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SUMMARY
This report investigates numerical modeling methods for thermal ratcheting

analysis of packed-bed thermal energy storage (TES) tank and discusses the
validation results via comparison with experimental data. The experimental data
obtained from various design characteristics of packed-bed thermocline tanks,
including the Thermal Energy Distribution System (TEDS) TES tank at Idaho
National Laboratory (INL), were used to validate thermal and mechanical models
developed in this study to evaluate the thermal ratcheting potential. The thermal
model was shown to predict the transient thermal propagation through the
packed-bed thermocline tanks generally well. However, a larger discrepancy was
observed during the comparison with the data from TEDS, presumably due to the
uncertainty of boundary conditions given from the experiment. Based on the
comparative study between the thermal model predictions and experimental data
of various packed-bed thermocline tanks, potential improvements were suggested
for the future TEDS experiments for more precise validation study.

For mechanical (thermally induced stress) analysis, two different modeling
approaches were tested to evaluate hoop stress applied to the packed-bed TES
tank wall, which is a major cause of thermal ratcheting process: (i) infinite
rigidity model and (ii) Drucker-Prager (DP) model. The ‘model (i)’ is a
conservative method with infinite rigidity assumption of granular filler inside a
TES tank, whereas the ‘model (ii)’ is a method that takes into account more
realistic processes such as thermal expansion of filler and tank wall as well as
inter-particle interactions during the cyclic operation of a packed-bed TES tank.
The validity of each modeling method was examined by comparing the
numerical simulation with the experimental data obtained from the packed-bed
TES tank for Solar One pilot plant. Then, the effects of various model parameters
were discussed to evaluate the thermal ratcheting potential of the TEDS TES
tank. The preliminary thermal ratcheting analysis implies that the TEDS TES
tank will hold its structural integrity during the normal operation cycles.
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Thermal Ratcheting Analysis of TEDS Packed-
bed Thermocline Energy Storage Tank

Modeling Methodology and Data Validation

1. Introduction

Dynamic Energy Transport and Integration Lab (DETAIL) has been built at Idaho National
Laboratory for experimental demonstration and validation research on Nuclear-Renewable Hybrid Energy
System [1]. The thermal energy distribution system (TEDS) is a thermal-hydraulic flow loop with its own
dedicated control system to support the integration of co-located multiple experimental systems in
DETAIL, where a packed-bed thermal energy storage is installed. The packed-bed thermal energy storage
is adopted in TEDS because it offers a low-cost single-tank thermal storage option compared to the
traditional two-tank thermal storage. However, the thermo-mechanical issue like thermal ratcheting of the
tank wall may pose a significant design concern unless it is carefully addressed. Thermal ratcheting is
caused by the rearrangement of granular filler inside a packed-bed tank during continuous thermal cycling
operation of the packed-bed thermocline tank. If the thermally induced stress exceeds yield strength of the
tank wall, it may cause catastrophic consequences like rupture of the thermal storage tank. Thus, it is
crucial to understand the phenomenon to ensure robust operation of packed-bed energy storage system.

This report investigates numerical modeling methods for thermal ratcheting analysis of packed-bed
thermocline TES tank. A one-way coupled method is employed for the thermo-mechanical analysis of
packed-bed thermocline tank to evaluate the thermal ratcheting potential. For the validation of thermal
model, experimental data from various design characteristics of packed-bed thermocline tanks, obtained
during charge and discharge operation cycles, are used. For mechanical (or stress) analysis, two different
modeling approaches are tested to evaluate hoop stress applied to the packed-bed tank wall, which is a
major cause of thermal ratcheting: (i) infinite rigidity model and (ii) Drucker-Prager (DP) model. The
‘model (i)’ is a conservative method with infinite rigidity approximation of granular filler inside a TES
tank, whereas the ‘model (ii)’ is a method that considers more realistic physical processes such as thermal
expansion of solid filler and tank wall as well as inter-particle interactions during thermal cycling
operation of a packed-bed TES tank. The validity of each modeling method is examined by comparing the
simulation results with experimental data. Specifically, strain gage data obtained from the operation of the
packed-bed thermocline tank for Solar One pilot plant [2] are used for the validation. Then, model
parametric study is performed to discuss the thermal ratcheting potential of the packed-bed thermocline
tank for Idaho National Laboratory’s (INL) thermal energy distribution system (TEDS) [3].

The details of target problems of present study, thermal and structural modeling methods for thermal
ratcheting analysis, and numerical analysis and validation results are described in the following sections.
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2. Experimental Database

The present modeling and validation study is performed by comparing the numerical simulations of
packed-bed thermocline energy storage device with experimental data. For the thermal model validation,
the thermal measurement data obtained by Esence et al. [4], Pacheco et al. [5], and INL (TEDS
experiment) [6], from the various design characteristics of packed-bed thermocline tanks, were employed.
It is noted that the thermal model developed and validated in this study is used to provide adequate
thermal boundary conditions for the stress analysis along the packed-bed thermocline tank during the
thermal cyclic operation of the packed-bed TES tank. Table 1 compares the design characteristics of the
packed-bed thermocline tanks used for the validation of the present thermal modeling approach for the
thermal ratcheting study. Regarding the TEDS experiment, the packed-bed thermocline tank has been
instrumented with multiple thermocouples as well as strain gages to detect axial and radial temperature
distribution, tank wall temperature, and thermal strain as shown in Figure 1, and some experimental data
were recently acquired during the startup and commissioning testing [6]. In this study, the thermal data
acquired using TEDS were compared with the computational model predictions not only for validating
both the thermal model, but also for suggesting the potential improvement from the experimental point of
view for more precise validation studies in the future. Details of the TEDS experimental data used for the
present work is described in Ref. [6].

For the stress analysis and model validation study, two packed-bed thermocline TES tanks of
different scales, used in conjunction with (i) Solar One pilot plant [2, 7] and (ii) INL Thermal Energy
Distribution System (TEDS) [3], were adopted. The two packed-bed thermocline tanks for Solar One and
TEDS, respectively, have different design characteristics in terms of scale (i.e., tank size and energy
storage capacity), tank shape (i.e., height-to-diameter ratio), filler material and size, heat transfer fluid,
and operation temperature during cyclic charge and discharge processes. In Table 2, the basic design
characteristics of the two TES tanks are briefly compared, which are used in the numerical models of the
two packed-bed TES tanks for the thermal ratcheting analysis. The thermal and stress measurement data
obtained from Solar One thermocline tank are available in Refs. [8, 9].

3. Problem Description

The physical problem of primary interest is the thermally induced stress behavior during the cyclic
charge and discharge processes of the packed-bed thermocline tank, which may cause thermal ratcheting.
The stress behavior is closely related to the transient thermal behavior, thus it is important to accurately
understand and evaluate the thermal response of the packed-bed thermocline tank in order to achieve
correct insight into the thermal ratcheting potential. As such, the validations of both thermal and stress
models have been conducted in this study by comparing the model predictions with the experimental data
acquired from the thermal cycling operation of packed-bed thermocline tanks.

In a charge (or heat storage) period of packed-bed thermocline tank, hot fluid from a heat source is
charged into the tank from the top while cold fluid exits from the bottom. In a discharge period, hot fluid
is discharged from the top of the tank to heat customers while cold fluid, which is cooled through the
energy extraction cycle, comes into the bottom of the tank. Thus, hot fluid is always present over cold
fluid during the operation of packed-bed thermocline tank due to the density difference, which prevents
convective mixing of the fluids. The thermal and stress behaviors under this typical operation cycle of a
packed-bed thermocline tank, and how to analyze them, are the problem of current interest, for which
thermal and stress models were developed and the model predictions were compared with the
experimental data from various design characteristics of packed-bed thermocline tanks including TEDS.
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Table 1. Design characteristics of packed-bed thermocline systems used for thermal model validation

Esence et al. Pacheco et al. INL TEDS

Storage Capacity - 2.3 MWhth 200 kWhth

Tank shape
(Din / hb)

Cylindrical
(1.0 m / 3.0 m)

Cylindrical
(3.0 m / 5.2 m)

Cylindrical
(0.88 m / 3.55 m)

Tank wall material Stainless steel Carbon steel Carbon steel

Filler material Silica gravel and silica
sand

Quartzite rock and silica
filter sand Alumina bead

Bed porosity 0.27 0.22 0.4

Heat transfer fluid Therminol® 66 Nitrate Salt (50%wt
NaNO3+50%wt KNO3)

Therminol® 66

Operation
temperature 85 - 150 ℃ 290 - 396 ℃ 225 - 325 ℃

Table 2. Packed-bed thermal energy storage tanks for Solar One and INL TEDS

Solar One INL TEDS

Storage Capacity 170 MWhth 200 kWhth

Tank shape
(Din / hb*)

Cylindrical
(18.2 m / 12.4 m)

Cylindrical
(0.88 m / 3.55 m)

Tank wall material Carbon steel Carbon steel

Filler material Sand and rock mixture
(De,sand=0.2 cm, De,rock=5 cm)

Alumina bead
(D=0.32 cm)

Bed porosity 0.4 (monodisperse layer)
0.22 (mixture layer) 0.4

Heat transfer fluid Caloria oil Therminol® 66

Operation temperature 204 - 304 ℃ 225 - 325 ℃

* Here, the tank height only considers the length filled with granular filler (i.e., sand/rock mixture for Solar
one, and spherical particles made of alumina for TEDS). Inside the thermocline tank for Solar One, the two distinct
types of granular fillers (i.e., sand and rock) are stacked from the tank floor in the following order: a 0.3 m layer of
sand, a 1.1 m layer of rock, a 10.5 m layer of rock/sand mixture, and a 0.5 m layer of rock [8].
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Figure 1. Location of thermal and stress sensors installed in INL TEDS packed-bed thermocline tank
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Packed-bed Thermocline Tank for Solar One Plant

Packed-bed Thermocline Tank for INL TEDS

Figure 2. Design characteristics and associated modeling geometries of packed-bed thermocline tanks for
Solar One pilot plant (top) and INL TEDS (bottom)



6

4. Numerical Modeling Method

The thermal ratcheting is caused by complex interaction of thermal transport in the porous bed and
solid mechanics during the cyclic operation of packed-bed thermocline tank, thus it requires a coupled
thermal and stress analysis. The present study employs a one-way coupled method for the thermo-
mechanical analysis of the packed-bed thermocline tank to evaluate thermal ratcheting potential. In this
modeling approach, the thermal and mechanical models are solved independently, and the transient
thermal solutions are used as boundary conditions at each time step of the transient mechanical analysis.
This assumes that the transient thermal solution causes thermal-induced strains, but the effect of
mechanical deformation or displacement on the thermal response is neglected. This is an efficient and
widely-used approach when the purpose of analysis is to determine thermo-mechanical stresses and
associated structural deformation in the absence of evolving contact between components [10].

This section describes thermal and mechanical analysis models and methods applied to the present
thermal ratcheting study for the packed-bed thermocline tank. To validate the thermal and mechanical
modeling approaches employed in this study, comparisons were performed between simulations and
experimental data available in the literature. Then, the thermal and stress analysis models for the TEDS
thermocline tank were developed.

4.1 Thermal model

A two-dimensional (2-D) porous media modeling approach was employed to simulate the transient
thermal behavior of packed-bed thermocline tank. The commercial CFD software, STARCCM+ version
15.06, was used to develop the thermal models. A transient laminar flow solver was adopted in
consideration of the Reynolds number determined by the fluid velocity, characteristic length scale of the
porous bed, and fluid’s thermal properties for the test problems used in this study.

Figure 3 shows meshing strategy commonly applied to the multiple CFD simulations of the packed-
bed thermocline tanks during this study. The domain was discretized with quadrilateral type mesh and
included outer tank wall to account for the wall influence on the thermal response of the porous bed
during the charging and discharging processes. Also, the prism layer type finer mesh was applied at the
near-wall region to better capture the velocity profile close to the wall.

To address the thermal transfer within a porous bed, the porous media thermal non-equilibrium model
was employed, where the fluid and porous phase each have their own temperature, rather than being
treated as a homogeneous mixture, and the heat transfer occurs based on the temperature difference
between the fluid and the porous phase. The heat transfer coefficient and interaction surface area to
determine the heat transfer between the fluid and the porous phase were obtained using the correlation
employed by Lew et al [11] and originally provided by Nelis and Klein [12]. The heat transfer coefficient
for the wall thermal loss was determined as suggested by Esence et al (2019) [4].

The transient simulation was performed with a time step size of 1.0 sec. The numerical solution at
each time step was considered converged when the scaled residuals of the mass, momentum, and energy
equation were reduced to 10-4, 10-4, and 10-6, respectively.

The initial and boundary conditions of all the CFD simulation cases, such as initial temperature
distribution along the packed-bed TES tank and transient inlet mass flow rate (or fluid velocity), were
applied based on the experimental measurements. Also, to correctly model the transient thermal response
of the porous medium during the charging and discharging processes, temperature-dependent material
properties were implemented as user defined functions.
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Figure 3. 2-D mesh strategy for the present CFD simulation of packed-bed thermocline tank

The relevant modeling assumptions applied to the present CFD models, i.e., thermal models, for the
transient thermal analysis of the packed-bed TES thermocline tank are summarized as follows:

(i) The fluid flow through the porous bed is incompressible.
(ii) Temperature-dependent properties of the fluid, filler particles, and tank wall are considered.
(iii) Porosity is constant across the porous bed.
(iv) The heat conduction inside the filler particles is neglected (Bi <0.1). Note, however, that the

thermal diffusion across the porous bed and the heat transfer between the fluid and filler particles are
addressed using the effective thermal conductivity and heat transfer coefficient, respectively.

(v) The effect of radiation heat transfer is neglected due to the relatively low operating temperature of
the packed-bed thermocline tanks subjected to the current study.

With the transient thermal modeling approach for the packed-bed thermocline tank described above,
the CFD model predictions were compared with the experimental data obtained by Esence et al. [4] and
Pacheco et al. [5] to validate the current thermal modeling approach. It is noted that the experiment
performed by Esence et al. [4] used the same working fluid as TEDS (Therminol® 66) with a packed-bed
thermocline tank of similar dimensions (operating temperature range: 90 - 150 ℃), while the experiment
by Pacheco et al. [5] was performed with much larger scale of thermocline tank using molten salt as the
working fluid (operating temperature range: 290 - 400 ℃). For more detailed information of these
experiments, readers are advised to refer to the Refs. [4, 5].

The comparison between the present CFD model predictions and the experimental data acquired from
the two different characteristics of packed-bed TES experiments is shown in Figure 4 and Figure 5.
Figure 4 and Figure 5 presents that the thermal front evolution during the charging and discharging
processes of the packed-bed thermocline tanks is predicted quite well by the current modeling approach,
regardless of the inlet boundary conditions (e.g., inlet fluid velocity) and tank scales tested during this
study.



8

Figure 4. Comparison of fluid temperature evolution during a charging mode between CFD simulation
and experimental measurement by Esence et al. (2019) [4]

Figure 5. Comparison of fluid temperature evolution during a discharge mode between CFD simulation
and experimental measurement by Pacheco et al. (2002) [5]

Using the modeling strategy that yielded the validation results presented in Figure 4 and Figure 5, a
CFD model (i.e., thermal model) was developed for the TEDS thermocline tank. Although the current
data obtained from TEDS are somewhat preliminary in terms of limited TES operation scenario and data
sampling procedure, the comparative study between CFD simulation and TEDS data was performed in an
effort to identify the potential improvements in the future experiment for more precise validation research
as well as to verify the performance of the computational models developed in this study. In Figure 6, the
CFD predictions for the transient evolution of the temperature profile along the TES tank is compared
with the experimental data during the charge (top) and discharge (bottom) operation modes of the TEDS



9

TES tank. It is noted that due to the highly fluctuating characteristics of the raw data, the exact inlet
boundary conditions of the experiment, such as transient inlet mass flow rate, could not be applied to the
CFD model. This results in the greater discrepancy between the CFD predictions and the experimental
data as shown in Figure 6, relative to the comparison shown in Figure 4 and Figure 5. In other words, the
discrepancy between the CFD prediction and the TEDS experimental data shown in Figure 6 is mainly
attributable to the substantial uncertainty of the boundary conditions applied to the simulation, including
the inlet mass flow rate, inlet fluid temperature, and wall thermal loss rate.

Figure 6. Comparison of fluid temperature evolution between CFD simulation and experimental
measurement during charge and discharge modes of TEDS TES tank

During the validation studies shown in Figure 4 and Figure 5, it was learned that the current model
prediction results were substantially sensitive to the boundary conditions such as transient inlet flow rate
and transient inlet fluid temperature. Thus, it is very important to apply the well-defined (transient)
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boundary conditions measured from experiments in order to precisely predict the thermal field
propagation across the porous bed and tank wall from the present modeling approach.

During the data analysis for the comparative study between CFD (thermal model) predictions and
TEDS data, several items to be addressed for the future TEDS experiment were observed:

(i) An optimal data sampling strategy seems to be needed to better capture the physical processes
occurring in TEDS. Currently, data is collected at a rate of once per second, which can lead to substantial
fluctuations with noise signal (e.g., inlet mass flow rate), making it difficult to define representative
boundary conditions for precise validation study.

(ii) An inconsistency was noticed for some thermal measurements. For example, the thermal sensors
installed at the centerline of the TES tank tend to detect lower temperature compared to those close to the
tank wall. This may be due to the channeling that leads the hot fluid from the top of the thermocline tank
to flow towards the walls of a porous bed. However, the temperature difference existed even before the
fluid started flowing through the tank, indicating that there might be an issue, such as calibration, with the
thermal sensors installed at the centerline. During the next service outage for TEDS, all thermocouples
should be calibrated.

(iii) The measurement uncertainties for the relevant physical parameters, such as transient inlet mass
flow rate and inlet temperature into the TES tank, need to be better defined (quantitatively), which may
require additional repeatability tests.

These improvements for future TEDS experiments will allow more precise validation of the
computational models when data become available from the various operating modes of TEDS.

Table 3. Thermophysical properties for thermal analysis of Solar One TES tank

Material ρ [kg/m3] k [W/m-K] Cp [J/kg-K] ν [m2/s]

Carbon steel
wall [9] 7850.0 47.0 475.0 -

Caloria HT-43
mineral oil

Temperature-
dependent [9, 13]

Temperature-
dependent [9, 13]

Temperature-
dependent [9, 13]

Temperature-
dependent [9, 13]

Rock/sand
mixture [14] 2643 2.2 1000.5 -

Table 4. Thermophysical properties for thermal analysis of INL TEDS TES tank

Material ρ [kg/m3] k [W/m-K] Cp [J/kg-K] ν [m2/s]

Carbon steel
wall 7850.0 47.0 475.0 -

Therminol® 66 Temperature-
dependent [15]

Temperature-
dependent [15]

Temperature-
dependent [15]

Temperature-
dependent [15]

Alumina (filler)
[16] 3950 Temperature-

dependent [16]
Temperature-

dependent [16] -
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4.2 Mechanical model for thermal stress analysis

With the thermal data acquired from the thermal analysis and experiment, described in Section 3 and
4.1, the stress analysis was performed to investigate the thermal ratcheting potential of the packed-bed
thermocline tank using the commercial software Abaqus 2018.HF3 [17]. This section describes two
different modeling approaches, (i) infinite rigidity model and (ii) Drucker-Prager model, employed in this
study for the thermal stress analysis during the cyclic operation of the packed-bed thermocline tank.

4.2.1 Infinite rigidity model

This is a simplified modeling approach that assumes the filler material inside a TES tank is infinitely
rigid. This approach is implemented by fixing the inner tank wall in the radial direction to prevent the
tank from contracting during the simulation of discharge cycle while allowing the tank to expand freely
with the temperature increase during the charge cycle. Given the fact that the infinite rigid model only
requires the tank geometry without filler material inside, the material properties and stress-strain data for
the TES tank wall (made of carbon steel) are needed as shown in Table 5 and Table 6. Abaqus/Standard
module, which is a general-purpose Finite-Element analyzer that employs implicit integration scheme, is
used with the infinite rigidity model setup.

Table 5. Material properties of carbon steel [9] used for the TES tank models

Conductivity (W/m-K) 47

Density (kg/m3) 7850

Young’s modulus (GPa) 140

Poisson’s ratio 0.3

Thermal expansion coefficient (µm/m-K) 13

Specific heat (J/kg-K) 475

Table 6. Stress-strain data for carbon steel [9] used for the TES tank models

True strain True stress (MPa)

0 400

0.02 458

0.04 492

0.06 514

4.2.2 Drucker-Prager (DP) model
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Drucker-Prager (DP) model was proposed by Drucker and Prager [18] in 1952. This model can be
used to represent frictional interactions between granular solid particles in a continuum through shear-
normal stress relation. This is an efficient way to mimic interaction among granular fillers in packed-bed
TES tank more realistically under thermal cycling conditions while avoiding full simulation of inter-
granular process. Abaqus/Explicit module, which employs explicit integration scheme to solve highly
nonlinear systems with many complex contacts under transient loads, is utilized together with the DP
modeling approach to take into account the interactions between the filler and tank during the thermal
ratcheting process.

Due to the lack of filler beds’ property data for the Solar One Plant (gravel/sand mixture) and TEDS
(alumina beads), most parameters will need to be estimated from literature that deals with similar filler
mixtures. Inspired by the work performed in González et al. [19], we implemented the stress-strain data
measured using triaxial tests on the mixture of quartzite/silica in water. For the TEDS simulation, the
same DP parameters as the Solar One Plant simulation were implemented in the filler modeling. TEDS-
specific parameters need to be explored and investigated as the future model development work.

Table 7. Bed (filler materials) properties for the Solar One Plant and TEDS

Filler Material Properties Solar One Plant TEDS

Conductivity (W/m-K) 2.2 [19] 5.85

Density (kg/m3) 2643 [19] 3950

Shear modulus (MPa) 75

Specific heat (J/kg-K) 1000 [19] 1117

Internal angle of friction (deg) 34 [20]

Dilatancy angle (deg) 28 [20]

Flow stress ratio 0.778

Table 8. Input parameters for equation of state (EOS) used for bed properties [21]

Filler EOS Parameters Solar One Plant TEDS

Bulk speed of sound: c0 (m/s) 1450

Linear coefficient: s 1.62

Grüneisen’s gamma: Γ0 2

Table 9. Strain-stress database for DP hardening of bed properties [20]

Strain Stress (MPa)

0 1.034

0.01 0.35
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0.02 0.49

0.04 0.52

Since Abaqus/Explicit [22] is known as a special-purpose Finite-Element analyzer that employs
explicit integration scheme to solve highly nonlinear systems with many complex contacts under transient
loads, the coupled temperature-structure simulation with the charge and discharge cycle can easily take
several days to finish. In order to speed up the thermal-stress simulation and save the computational cost,
investigations need to be conducted for scaling method to reduce the computational time while
maintaining the simulation accuracy. Therefore, adopting time scaling method in the coupled
temperature-structure analysis is proposed in this study to minimize the computation time.

Specifically, in order to apply the time scaling method, the thermal loads will be scaled by adjusting
the related thermal coefficients to maintain the consistency of heat transfer behavior in the scaled
simulation. Hammelmüller and Zehetner [23] modified the thermo-elastic equations by introducing the
fictitious time and the fictitious specific heat , the modified equations can be presented as Equation (1)
and (2):

(1)
(2)

where E is the linear strain tensor, u is the displacement vector, is the time scaling factor, k is the
conductivity, the density, α the thermal expansion coefficient, λ and µ are Lamé coefficients, T is the
actual temperature, T0 the reference temperature, and the operator tr(A) denotes the trace of the given
matrix A. To investigate different settings of the time scaling factor for the metal forming process,
Hammelmüller and Zehetner found that the Abaqus analysis can be run much faster without loss of
accuracy as shown in Figure 7. However, they also noticed that the results with a relatively large scaling
factor damped initially and take longer to converge.

Figure 7. Abaqus results of contact forces as a parameter of time scaling factor: for higher scaling factor,
it can be noticed that the kinetic energy dominates at the beginning but soon decays. Adopted from [23]

5. Results and Discussion
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The coupled temperature-structure analyses were performed for the thermocline tanks of both Solar
One Plant and the TEDS with the temperature boundary conditions discussed in Section 4. Investigations
have been conducted on various model parameters used for the infinite rigidity and Drucker-Prager (DP)
models. In this section, the simulation results of the thermal stresses and comparison with the
experimental data obtained from Solar One thermocline tank are summarized. The insights into the effect
of different modeling parameters for the infinite rigidity and DP models can be useful to support the
insight into the experimental setup for TEDS TES facility and provide guidance for its later test plan.

5.1 Boundary conditions and model setup

To gain insights into the effect of mechanical boundary condition for thermal ratcheting analysis, the
different boundary condition setup was tested to constrain the TES tank geometry. Mesh sensitivity study
was also conducted to assure the convergence of the thermal stress simulation results while balancing the
computational cost at the same time. What’s more, the optimization of the time scaling factor was
performed with the TES tank of Solar One plant using the Drucker-Prager (DP) model assumption.

5.1.1 Constraint (mechanical boundary condition)

During the structural/stress analysis, constraints define where and how the modeling geometry is
fixed during the heating and/or cooling cycle. In Abaqus simulation, this type of constraints is specified
as mechanical boundary conditions as initial setup before sequential coupled thermal-stress analysis steps
in the model setup processes. To get a reasonable and realistic result for the stress analysis, the constraint
setting must be considered and investigated carefully to represent the real-world scenarios as much as
possible. However, this might not be straightforward given the complexity of the connection between the
TES tank geometry and its fixture base. In this light, some possible constraints which could potentially
represent the TES tank fixture should be investigated, and the resultant stresses need to be compared with
the experimental data for validation.

In order to investigate how the different constraint settings will affect the thermal stress analysis,
Solar One plant geometry (shown in Figure 2) is chosen, and two different constraints are applied at the
bottom part of the tank for testing:

i. Bottom plate being fixed in all (x, y, and z) directions: this simulates the fixture for the bottom
surface of the TES tank on the floor.

ii. Bottom plane being fixed with its normal displacement direction, while the center of the bottom
plane got fixed in all directions: this is loose constrains compared to the first one, the bottom
surface of the tank is placed on the floor so that it can only expand horizontally without
constraining its circumference.
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Figure 8. Simulated hoop stresses along the axial height of the Solar One tank with different constraints.

In Figure 8, the hoop stresses experienced on the outer surface of the Solar One TES tank are
compared for the two constraining boundary conditions mentioned above. It can be noticed that the two
different constraints applied to the bottom surface do not significantly affect the hoop stresses. Only some
minor deviations are observed at the lower part of the tank, but the axial distribution of the hoop stresses
is still dominated by the axial temperature boundary conditions applied during the heating and cooling
period.

5.1.2 Mesh independence study

In order to balance the accuracy of the simulation results with the computational cost, mesh
independence study was performed for the Solar One TES tank. Figure 9 shows the hoop stresses along
the axial height of the TES tank evaluated with the infinite rigidity assumption using different mesh sizes.
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Figure 9. Simulated hoop stresses with different meshing setup.

All the simulation results shown in Figure 9 have a common maximum hoop stress value of around
180MPa. However, for the coarse mesh (mesh size=1.4m),the hoop stresses deviate substantially at the
tank bottom from 0 to 1.4 m. This is because with the mesh base size of 1.4m, the bottom part of the tank
from 0 to 1.4m, only has one mesh cell, therefore, the resulting hoop stress cannot be resolved properly at
this region. When refining the mesh base size to 0.7m, the hoop stresses start to approach zero at the
bottom part. The convergency can be noticed when refining the mesh base size to be 0.35m locally at the
tank bottom region.

5.1.3 Time scaling factor

As mentioned in the previous section, Drucker-Prager (DP) model for the realistic simulation of the
filler particle behavior requires the implementation of Abaqus/Explicit module. However, it is
computationally expensive (for more than one-week physical time) to finish one 48-hour complete
heating (24-hour) and cooling (24-hour) cycle with this approach. Therefore, the coupled temperature-
structural analysis using DP model is performed by scaling the thermal loads and adjusting the thermal
coefficient using Equation (1) and (2), to reduce the computational burden while maintaining the
simulation repeatability and accuracy.

For the purpose of simplification and cost-efficiency, the TES tank for Solar One plant geometry is
introduced with the DP modeling parameters discussed in Section 4.2.2. Three different time scaling
factor κ = 100,000, 10,000 and 1,000 are used in the coupled temperature-structural analysis, and the
resulting temperature and hoop stresses distributions are plotted in Figure 10 and Figure 11. It can be
noticed that both temperature and hoop stress profiles along the TES tank axial height have quite similar
magnitudes and distribution, only slight deviations can be observed for the stress profiles shown in Figure
11. However, according to the study shown in Figure 7 conducted by Hammelmüller and Zehetner [23],
the results (shown in green curve) from choosing a relatively-large time scaling factor would have the
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damping effect that requires a certain amount of iterations for the results to converge. Therefore, the time
scaling factor κ = 10,000 is chosen to balance the accuracy and computational cost in this study, ensuring
that the Abaqus simulation results will not be affected by the damping effect.

Figure 10. Simulated temperature distributions for Solar One TES tank with time scaling factor:
(a) κ = 100,000, (b) κ = 10,000, and (c) κ = 1,000.

Figure 11. Simulated hoop stress distributions for Solar One TES tank with time scaling factor:
(a) κ = 100,000, (b) κ = 10,000, and (c) κ = 1,000.

5.2 Parametric investigations and validation

According to the literature review, there is a clear knowledge gap for the thermomechanical analysis
of packed-bed thermal energy storage tank, especially with respect to DP model. There are multiple
parameters determining the tank and filler material properties that need to be investigated, and the
parametric study of those modeling parameters will help understand their effects on thermal ratcheting
process in the packed-bed TES tank. Given the temperature boundary conditions from the thermal
analysis, we conducted the parametric study for the modeling parameters used in the stress models with
the tank geometries of Solar One Plant as well as the TEDS facility. To outline the parametric study,
Table 10 has summarized the parameters of interest for the current coupled temperature-structural
analysis, including the tank material property, filler material properties, and the interaction parameters
between the tank wall and the filler materials inside.
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Table 10. Parametric study for Solar One plant and the TES tank of TEDS facility.

Case
No.

Geometry Model Setup
Tank

Material
Property

Tank-Filler
Interaction Filler Material Property

Solar
One
Plant

TEDS Infinite
Rigidity

DP
Model

Thermal
expansion
coefficient

Wall-Filler
friction

coefficient

Internal angle
of friction

(deg)

Shear
modulus
(MPa)

1.3 1.48 0 0.5 34 60 25 75
1-1 ✓ ✓ ✓ N/A N/A N/A
1-2 ✓ ✓ ✓ ✓ ✓ ✓
1-3 ✓ ✓ ✓ ✓ ✓ ✓
1-4 ✓ ✓ ✓ ✓ ✓ ✓
1-5 ✓ ✓ ✓ ✓ ✓ ✓
1-6 ✓ ✓ ✓ ✓ ✓ ✓
1-7 ✓ ✓ ✓ ✓ ✓ ✓
1-8 ✓ ✓ ✓ ✓ ✓ ✓
1-9 ✓ ✓ ✓ ✓ ✓ ✓
2-1 ✓ ✓ ✓ N/A N/A N/A
2-2 ✓ ✓ ✓ N/A N/A N/A
2-3 ✓ ✓ ✓ ✓ ✓ ✓
2-4 ✓ ✓ ✓ ✓ ✓ ✓
2-5 ✓ ✓ ✓ ✓ ✓ ✓
2-6 ✓ ✓ ✓ ✓ ✓ ✓
2-7 ✓ ✓ ✓ ✓ ✓ ✓
2-8 ✓ ✓ ✓ ✓ ✓ ✓
2-9 ✓ ✓ ✓ ✓ ✓ ✓
2-10 ✓ ✓ ✓ ✓ ✓ ✓
2-11 ✓ ✓ ✓ ✓ ✓ ✓
2-12 ✓ ✓ ✓ ✓ ✓ ✓
2-13 ✓ ✓ ✓ ✓ ✓ ✓

5.2.1 Solar One Plant Analysis

Using the Solar One TES tank geometry and the temperature profiles given by Flueckiger et al. [9] ,
Abaqus simulations were performed for the heating and cooling cycles with the infinite rigidity
assumption as well as DP model. The model parameters of interest and the specific test cases for this
study (case no. 1-x for Solar One) are summarized in Table 10. The simulation results are discussed as
follows.
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5.2.1.1 Infinite rigidity assumption

Figure 12 presents the hoop stress profile on the Solar One TES tank wall along the axial height,
evaluated with the infinite rigidity assumption (Case no. 1-1). The simulated hoop stress distributions are
then compared with the experimental data from Faas et al. [8] as well as the FEM analyses conducted by
Flueckiger et al. [9] The simulation results show some differences at the bottom and top of the tank, The
abaqus results predicts a slower increasing trend compared to the results presented in Fluckiger et al.
Given the fact that the literature might use extremely high-resolved meshing scheme for both their
coupled temperature-structural analysis, this deviation can potentially be caused by the numerical
differences yielding from the different meshing setup.

Figure 12. Simulated hoop stresses with the infinite rigidity assumption using Abaqus and compared with
the experimental data from Faas et al. [8] as well as FEM simulation results from Flueckiger et al. [9]

In general, both the simulated hoop stresses show good agreements for the maximum magnitude of
the hoop stresses. Except for two extreme datapoints measured by Faas et al. (which is located at about
1.5m and 13.11m in height), the Abaqus simulation shows reasonable agreements with the experimental
data if considering the measurement uncertainties. In addition, given the fact there is noticeable
discrepancy only at the bottom and top region of the tank shown in our present work, more investigations
as future work should be performed for the possible differences in the constraint settings used to fix the
tank bottom.

5.2.1.2 DP model: Thermal expansion coefficient of tank material

In Table 10, there are couple of comparison cases for different thermal expansion coefficient applied
to the TES tank material for Solar one, such as Case no. 1-2 vs. 1-4, 1-3 vs. 1-5, 1-6 vs. 1-8 and 1-7 vs.
1-9. In this section, Case no. 1-2 vs. 1-4 is selected to discuss the effect of the tank wall thermal
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expansion setting on thermal ratcheting (or hoop stress).
The simulated hoop stresses are plotted along the tank axial height for the two selected cases as

shown in Figure 13. Using the Solar One TES tank geometry with DP modeling assumption, negligible
differences can be noticed for the two thermal expansion coefficients. Table 11 shows the maximum
magnitude of the axial hoop stresses at four azimuthal angles around the TES tank outer surface. Similar
as the findings observed in Figure 13, the differences between these two cases are limited up to 1%. This
indicates that the differences of the thermal expansion coefficient applied to the tank wall does not
dominate the variation of the hoop stresses simulation with DP modeling.

Figure 13. Simulated hoop stresses with different expansion coefficients in Case # 1-2 vs 1-4.

Table 11. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for Case # 1-2 vs 1-4.

Case no. Thermal expansion
coefficient (m/m-K)

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

1-2 1.3e-05 37.17 42.56 34.72 38.84

1-4 1.48e-05 37.09 56.47 34.26 41.29

5.2.1.3 DP model: Wall-Filler friction coefficient

To evaluate the effect of wall-filler friction coefficient, two comparison cases are included in Table
10 for the Solar One TES tank, Case no. 1-6 vs. 1-7 and 1-8 vs. 1-9. In this section, Case no. 1-6 vs. 1-7 is
selected to investigate the effect of the wall-tank interaction setting on thermal ratchetting.

During the discharging (or cooling) cycle, a larger value of the wall-filler friction coefficient should
lead to the resistance of filler rearrangements, therefore, inducing higher hoop stress values. The
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comparison with different friction coefficients plotted in Figure 14 has indicated that the Abaqus DP
modeling predicts reasonable results. Agreeing with the research work conducted by Cho et al. [24], the
maximum hoop stresses shown in Table 12 at different azimuthal angles are about 20% lower with a
lower wall-filler friction coefficient. What’s more, it can be noticed that the simulated hoop stress values,
summarized in Table 12, are significantly lower than the carbon steel’s yield strength limit (which is 414
MPa [9]), confirming the structural integrity during its normal operation.

Figure 14. Simulated hoop stresses with different wall-filler friction coefficients in Case # 1-6 vs 1-7.

Table 12. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for Case # 1-6 vs 1-7.

Case no.
Wall-Filler

Friction Coefficient

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

1-6 0.5 41.16 45.50 37.95 41.53

1-7 0 38.95 36.67 31.06 33.65

5.2.1.4 DP model: Internal angle of friction for filler material

The comparison between Case no. 1-4 and 1-8 shown in Table 10 is aimed to investigate the effect of
internal friction angle of the filler material for the Solar One TES tank when using the DP model.

As pointed out in the research performed by Cho et al. [24], the filler behavior depends on the initial
packing states. It indicates that a higher friction angle could yield higher or lower hoop stress value highly
depending on the filler materials’ initial arrangement. If the filler beds are initially packed flat in the tank,
there will be more filler beds to slide down and fill the gap during the charging process when increasing
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the friction angle. Then, this will result in a larger hoop stress on the tank wall during the following
discharge cycle.

The Abaqus simulation results shown in Figure 15 and Table 13 reproduce this physics properly,
resulting in greater hoop stress values from a larger angle of friction. This indicated that the filler
materials were indeed packed evenly at the very beginning of the model setup with the larger value of
internal friction angle.

Figure 15. Simulated hoop stresses with different internal angle of friction of filler material in Case # 1-4
vs 1-8.

Table 13. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for Case # 1-4 vs 1-8.

Case no. Internal Angle of
Friction

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

1-4 34° 37.09 56.47 34.25 41.29

1-8 60° 41.71 65.41 37.87 43.35

5.2.1.5 DP model: Shear modulus of filler material

Shear modulus should be specified in the DP model to represent the filler bed motion inside the TES
tank during the charge and discharge cycles. Defined as the ratio of shear stress to shear strain, a smaller
shear modulus value indicates a solid is softer or more flexible. The comparison case between Case # 1-2
and 1-3 shown in Table 10 is to investigate the effect of shear modulus on thermal ratcheting process
when using DP model (Case # 1-4 vs 1-5 can be another case to investigate if interested).
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Filler bed inside the TES tank will experience two steps involving shear mechanism during the whole
process: the first one is the re-distribution step axially due to gravity during the charge cycle, and the
other is the contraction step during the discharge cycle. The resultant hoop stress profile at the end of the
discharge cycle is a combined reflection from the two above steps. As shown in both Figure 16 and Table
14, the case with a lower shear modulus value results in a higher hoop stress at the end of the discharge
cycle. This indicates that, with a smaller shear modulus, the filler bed fills the gap during the charging
process and then reacts better against the centripetal contraction process during the discharge cycle. Due
to the limited literature database available for the shear modulus of the materials used for TES filler beds,
this could be a great research topic to investigate and refine the DP modeling as future work.

Figure 16. Simulated hoop stresses with different shear modulus of filler material in Case # 1-2 vs 1-3.

Table 14. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for Case # 1-2 vs 1-3.

Case no. Shear Modulus (MPa)
Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

1-2 25 37.17 42.56 34.72 38.84

1-3 75 29.65 38.05 27.59 29.53

5.2.2 TEDS TES Tank Analysis

Based on the TEDS TES tank geometry and the associated thermal analysis described in Section 4.1,
thermal ratcheting analysis was performed during the charge and discharge cycles of the thermocline tank
for TEDS. Case no. 2-1 to 2-13 in Table 10 summarized the specific simulation cases performed in this
study. The model parametric study results were discussed in the following subsections.
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5.2.2.1 Infinite rigidity: Thermal expansion coefficient of tank material

Similar to the study with Solar One TES tank (section 5.2.1.1), the infinite rigidity assumption is
applied to the TEDS TES tank geometry for the Case # 2-1 vs 2-2 shown in Table 10. Same as the infinite
rigidity model applied to Solar One TES tank, the mesh nodes at the inner side of the TEDS TES tank are
set to expand freely with all the other nodes during the charge cycle but are fixed during the discharge
cycle.

The axial hoop stress profiles at the outer surface of the TEDS tank are plotted in Figure 17 with two
thermal expansion coefficient settings for the tank wall material. With the infinite rigidity model
assumption, the hoop stress at the end of the discharge cycle can be expressed as , where is the thermal
expansion coefficient of tank material, the tank material’s Young’s modulus, and operating temperature
differential along the points of interest in the system. Therefore, a larger thermal expansion coefficient
results in higher hoop stress profile along the tank axial height.

Figure 17. Simulated hoop stresses with different thermal expansion coefficient in TEDS Case # 2-1 vs
2-2 (infinite rigidity assumption).

The maximum hoop stresses along the tank axial height are summarized in Table 15 for both cases
using different thermal expansion coefficient. Since the infinite rigidity assumption is a strict constrain
scenario, The maximum hoop stresses are expected to be higher than the results from DP modeling. Table
15 shows that the maximum hoop stresses evaluated at different azimuthal angles of the tank outer surface
are linearly proportional (~13.85% increment) to the thermal expansion settings. The maximum hoop
stress shown in Table 15, 231.07 MPa, is about 200 MPa lower than the carbon steel’s yield strength limit
(414 MPa). This indicates that with those thermal expansion properties the TEDS TES tank should
operate safely and will not experience any risk of plastic deformation during the normal charging and
discharging processes.
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Table 15. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for TEDS Case # 2-1 vs 2-2.

Case no. Thermal expansion
coefficient (m/m-K)

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

2-1 1.3e-05 202.12 202.96 201.66 200.35

2-2 1.48e-05 230.11 231.07 229.58 228.09

5.2.2.2 DP model: Thermal expansion coefficient of tank material

Table 10 includes a couple of comparison cases using DP model with different thermal expansion
coefficients of TES tank wall material, such as Case no. 2-3 vs 2-7, 2-4 vs 2-8, 2-5 vs 2-9 and 2-6 vs 2-10.
In this section, the study between Case # 2-3 vs 2-7 is selected to discuss the effect of the thermal
expansion setting on thermal ratcheting of the TEDS TES tank.

Due to the implementation of DP modeling scheme with looser constraints on the tank wall nodes
during the discharge period, the hoop stress profiles presented in Figure 18 show a significantly lower
magnitude compared to the stresses evaluated with infinite rigidity assumption. But, still as expected,
Case # 2-7 with a higher thermal expansion coefficient for the tank material still results in higher stress
values than the results of Case # 2-3. Besides the high stresses at the tank bottom and top (because these
locations endure the largest temperature changes for thermal analysis results shown in Figure 6 during the
heating and then cooling cycle), we can also notice that the region of a high hoop stress is observed at
tank heights between 0.67 and 1.34m. This corresponds to the bottom flow distributor location shown in
Figure 2 where the filler materials are expected to re-distribute due to gravity effect by the end of the
charge cycle, therefore, the hoop stresses are induced by the resisting force from the filler beds to the tank
wall. Since the case comparison will not be only dominated by the thermal expansion coefficient of the
tank but it is now a combined effect with the filler bed interactions as well, the maximum hoop stresses
tabulated in Table 16 increase about 30%, which is larger than the 13.85% increment of the thermal
expansion coefficient.
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Figure 18. Simulated hoop stresses with different thermal expansion coefficient (DP modeling
assumption) in TEDS Case # 2-3 vs 2-7.

Table 16. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for TEDS Case # 2-3 vs 2-7.

Case no. Thermal expansion
coefficient (m/m-K)

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

2-3 1.3e-05 23.04 24.00 23.22 20.28

2-7 1.48e-05 31.20 29.42 31.11 30.32

5.2.2.3 DP model: Wall-Filler friction coefficient

To evaluate the effect of friction between tank wall and porous bed in the TEDS TES tank,
simulations were performed with several different values of wall-filler friction coefficients. The specific
test cases are given in Table 10: Case no. 2-3 vs 2-5, 2-4 vs 2-6, 2-7 vs 2-9 and 2-8 vs 2-10. In this
section, Case no. 2-7 vs. 2-9 is selected to discuss the effect of the wall-tank interaction setting on thermal
ratcheting.

As shown in Figure 19, the case with a larger wall-filler friction coefficient results in a larger peak
magnitude at the bottom flow distribution region, but the hoop stress decades quicker. Similar with the
analysis for Solar One DP modeling shown in Figure 14, a larger value of the wall-filler friction
coefficient is expected to lead to the resistance of filler rearrangements during the discharge cycle,
therefore, inducing higher hoop stress values. However, the filler beds which re-distribute due to gravity
during the heating process will tend to remain staying there with the setting of a larger friction coefficient
and exert forces to the tank wall during the discharge period. Table 17 presents the maximum hoop
stresses evaluated along the tank wall for both cases. The maximum stresses at different azimuthal angles
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are observed to all stay within the carbon steel’s yield strength limit (414 MPa).

Figure 19. Simulated hoop stresses with different wall-filler friction coefficients in TEDS Case # 2-7 vs
2-9.

Table 17. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for TEDS Case # 2-7 vs 2-9.

Case no.
Wall-Filler

Friction Coefficient

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

2-7 0.5 31.20 29.42 31.11 30.32

2-9 0 17.96 23.95 26.33 24.22

5.2.2.4 DP model: Internal angle of friction for filler material

There are several case comparisons shown in Table 10 to investigate the effect of different internal
angle of friction for filler material with the DP modeling assumption, including Case no. 2-3 vs 2-4, 2-5
vs 2-6, 2-7 vs 2-8 and 2-9 vs 2-10. In this section, the comparison between Case # 2-9 and 2-10 is
discussed.

As mentioned previously, a higher friction angle could yield either higher or lower hoop stresses at
the end, but this process is highly dependent on the filler materials’ initial arrangement. If the filler bed is
initially packed flat in the tank, there will be more filler materials to slide downward due to gravity effect
and fill the gap during the charging process, therefore, resulting in a larger hoop stress on the tank wall
during the following discharge cycle, vice versa. The hoop stresses presented in Figure 20 and Table 18
show greater hoop stress values for the case with a larger angle of friction. Similar to the discussion for
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the Solar One TES tank analysis in Section 5.2.1.4, this implied that the filler materials were indeed
packed evenly at the very beginning of the model setup.

However, given the slight differences of the maximum hoop stresses for both Solar One Plant and
TEDS results shown in Table 13 and Table 18 , as well as its nature of uncertainty with the filler bed
initial packing status, the internal angle of friction is not considered a dominating parameter that affects
the hoop stress in the DP model and unlikely to be controlled during the actual experimental study.

Figure 20. Simulated hoop stresses with different internal angle of friction of filler material in TEDS Case
# 2-9 vs 2-10.

Table 18. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for TEDS Case # 2-9 vs 2-10.

Case no. Internal Angle of
Friction

Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

2-9 34° 17.96 23.95 26.33 24.22

2-10 60° 25.54 23.09 25.91 23.99

5.2.2.5 DP model: Shear modulus of filler material

To represent the filler beds motions inside the tank during the charge and discharge cycles, shear
modulus, defined as the ratio of shear stress to shear strain, is incorporated in the DP modeling setup for
TEDS TES tank as well. The investigation for the shear modulus involves Case no. 2-5 vs 2-11, 2-9 vs
2-12 and 2-7 vs 2-13 in Table 10, and the comparison for Case # 2-5 vs 2-11 is selected for discussion in
this section.
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According to its definition, a smaller shear modulus value indicates a solid is softer or more flexible.
As discussed in the previous study with Solar One plant, the hoop stress profile in the end of the
discharge cycle is a combined reflection from the two steps: the re-distribution step due to gravity during
the charge cycle, and the contraction step during the discharge cycle. The selected cases with two
different shear moduli have a quite similar trend and magnitude of the hoop stresses as shown in Figure
21, except for the region (from 0.67 to 1.34m in the tank axial direction) near the bottom flow distributor
of the TEDS TES tank. Unlike the finding with the Solar One plant, the TEDS case with a lower shear
modulus setting of 25MPa shows lower maximum hoop stresses, and this can be also confirmed with the
comparison shown in Table 19. This difference may be due to the differences in tank geometry and shape
between TEDS and Solar One TES tanks (e.g., tank height-to-diameter ratio), affecting the re-distribution
of filler materials and the contraction rate. Given the fact that there are still clear knowledge gaps for the
TES filler media properties, this could be an interesting topic to refine the thermal stress analysis with DP
modeling as a future work plan.

Figure 21. Simulated hoop stresses with different shear modulus of filler material in TEDS Case # 2-5 vs
2-11.

Table 19. The maximum hoop stresses along the tank height at various azimuthal angles around the tank
outer surface for TEDS Case # 2-5 vs 2-11.

Case no. Shear Modulus (MPa)
Max. Hoop Stresses (MPa) at Azimuthal Angle of

0° 90° 180° 270°

2-5 75 14.11 14.16 14.58 11.94

2-11 25 8.87 8.36 10.19 9.59
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6. Conclusions

This report discussed the numerical modeling methods for thermal ratcheting analysis of packed-bed
thermocline tank, involving both thermal and structural modeling and simulation. The experimental data
obtained from various design characteristics of packed-bed thermocline tanks, including TEDS TES tank,
were used to validate thermal and mechanical models developed in this study.

In the validation study of the thermal model, the transient thermal propagation through the packed-
bed thermocline tanks was predicted well during the charge and discharge cycles of the thermocline tanks,
but a larger discrepancy was observed between the thermal model predictions and the TEDS experimental
data. This discrepancy appears to be mainly due to the uncertainty of boundary conditions given from the
experiment. Therefore, based on the comparative study between the thermal model predictions and
experimental data, potential improvements were suggested for the TEDS future experiment for more
precise validation study.

For the structural (or stress) analysis, the temperature profiles obtained from thermal analysis or
experimental data were employed as the boundary conditions, and Abaqus was utilized to perform the
coupled temperature-structural analysis for the TES tanks of Solar One Plant and INL TEDS facility.
Both tank geometries were implemented in Abaqus with two different modeling schemes: infinite rigidity
model which strictly fixed the tank inner side during the discharge cycle; and DP model that simulated a
more realistic filler bed behavior as a continuum and its interaction with the tank wall. To investigate the
effect of various modeling parameters on thermal ratcheting analysis, a comprehensive model parametric
study was performed with both modeling approaches for both Solar One and TEDS thermocline tanks.
The model parameters discussed include the tank material properties, filler material properties, and the
interaction parameters between the tank wall and the filler material.

Infinite rigidity assumption was firstly applied to Solar One plant, and the results showed a good
match for the maximum hoop stress magnitude compared with and the experimental database from Faas
et al [8] and the simulation performed by Flueckiger et al. [9]. However, large discrepancies for the stress
increasing slope were observed locally at the bottom of the tank, primarily due to the uncertainty of the
TES tank constraint settings given from the experiment. It was also noticed that the maximum hoop
stresses were evaluated as linearly proportional to the thermal expansion coefficients under the infinite
rigidity modeling scheme.

For DP model with a more complicated scenario for filler-tank interactions, it was observed that the
maximum hoop stresses had a larger increasing rate than the thermal expansion coefficients of the tank
material. Secondly, a larger wall-filler friction coefficient always resulted in a larger peak of hoop stresses
at the bottom flow distribution region, but the stresses decayed more quickly. This is primarily caused by
the effect of filler re-distribution during the charging period. What’s more, the internal angle of friction
for the filler material was found not to be a dominant parameter in the DP modeling. Finally, the effect
from the shear modulus of the filler material properties will need more investigation given the fact that
limited database could be found in the existing literature. The geometry effect of the TES tank, e.g., tank
height-to-diameter ratio (H/D) should be also investigated in the future work.

Regarding the thermal ratcheting potential of the TEDS thermocline tank, both modeling methods
predicted the hoop stress values that were significantly lower than the yield strength of the carbon steel
used for TEDS thermocline tank wall. This indicates that the TEDS TES tank will hold its structural
integrity during the normal operating cycles. It is noted, however, there are knowledge gaps for the
modeling parameters used for the filler material properties with DP model and the constraint settings for
the TES tank. These are the potential future work needed to improve the model prediction accuracy for
the advanced thermal ratcheting analysis and better support the TES design and experimental work. All
the simulation files have been documented on INL HPC cluster, and those can be used for future analysis
research to improve the thermal ratcheting model accuracy and provide guidance to design the
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experimental test matrix for TEDS.
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