deformation, which implies that failures could potentially occur in other
locations.

e The residual stresses and distortion of the tank floor after welding fabrication exert a strong
impact on the stress levels developed during operation. Peak residual stresses of up to 596 MPa
and deformation of about 130 mm were induced by welding during fabrication. The modeling
results showed good agreement with strain measurements obtained from neutron diffraction for
SS 347H weldments and distortions observed in the floor of commercial tanks, which provides
validation for the models. The challenges with welding SS 347H in the field call into question
the material selection for the tanks, suggesting that further R&D is required to identify the best
option. It is worth noting that operational stress levels are much lower than residual stresses. The
partial relaxation of residual stresses during operation (values under 260 MPa) could be related
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to the mechanical pressure exerted on the floor by the salt during tank filling, but further
investigation is required to confirm the mechanism behind the stress relaxation.

e Sand is commonly used as a solid lubricant between the floor and foundation to maintain friction
coefficients between 0.4 and 0.6.; however, higher or lower friction coefficients are possible at
different locations due to the use of backing plates and the initial floor deformation after welding
fabrication. Non-uniform friction coefficient will lead to non-uniform friction forces that could
have a negative impact on the floor integrity. The effect of backing plates on the friction
coefficient and the stress distribution in the floor requires further investigation. The simulations
considered a relatively low friction coefficient of 0.5 (other studies have considered friction
coefficients of up to 0.8 [20]), which seems to be representative for commercial tanks. However,
uncertainty about the friction coefficient exists and a methodology to reliably reduce the friction
coefficient from the value considered in the model is not clear. Thus, reducing the friction
coefficient is not considered a viable option without a significant R&D effort.

e Regarding operation, the maximum temperature difference of around 70°C was observed in the
tank floor for inventory levels of 1 m, T;,,, = 400°C, T;,,= 560°C, m;,, = 1200 kg/s, and m,,;; =
0. Large temperature differences lead to high stresses in the tank floor that easily surpass the YS
limit of SS 347H. A low temperature difference was observed for inventory levels of 2.33 m and
3.66 m, which implies that the tank operation could be safer at higher inventory levels. The most
challenging operating conditions are related to low inventory levels—for example, during
startup—and transient events implying large differences between the inventory and inflow
temperatures. There is a relatively low temperature difference in the tank floor, considering the
four typical operating cases (AT < 15°C, Table 26); however a further reduction in thermal
gradients could have some impact on the stresses in the floor. Comparing cases 2 and 4, the tank
undergoes a similar increase in temperature but the stresses in case 4 are much higher. Case 4 is
at a higher absolute temperature and has a larger AT compared to case 2, suggesting that
relatively small changes in AT could have an impact.

o The effect of the floor thickness and the sparger ring height on the stresses and temperature
distribution in the tank were analyzed. Large, localized stresses in the tank can be substantially
reduced by increasing the floor thickness. For case 2, maximum stresses are reduced from ~180
MPa to ~150 MPa by increasing the floor thickness from 6.7 mm to 20 mm. However, further
analysis must be done on thicker floors as other technical challenges might arise. For instance,
thicker floors could develop higher residual stresses during fabrication. In turn, having a sparger
ring located at 1.9 m above the floor will help to reduce the maximum temperature differences in
the tank floor by several degrees Celsius. The proper location of the sparger ring could be even
higher to reduce temperature differences in the tank floor, depending on the inlet mass flow rate
and the inflow temperature.

e Regarding the buckling phenomena observed in several commercial tanks, it is believed that
specific damaging events such as excessive thermal gradients are required to initiate the buckling
phenomena; once initiated, the buckles get progressively worse during normal operating
conditions. Furthermore, it is possible that buckle formation occurs during commissioning, when
the thermal gradients can be high and the hydrostatic pressure of the salt weight (pushing the
floor to the foundation) is absent. The typical operational data used to set the four analyzed cases
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were selected by considering the most commonly occurring cases during multiple months of
operation, but the tank commissioning was not simulated. While the selected cases are the best
representation of the daily conditions experienced by the tank, they do not necessarily capture
the worst-case conditions and may not be sufficient to cause buckling.

e Commissioning includes pre-heating of the tank followed by the initial filling with salt. Pre-
heating is generally accomplished using a propane fired air heater and a specialized nozzle
installed on the roof at a single location with another single port on the roof for the gases to
leave. Pre-heating was not considered in this study; however, after reviewing data from
commercial projects, the pre-heating was identified as a potentially damaging process. The tank
is usually empty during the pre-heating process, which means that there are no hydrostatic forces
pressing the floor into the foundation to stabilize the floor against compressive stresses and
potential plastic deformations (i.e., buckling).

5.2 Design and Operation Recommendations

Solving failures in molten salt TES tanks is a priority for the future of the CSP technology. Current
failures in molten nitrate hot tanks can be explained as a combination of multiple mechanisms and
factors from the design conception through the execution and operation. A schematic diagram
establishing the relationship between failure behaviors and the influencing factors related to the tank
design, fabrication, commissioning, and operation is presented in Figure 4. A definitive solution to tank
failures must consider addressing all these factors. Based on a better understanding of the root cause of
tank failures and the findings presented in this report and in other related projects, the authors propose
the following recommendations that will pave the path to advance towards a definitive solution:

e Safe operation protocols: Tank operation should not only be driven by power generation
maximization, but by the conditions that allow a safe operation under low stresses to avoid the
detriment of the tank’s integrity. A minimum inventory level should be established to guarantee
low temperature gradients. This minimum inventory level should be defined for each tank based
on design characteristics and expected transient events (due to the presence of clouds) at each
location. Minimum tank levels, as a function of inlet flow temperature, could assure that the floor
will not experience temperature gradients larger than a pre-determined and safe designed value.
For the representative tank design analyzed, “safe” temperature differences in the tank floor are
obtained for a minimum inventory level of about 2 m. Another alternative to temperature
gradients is through better control of the incoming salt temperatures. Since AT is a fundamental
feature in a commercial tank, the distributed control system could be programmed and
implemented in current operating projects to control incoming salt temperatures and flow rates
based on the inventory level to mitigate large temperature gradients in the floor.

o Sparger ring design enhancement: Large radial and circumferential temperature gradients in the
tank floor have been estimated, which demonstrate the lack of mixing between the salt inventory
and salt inflow. Large floor temperature gradients have been determined as one of the main
factors contributing to floor buckling. Sparger rings are usually located relatively close to the
tank floor, usually around 1 m above. Based on the analysis presented in this report, increasing
the height of this component will lead to a reduction in the maximum temperature differences in
the floor (see Section 4.3.4 Sparger Ring Position). However, besides the higher location for the
sparger ring, other design characteristics should be improved to create better mixing.
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o Improving welding procedures: It was demonstrated that the tank floor welding fabrication
results in high residual stresses and deformations. This initial condition of the floor has a strong
influence on the stresses developed in the tank during operation. Higher residual stresses favor
stress relaxation cracking in SS 347H weldments during cycling operation. The selection of
welding parameters (heat input, welding speed, number of passes, welding path, and so on)
should be focused on producing a floor with low residual stresses and distortions. Most welds
during the tank fabrication are made using the SS 347H matching filler E347. An interesting
alternative that has been preliminarily evaluated by the team is the use of new welding filler
materials like E16.8.1, which could lead to a significant reduction in residual stress in the tank
floor and shell after welding fabrication.

o Post-weld heat treatment: Preliminary analyses and simulations conducted by our team have
shown that the high residual stresses and distortion could be substantially reduced through proper
welding fabrication procedures and conducting well-designed PWHT. It is worth noting that
PWHT to reduce residual stresses is not mandatory under API 650 or ASME BPVC. Several
challenges remain for an effective PWHT implementation in the field, especially for large hot
tanks (diameter >30 m). One alternative that could be further evaluated in this case is lifted floor
fabrication, which should have some interesting advantages including enabling the
implementation of PWHT, allows welding from both sides of the plates without using backing
plates (or simplifies backing plate removal), and facilitates weld quality inspection. Further
investigation is required to advance the development of a standardized PWHT procedure.

e Floor design improvements: New design and fabrication alternatives for the tank floor deserve
special consideration and efforts to reduce its susceptibility to failure. Increasing the thickness is
one of the recommended design changes that will reduce stress during operation. Based on the
results, a thickness between 20 mm and 30 mm seems to be appropriate for the representative
tank design under the analyzed typical operating conditions. It is important to highlight that a
further analysis should be conducted to determine the proper thickness. Floor plates with high
thickness not only imply higher materials and fabrication costs, but also, might introduce higher
residual stresses from welding and crack directly prior to plastic deformation. Rather than
increasing the whole floor thickness, another alternative will be reinforcing the locations where
higher stresses are developed. For the analyzed cases, the recommendation is reinforcing the
perimeter ring by increasing the radial spread of the perimeter ring or adding annular plate
sections. In current tank designs, the perimeter ring generally sits under the tank wall and
extends <1 m into the wetted tank volume. Extending the perimeter ring closer to the tank center
and/or increasing the thickness could reinforce the areas of the tank subjected to creep failure.
The use of additional annular plate sections could allow a smoother transition between the
reinforced perimeter and thin floor plates.

Most of the recommendations presented in this report point toward reducing thermal stresses during
operation. A definitive solution to tank failures must consider adopting new floor and sparger ring
designs, and addressing multiple issues during tank fabrication, implementation, and operation. A
summary of the potential alternatives to solve the tank reliability issues is schematically presented in
Figure 119.
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5.3 Recommendations for Future Work

From the work conducted under this and other related projects, the following research areas has been
identified as critical to advance toward a more reliable molten salt TES technology:

o Failure mechanisms analysis: This project was mainly focused on creep and fatigue. Future
studies should conduct research aimed at addressing buckling and SRC. In particular, the effect
of the friction coefficient, temperature gradients, and floor slope on the buckling formation
should be further investigated. Similarly, welding groove geometries and new welding fillers
should be analyzed to reduce SRC susceptibility.

e New floor design and fabrication: New floor designs, including non-flat floors, floors using
different plate layout geometries, and different welding fabrication procedures are fundamental
to reduce residual stress and distortion in the tank floor.

o New materials: SS 347H has been considered the state-of-the art for molten nitrate salt hot tanks
for central receiver CSP plants. However, several limitations, including its susceptibility to SRC
and potential for hot reheat cracking during repairs, need to be reduced or suppressed. Other
alternative alloys and welding fillers should be also explored to determine if they can perform
better than SS 347H while still being cost-effective. To the author’s knowledge, developers of
new CSP projects are considering alternative materials for the new molten salt hot tanks.

o Post-weld heat treatment: Reducing residual stresses after fabrication is fundamental to improve
tank’s lifetime. Additional research should be done to advance the development of a standardized
PWHT procedure that effectively reduces stresses, while avoiding excessive deformation,
cracking, or affecting the tank’s foundation.

o Tank pre-heating: Thermal gradients during pre-heating are likely to vary significantly for each
tank with different procedures and tank sizes. Additional research should be conducted on tank
pre-heating to understand the initial condition of the tank after construction and commissioning
and to evaluate different pre-heating strategies to reduce the damage potential This is a critical
step to improve the accuracy in the tank lifetime estimation.

e Critical tank design and operation parameters: Future research should be focused on
establishing optimum design features and operation conditions that improve the tank’s reliability
(by reducing stress during operation) while being suitable for implementation and cost-effective.
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Design features include floor thickness and diameter (tank size). Operation conditions include
minimum inventory levels as a function of inflow temperatures.

o Sparger ring optimization: New studies on the design optimization of this component or using
multiple sparger rings are fundamental to achieve a better mixing between the salt inflow and the
inventory that avoids damaging temperature gradients in the tank floor.

e Evaluation facilities: Efforts to develop and deploy laboratory-scale facilities, capable of
replicating typical tank operation conditions, are fundamental to experimentally demonstrate the
value and feasibility of new materials, floor and sparger ring designs, operation strategies,
fabrication, and commission procedures to enhance the tank’s reliability.

o Technical standard development: A close collaboration between research institutions, industry,
and universities is fundamental to share and gather information and conduct additional research
focused on the development of a technical standard for the design and fabrication of molten salt
TES tanks for high temperature (up to 565°C) and thermal cycling operation.
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Appendix A. Questionnaire
Table A-1. Questionnaire for Hot Molten Salt Storage Tank Design

RANGE OF VALUES NOTES
Tank Shell
e e <32m 32-38m 38.1-44m 44.1-50m >50m
Il O Il O
Iy S S— <5mm 5-8mm 8.1-11mm 11.1- 14 mm >14 mm
Il O Il O
Maximum wall thickness <30 mm 30-40 mm 40.1-50mm | 50.1-60 mm > 60 mm
Il O Il O
< - .1- 1- >
Wall height 8mm SDIOm 10 Enm ik El:lm I5Im
Arraliie <0.8% 0.8-1.2% 1.21- 1.6% 1.61- 2% =2%
Il O Il O
shell materiall SS347H 55 316H 5SS 304H Other
O O O O
Column-supported | Self-supported Floatin, Other
Roof type 0 Dpp 0 g 0
Anchor bolt spacin 0.1-1.0m 1.01-2.0m 2.01-3.0m [Moanchor bolts
o O O O O
Inlet Distribution Piping
Diameter of distribution ring, % <40 % 40 - 50% 50.1 - 60% 60.1- 70% > 70%
of Tank Shell - Interior Diameter Il O O
<0.2m 0.2-0.7m 0.7-1.2m 1.2-1.7m >1.7m
Height from tank floor|
s 0 0 0 0
<4 4-20. 21-40 41-70 =70
Number of inlet jets] 0 0 0 0 0
Angle of injection (0° vertical up,| 270.1° - 359.9° 0° - 60" 60.1° - 120° 120.1°-180° | 180.1°- 270°
90° horizontal towards shell) U Il O O O
Yes No
Use of eductors /[ static mixers?
J O 0
Tank Foundation
Material composition at]  Refractory Expanded Clay |Metal slip-plates Other
perimeter O O O
Material composition at center| FOEEGIES R el Dﬁher
Solid lubricant under tank No Iu&rlcant SE‘nd CEher
Operating Conditions
Maximum salt inventory level| <8m 8-10m 10.1-12m 12.1-14m =14 m
{Operation) O ] O O O
o s e <0.5m 0.5-0.8m 0.81-1.2m 1.21-1.5m >1.5m
O O O O O
Salt inventory temperature at| < 500°C 500-525°C | 525.1-545°C | 545.1-565°C =565°C
beginning of start-up O O O O O
Incoming salt temperature when <520°C 520-535°C | 535.1-550°C | 550.1-565°C =565°C
switching from cold to hot tank O 1 O O O
Incoming salt temperature rate <1°C/min 1-4°C/min | 4.1-7°C/min | 7.1- 10°C/min| =10°C/min
of change O | O O O
Receiver flow turn-down ratio <31 3:11-41 4:1-6:1 6:1-8:1 =81
) Il [l Il Il Il
L sLstzrdl stz iz Globe, electric Other
Switching valve type]  pneumatic electric pneumatic
O O O O O
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Appendix B. Design Drawings
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Figure B-1. General assembly
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Figure B-2. Corner detail
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DIAGRAM NOT TO SCALE

INNER TANK WALL

SEE DISTRIBUTION RING DETAIL —

SEE RING SUPPORT DETAIL —

HOT SALT PUMPS SUCTION
(3 50% PUMPS)

Figure B-3. Salt piping diagram — top view
TO STEAM GENERATOR IFROM RECEIVER
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/ FORCE SPRING HANGER

0 A R T — —

/
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ANSI B16.28 LONG-RADIUS _,‘"‘
90° ELBOW 20" SCH20

Figure B-4. Salt piping diagram - front view
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DIAGRAM NOT TO SCALE
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Figure B-5. Distribution ring detail
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Figure B-6. Ring support detail
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Appendix C. Cases Considered in the Parametric Analysis

Table C-1. Operating Conditions for All Cases in the Parametric Analysis; Tank Charging Process

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Index | Level Salt Inventory Inlet Mass Flow Inlet Mass Flow | Outlet Mass
Case (L) [m] Temperature (m,)[kg/s] Temperature Flow (m,,;)
(Tiny) [K] (T:) [K] [kals]
5 1 673.15 800 773.15 0
6 1 673.15 800 833.15 0
7 1 673.15 1200 773.15 0
8 1 673.15 1200 833.15 0
9 1 803.15 800 773.15 0
10 1 803.15 800 833.15 0
11 1 803.15 1200 773.15 0
12 1 803.15 1200 833.15 0
13 2.33 673.15 800 773.15 0
14 2.33 673.15 800 833.15 0
15 2.33 673.15 1200 773.15 0
16 2.33 673.15 1200 833.15 0
17 2.33 803.15 800 773.15 0
18 2.33 803.15 800 833.15 0
19 2.33 803.15 1200 773.15 0
20 2.33 803.15 1200 833.15 0
21 1 673.15 1000 773.15 0
22 1 673.15 1000 833.15 0
23 1 803.15 1000 773.15 0
24 1 803.15 1000 833.15 0
25 2.33 673.15 1000 773.15 0
26 2.33 673.15 1000 833.15 0
27 2.33 803.15 1000 773.15 0
28 2.33 803.15 1000 833.15 0
29 1 673.15 800 809.15 0
30 1 673.15 1000 809.15 0
31 1 673.15 1200 809.15 0
32 1 803.15 800 809.15 0
33 1 803.15 1000 809.15 0
34 1 803.15 1200 809.15 0
35 2.33 673.15 800 809.15 0
36 2.33 673.15 1000 809.15 0
37 2.33 673.15 1200 809.15 0
38 2.33 803.15 800 809.15 0
39 2.33 803.15 1000 809.15 0
40 2.33 803.15 1200 809.15 0
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Table C-2. Operating Conditions for All Cases in the Parametric Analysis; Charging/Discharging Process

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Invento Inlet Mass Flow | Outlet Mass
Ig::: L?Z;a I[nS]?It Temperatrgre Inl(e:nM?[issjll;I]ow Temperature Flow (m,,;)
(Tinv) [K] " (Tim) [K] [kg/s]
5.1 1 673.15 800 773.15 800
6.1 1 673.15 800 833.15 800
71 1 673.15 1200 773.15 1200
8.1 1 673.15 1200 833.15 1200
9.1 1 803.15 800 773.15 800
10.1 1 803.15 800 833.15 800
11.1 1 803.15 1200 773.15 1200
12.1 1 803.15 1200 833.15 1200
13.1 2.33 673.15 800 773.15 800
141 2.33 673.15 800 833.15 800
15.1 2.33 673.15 1200 773.15 1200
16.1 2.33 673.15 1200 833.15 1200
171 2.33 803.15 800 773.15 800
18.1 2.33 803.15 800 833.15 800
19.1 2.33 803.15 1200 773.15 1200
20.1 2.33 803.15 1200 833.15 1200
21.1 1 673.15 1000 773.15 1000
221 1 673.15 1000 833.15 1000
23.1 1 803.15 1000 773.15 1000
24 1 1 803.15 1000 833.15 1000
251 2.33 673.15 1000 773.15 1000
26.1 2.33 673.15 1000 833.15 1000
271 2.33 803.15 1000 773.15 1000
28.1 2.33 803.15 1000 833.15 1000
29.1 1 673.15 800 809.15 800
30.1 1 673.15 1000 809.15 1000
31.1 1 673.15 1200 809.15 1200
32.1 1 803.15 800 809.15 800
33.1 1 803.15 1000 809.15 1000
34.1 1 803.15 1200 809.15 1200
35.1 2.33 673.15 800 809.15 800
36.1 2.33 673.15 1000 809.15 1000
371 2.33 673.15 1200 809.15 1200
38.1 2.33 803.15 800 809.15 800
39.1 2.33 803.15 1000 809.15 1000
40.1 2.33 803.15 1200 809.15 1200
41.1 3.66 673.15 800 773.15 800
421 3.66 673.15 800 833.15 800
43.1 3.66 673.15 1000 773.15 1000
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Index | Level Salt T:::::::trgre Inlet Mass Flow In'll'ztmngaesr:tzlrzw 2:::\';&:::;?
Case | WIml | r,,) K] (m.a)kgis] (Tin) [K] [kgls]
44 1 3.66 673.15 1000 833.15 1000
451 3.66 673.15 1200 773.15 1200
46.1 3.66 673.15 1200 833.15 1200
471 3.66 803.15 800 773.15 800
48.1 3.66 803.15 800 833.15 800
49.1 3.66 803.15 1000 773.15 1000
50.1 3.66 803.15 1000 833.15 1000
51.1 3.66 803.15 1200 773.15 1200
52.1 3.66 803.15 1200 833.15 1200
53.1 3.66 673.15 800 809.15 800
54.1 3.66 673.15 1000 809.15 1000
55.1 3.66 673.15 1200 809.15 1200
56.1 3.66 803.15 800 809.15 800
57.1 3.66 803.15 1000 809.15 1000
58.1 3.66 803.15 1200 809.15 1200
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