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Thermal energy storage (TES) is an important practice implemented in a wide variety of renewable
energy technologies. TES provides an effective means of thermal management and dispatchable
energy. A novel idea of using isochoric containment of elemental sulfur as the energy storage
media has been proposed. An important design criterion of this idea is the structural integrity of
the storage container. Using both empirically developed analytical models from published studies
and computational models, this paper analyzes the impact of internal pressure, temperature
gradients, and the operating temperature on three different materials (SS 316, SS 304, Inconel 625)
in a parametric study. The damage mechanisms that are studied are creep, low cycle
thermomechanical fatigue, and thermal shocks. It is found that regardless of vertical or horizontal
configuration, SS 316 and Inconel 625 survive the desired 20-40 year life for all pipe sizes at the
fastest charging rate in the parametric study. Due to its susceptibility to creep deformation, thin
schedule 5 pipe sizes of SS 304 fail before the expected 20 year life. The conclusion of this study
is to employ SS 316 or Inconel 625 pipes for isochoric containment of sulfur in TES applications.
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Nomenclature
E

Young’s Modulus

ν

Poisson’s ratio

α

Coefficient of thermal expansion

r, θ, z

Principal directions in polar
coordinates

σth, σp

Stress (thermal, pressure)

ε

Strain (%)

K’

Cyclic strength coefficient

n’

Strain hardening exponent

P

Pressure (psi, MPa)

T

Temperature (°C)

t

Time (s, hr)

N

Cycles of operation

ρ

Density (kg/m3)

g

Acceleration due to gravity (m/s2)

γLF
F
M
I

Volume load fraction
Force (N)
Moment
Area moment of inertia

TES

Thermal energy storage

HTF
CFD

Heat transfer fluid
Computational fluid dynamics
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Introduction
The need for clean renewable energy is ever present and concentrated solar thermal power plants
(CSP) provide an efficient method of energy generation and a convenient means of dissemination.
Energy transfer in these thermal batteries is accomplished by means of temperature cycling. There
are several methods of acquiring solar thermal energy. A parabolic reflector can be used to focus
solar rays onto receiver pipes that carry the heat transfer fluid. A mirrored dish is also used to
reflect sunlight to a receiver at the focal point, the dish is often powered to track the sun across the
sky to maximize the collected solar thermal energy. The next issue to tackle is the storage of
thermal energy for use during times where solar energy is not readily available. Thermal energy
storage (TES) can be used to improve dispatchability and thermal management for industrial,
commercial, and residential applications [1].
In a thermal battery TES system reflective panels concentrate solar energy towards a receiver
during charging. The heat transfer fluid (HTF) is heated and passed over the storage containers (in
this study pipes) filled with storage media. These thermal batteries are heated to the desired
operating temperature and are later discharged with cooler HTF for electricity generation.
Wirz et al. proposed the use of elemental sulfur as a thermal storage media. Sulfur surpasses
current state of the art molten salt with regards to storage costs, low degradation at high
temperatures, and thermal stability [2-4]. Although there are many potential configurations for
TES such as two tank systems or single tank thermocline systems, Barde et al. demonstrated the
effectiveness of storing sulfur filled isochoric containers in a shell and tube configuration [5]. A
sulfur filled encapsulated storage container is not only found to be safe and reliable but also
provide a high volumetric energy density.
After demonstrating the effectiveness and reliability of isochoric containment of sulfur, the next
design criteria to be considered is structural integrity of the container over a 20-40 year life. The
isochoric storage method results in large internal pressures which can be damaging at high
temperatures. The cyclic nature of charging and discharging using HTFs results in temperature
gradients that induce alternating thermal stresses. A fast charge rate could also induce a
temperature gradient large enough to fracture the storage container. These three parameters,
pressure, temperature, and wall temperature gradients are the primary sources for structural
damage. The damage mechanisms they induce are creep deformation, low-cycle
thermomechanical fatigue, and thermal shocks.
The objective of this study is to show which materials are suitable for sulfur-based TES
applications. To do this, semi-empirical analytical models will be used to determine the life under
expected operating conditions for sulfur thermal batteries.
The primary damage mechanism that these devices experience is creep. This is the slow
deformation of a material subjected to constant stress at high temperatures. Creep strain is
determined from the general power law relation between the strain rate and the applied stress under
isothermal conditions. Empirically determined creep strain rate equations are used from the
literature for the three storage container materials under consideration [12-14,17,18].
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Spera describes the interaction between creep and thermal-mechanical fatigue damage by
calculating accumulated strains and using linear damage rules [25]. Creep damage per cycle is
determined using the time fraction rule and is the quotient of the cycle period and the total rupture
time at the given temperature and stress.
Another method to determine creep life is the use of time-temperature parameters (TTP). These
parameters are the product of a rupture time and the operating temperature of the material.
Empirically derived master curves relate the TTPs to a rupture stress. In this study the LarsonMiller parameter is used to delineate the stress levels of a sulfur thermal battery and the required
stresses to rupture for 20-40 year lives.
The cyclic nature of charging and discharging of TES systems results in the second damage
mechanism: fatigue. The thermal batteries experience both cyclic stresses and long dwell times
(causing creep) at peak temperatures, which results in larger damage accumulation and shorter life.
The longer cycle periods categorize TES and other power plant systems under low-cycle fatigue.
Spera gives an insight into the definition of thermal and thermal-mechanical fatigue, two forms of
low-cycle fatigue. The first is the deterioration of a material subject to cyclic heating and cooling
processes. The latter is a branch of thermal fatigue in which the constraints are externally applied,
such as the shell of a thermal battery which restricts axial expansion [24].
Viswanathan expands in his book about the cyclic behavior and effects of the interaction between
mechanical stresses (induced by internal pressure) and thermal stresses [26]. Repeated thermal
charging and discharging results in not only uneven expansion and contraction but also variations
in the internal pressure. The terms “in-phase” and “out-of-phase” are used to refer to the
comparison of waveforms of different forms of stresses. “In-phase” cycling is a result of the
maximum mechanical stress generated by the internal pressure and the maximum thermal stress
occurring at the same time. “Out-of-phase” cycling occurs when the peak mechanical stress
corresponds to the minimum thermal stress (or vice versa).
Kuwabara et al. categorized a large number of materials into 4 groups with regards to their
response to thermomechanical fatigue [27].
•
•
•
•

Type I – In phase (IP) life is shorter than out of phase life (OP) at low strain ranges
Type O – OP life is shorter than IP at low strain ranges
Type E – IP and OP lives are nearly the same
Type E’ – IP lives are shorter at high strain ranges but equal to OP life at low strain ranges

According to Viswanathan, in-phase thermomechanical fatigue life for types O and E can be
approximated with isothermal low cycle fatigue curves. Austenitic stainless steels, such as SS 304
and SS 316 are covered in this category [26].
A simple design analysis for comparison can also be performed using the Bree Diagram. Using
the maximum mechanical and thermal loads, the system’s operating stress regime can be
determined. The original concept has been modified by Moreton and Ng for alternate loading
patterns in which TES systems follow the “in-phase” mechanical and thermal loading diagram.
2

The stress regimes have corresponding strain behavior responses. The goal of designing pressure
vessels is to remain in either the elastic or shakedown regimes and avoid the ratcheting regimes.
There have been further modifications to the original Bree diagram for various conditions such as
“out-of-phase” mechanical and thermal loading, varying yield stress during on-load (startup of
power plant) and off-load (shutdown of power plant), and creep induced straining (during on-load)
[28-32].
The rapid charging of thermal batteries can result in thermal shocks due to extremely large
temperature gradients across the container wall. Lu and Fleck have performed an extensive study
of thermal shocks in numerous materials and their fracture response to varying Biot numbers [33].
Using dimensionless numbers, they calculated the transient thermal stress distribution and
determined a starting point for crack initiation. For a thorough understanding of the effects of crack
propagation, the previously determined stress distribution was incorporated into stress intensity
factors at already existing cracks. This study will analyze the effects of transient wall temperatures
and determine whether the maximum difference has the potential to initiate a crack in the metal
pipe surface.

Background
The Energy Innovation Lab at UCLA has performed numerous studies on the use of elemental
sulfur as a storage media in TES systems.
Current research into sulfur has demonstrated its viability as a thermal energy storage medium.
Nithyanandam et al. illustrates the cost-effectiveness, energy storage, and dispatchability benefits
of using sulfur over current state of the art two tank molten salt thermal batteries [10].
Instead of flowing storage media, Barde et al. proposed isochoric containment in a tube and shell
thermal battery configuration with an intermediate HTF. The results illustrate the compactness and
high energy density of using sulfur as the storage media [5].
Wells et al. performed a technology to market analysis for implementing SulfurTES in combined
heat and power applications (CHP). The study examined various strategies in order to determine
inexpensive methods of energy dissemination and utilization for commercial CHP applications
[8].
Shinn et al. developed a model for system level performance and cost analysis for an intermodal
shell and tube sulfur thermal battery. The study analyzed performance using exergetic efficiency
and discharge utilization [6].
Nithyanandam et al. performed studies into the convective heat transfer coefficient and
effectiveness of charging/discharging in horizontal sulfur thermal batteries at low temperatures.
Heat transfer is shown to be enhanced by the convection currents for larger diameter pipes which
relates to more efficient energy storage using sulfur for thermal energy storage [7,9].
Further investigation into the effects of physical orientation of sulfur thermal batteries
demonstrates that heat transfer varies from a horizontal to a vertical setup. Due to the sulfur mixing
3

(or a lack thereof) and conduction between the liquid sulfur and inner pipe surface, wall
temperature gradients may be larger in vertical setups.
To expand upon the horizontal studies of sulfur thermal batteries, Jin et al. performed an
experiment and developed a CFD model for the heat transfer characteristics of sulfur in vertical
storage containers. The model describes the behavior of sulfur liquid and the effects of buoyancy
driven convection currents in the closed vertical container [11].
Although the original consideration was to build a thermal battery with longitudinal HTF flow, for
large scale operations a cross-flow configuration would be a more practical approach. Given a
cross-flow configuration the axial temperature can be assumed to be uniform during the charging
and discharging processes.
The storage containers are filled to an 80% load fraction which is described as the ratio of the
sulfur and tube volumes
𝛾𝐿𝐹 =

𝑉𝑠𝑢𝑙𝑓𝑢𝑟
𝑉𝑡𝑢𝑏𝑒

Figure 2. Horizontal storage container in cross-flow
configuration
Figure 1. Vertical storage container in cross-flow
configuration

The rise in temperature of an isochoric system results in a rise in the internal pressure. Pressure
temperature characterization of the sulfur thermal batteries was performed, and the results shown
below. The experimental facility and procedures are explained in the appendix.

4

Figure 3. Pressure Temperature Characteristics of isochorically stored sulfur

Theory
Pressure Stresses
For an isochoric container, changes in temperature result in changes in the internal pressure of the
system as stated by Charles’ Law. Consequently, thermal cycling of the SulfurTES system results
in a cycling of the internal pressure. The elastic stress-strain equations in cylindrical coordinates
are provided as below [34]
𝐸𝜀𝑟 = 𝜎𝑟 − 𝜈(𝜎𝜃 + 𝜎𝑧 )
𝐸𝜀𝜃 = 𝜎𝜃 − 𝜈(𝜎𝑟 + 𝜎𝑧 )
𝐸𝜀𝑧 = 𝜎𝑧 − 𝜈(𝜎𝑟 + 𝜎𝜃 )

(1)
(2)
(3)

The radial and tangential strains are given as a function of radial displacement
𝜕𝑢
𝜕𝑟
𝑢
𝜀𝜃 =
𝑟

(4)

𝜀𝑟 =

(5)

The radial displacement expression can be written as
𝑢 = 𝐴𝑟 +
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𝐵
𝑟

(6)

Inputting this expression into the strain equations and the result into the cylindrical stress-strain
equations, the coefficients can be solved for the following boundary conditions
𝜎𝑟 = {

−𝑝, 𝑟 = 𝑟𝑖
0, 𝑟 = 𝑟𝑜

(7)

The coefficients “A” and “B” are then found to be
(1 + 𝜈)(1 − 2𝜈) ∗ 𝑝
𝑟2
𝐸 ∗ ( 𝑜2 − 1)
𝑟𝑖
(1 + 𝜈) ∗ 𝑟𝑜2 𝑝
𝐵=
𝑟2
𝐸 ∗ ( 𝑜2 − 1)
𝑟𝑖

𝐴 = −𝜈𝜀𝑧 +

(8)

(9)

The final stress expressions for a cylindrical pressure vessel are
−𝑝 ∗ (
𝜎𝑟 =

𝑟𝑜2
− 1)
𝑟2

𝑟2
( 𝑜2 − 1)
𝑟𝑖

𝑟2
−𝑝 ∗ ( 𝑜2 + 1)
𝑟
𝜎𝜃 =
2
𝑟
( 𝑜2 − 1)
𝑟𝑖
𝜎𝑧 = 𝐸𝜀𝑧 +

2𝜈𝑝
𝑟2
( 𝑜2
𝑟𝑖

(10)

(11)

(12)

− 1)

Two simplified engineering cases are considered for the sulfur TES system. The first is the plane
strain condition in which the tube is considered to be axially constrained in which longitudinal
expansion is not allowed. The expressions for this case are given
𝜀𝑧 = 0

𝜎𝑧 =

2𝜈𝑝
𝑟2
( 𝑜2
𝑟𝑖

(13)

(14)

− 1)

For a plane stress condition (free ends) the axial stress is set to 0 as the storage tube allowed to
expand freely
𝜎𝑧 = 0
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(15)

𝜀𝑧 =

−2𝜈𝑝
𝑟2
𝐸 ∗ ( 𝑜2 − 1)
𝑟𝑖

(16)

From these stress expressions it is discovered that the tangential (hoop) stress is the largest. Thus
for a failure-oriented analysis the hoop stress will be the most significant. The following figure
displays the comparison between the hoop, radial, and axial stresses for a size 4” NPS Sch 5 pipe
with sulfur at 600 °C.

Figure 4. Comparison of stresses in principal directions induced by internal pressure - 4" NPS Sch 5 pipe

7

Hydrostatic Pressure (Vertical Setup)
In a vertical setup the weight of liquid sulfur exerts pressure at the base of the tube. The expression
for hydrostatic pressure is given as
Δ𝑃 = 𝜌𝑠𝑢𝑙𝑓𝑢𝑟 𝑔 ∗ Δℎ

(17)

Thus, the pressure at the base of the tube is
𝑃2 = 𝜌𝑠𝑢𝑙𝑓𝑢𝑟 𝑔 ∗ Δℎ + 𝑃1

(18)

From the single tube experiments, sulfur vapor pressure generated at 600 °C is known and set as
P1 . The liquid sulfur density is set to 1800 kg/m3 and the tube length is varied between 1 and 5
meters. The effects of the hydrostatic pressure are observed over the 4 pipe sizes and each
corresponding schedule under consideration (12 tube dimensions).

Figure 5. Diagram of closed sulfur thermal battery

8

Bending Moment (Horizontal Setup)
In a horizontal setup the sulfur storage tube must be held up with vertical supports. In a thermal
battery two thick baffles at both ends can act as the primary supports. If it is assumed there are no
supports between them, the weight of the sulfur and the tube pushing down induces a moment.
This moment causes a tensile bending stress on the outer surface of the storage tube.

Figure 6. Force diagram of beam (sulfur battery) supported by two supports

The induced moment is given by
𝑀=

𝐹𝐿
4

(19)

Where the length is varied from 1 to 5 meters and the force is determined by the sum of the tube
and sulfur weights
𝐹 = (𝑚𝑠𝑢𝑙𝑓𝑢𝑟 + 𝑚𝑡𝑢𝑏𝑒 )𝑔

(20)

The moment of inertia of a circular beam is determined by the cross section and is given by
𝐼=

𝜋
∗ (𝑟𝑜4 − 𝑟𝑖4 )
4

(21)

Figure 7. Cross Section of cylindrical storage container

The maximum bending stress occurs at the outer radius of the tube
𝜎𝑚𝑎𝑥 =
9

𝑀𝑟𝑜
𝐼

(22)

Thermo-elasticity of axisymmetric components
The thermal cycling of the sulfur storage containers causes temperature gradients across the tube
wall which lead to uneven expansion and contraction resulting in thermal stresses. These
temperature gradients vary over time as the inner wall temperature will eventually equilibrate with
the outer wall. The following important assumptions are made in the design and analysis process
1. The storage tubes are under the engineering plane strain constraint and are thus there is no
axial displacement.
2. The tube temperature varies only in the radial direction (under assumption of cross-flow
tube configuration)
3. There are no heat generation sources within the tube thickness
4. Thermal and mechanical properties of the tube material are assumed to be independent of
temperature and are selected within the operating temperature range (200-600°C)
The stress-strain equations from Hooke’s law are presented as [36],
1
[𝜎 − 𝜈(𝜎𝜃 + 𝜎𝑧 )] + 𝛼𝑇
𝐸 𝑟
1
𝜀𝜃 = [𝜎𝜃 − 𝜈(𝜎𝑧 + 𝜎𝑟 )] + 𝛼𝑇
𝐸
1
𝜀𝑧 = [𝜎𝑧 − 𝜈(𝜎𝜃 + 𝜎𝑟 )] + 𝛼𝑇
𝐸
𝜀𝑟 =

(23)
(24)
(25)

And the displacement relations are given as,
𝑑𝑢

𝜀𝑟 =

𝑑𝑟

𝑢

1 𝜕𝑣

𝜀𝜃 = 𝑟 + 𝑟 𝜕𝜃
𝜀𝑧 =

𝜕𝑤
𝜕𝑧

(26)
(27)
(28)

The strain in the tangential direction can be simplified by assuming an axisymmetric system. If the
cylinder’s expansion about the central axis is assumed to be uniform the second term in the
tangential strain can be neglected. Force equilibrium in the radial direction results in equation (29)
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Figure 8. Force equilibrium diagram of finite cylindrical element

𝜕𝜎𝑟 1 𝜕𝜎𝑟𝜃 𝜎𝑟 − 𝜎𝜃
+
+
=0
𝜕𝑟 𝑟 𝜕𝜃
𝑟

(29)

Because the isochoric sulfur TES battery does not experience any torsion it can be assumed to be
an axisymmetric system with stresses only in the principle directions in which case the equilibrium
equation reduces to
𝜕𝜎𝑟 𝜎𝑟 − 𝜎𝜃
+
=0
𝜕𝑟
𝑟

(30)

The strain equations can be rearranged and substituted into the stress equilibrium equation and
solved with the following boundary conditions
𝑟 = 𝑟𝑖
𝜎𝑟 = 0 {𝑟 = 𝑟

𝑜

(31)

The general principal stress equations for the transient condition are given below [35]
𝑟
𝐸𝛼 1 𝑟 2 + 𝑟𝑖2 𝑟𝑜
𝜎𝜃 =
[ 2
∫ 𝑇𝑟𝑑𝑟 + ∫ 𝑇𝑟𝑑𝑟 − 𝑇𝑟 2 ]
2
2
1 − 𝜈 𝑟 𝑟𝑜 − 𝑟𝑖 𝑟𝑖
𝑟𝑖
𝑟
𝐸𝛼 1 𝑟 2 − 𝑟𝑖2 𝑟𝑜
[
∫
𝑇𝑟𝑑𝑟
−
∫
𝑇𝑟𝑑𝑟]
1 − 𝜈 𝑟 2 𝑟𝑜2 − 𝑟𝑖2 𝑟𝑖
𝑟𝑖
𝑟𝑜
𝐸𝛼
2
𝜎𝑧 =
[ 2
∫
𝑇𝑟𝑑𝑟 − 𝑇]
1 − 𝜈 𝑟𝑜 − 𝑟𝑖2 𝑟𝑖

𝜎𝑟 =

(32)
(33)
(34)

To simplify and maximize the equations the stresses are evaluated at the inner radius to eliminate
the second term in the brackets. In addition, the metal tubes have a high thermal conductivity and
a thin wall for which a linear temperature profile is approximated. Given the known wall
temperatures as boundary conditions the temperature profile is determined to be
𝑇(𝑟, 𝑡) = (

𝑇𝑜 (𝑡) − 𝑇𝑖 (𝑡)
𝑇𝑖 (𝑡)𝑟𝑜 − 𝑇𝑜 (𝑡)𝑟𝑖
)𝑟 + (
)
𝑟𝑜 − 𝑟𝑖
𝑟𝑜 − 𝑟𝑖

(35)

The largest magnitude of stress occurs on the inner wall in the tangential direction and it is given
as
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𝜎𝜃 (𝑟𝑖 , 𝑡) =

𝐸𝛼
2
[ 2
𝑇 ∗ − 𝑇𝑖 (𝑡)]
2
1 − 𝜈 𝑟𝑜 − 𝑟𝑖

(36)

Where T* is the first integral in equation (32) evaluated over the thickness
𝑇∗ =

𝑇𝑜 (𝑡) − 𝑇𝑖 (𝑡)
𝑇𝑖 (𝑡)𝑟𝑜 − 𝑇𝑜 (𝑡)𝑟𝑖
∗ (𝑟𝑜2 + 𝑟𝑜 𝑟𝑖 + 𝑟𝑖2 ) +
∗ (𝑟𝑜 + 𝑟𝑖 )
3
2
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(37)

Material Properties
The following table consists of thermal and mechanical properties that will be used in
calculations for the 3 materials in consideration [19-21].
These properties are also temperature dependent and the table will provide the range of values
between the temperatures under consideration (200-600°C)
Table 1. Required material properties for calculations in parametric study

Properties/ Materials
α (μm/m/°C)
E (GPa)
Ν
σy (MPa)
ρ (g/cm3)
kb (W/m*K)
σu (MPa)

SS 316
18.6
185-153
0.275
201-140
8.0
16.3
517-452

SS 304
18.4
183-150
0.29
182-113
8.0
16.2
472-367

Inconel 625
14.0
197-174
0.29
442-419
8.44
12.5
904-887

Table 2. Wall Thickness for pipes and corresponding schedules

PS/Sch (in)
2” NPS
(OD = 2.375”)
4” NPS
(OD = 4.500”)
6” NPS
(OD = 6.625”)
8” NPS.
(OD = 8.625”)

Wall Thickness (inches)
5
10
40
0.065”
0.109”
0.154”
0.083”

0.120”

0.237”

0.109”

0.134”

0.280”

0.109”

0.148”

0.322”
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Results and Discussion
Creep
Creep is the slow deformation of a material subject to constant mechanical stress at high
temperatures. Creep deformation comes in two forms, dislocation and diffusion. Dislocation creep
is a result of relatively low temperatures and large stress levels. In contrast, diffusion creep is the
result of high temperatures and low stresses. This study will use two different methods to compare
the impact of creep. The first will be the use of creep strains which will be applied in the fatigue
analysis in the next section and the second is the use of time-temperature parameters (TTP) which
will look at the amount of time required for creep rupture of a TES battery. In a sulfur TES battery
the internal vapor pressure is moderate and consequently results in diffusion creep where the
operating temperature is very high and the mechanical stresses are low.
The mechanical hoop stresses produced by the internal pressure of the sulfur vapor vary as a
function of pipe size and wall thickness as shown in equation (11). This stress is largest on the
inner wall of the storage container. The sulfur vapor pressures are at a maximum when the
SulfurTES is operating at its peak temperature setting. The following matrix provides the
maximum hoop stress calculated for each pipe size and schedule for tubes that are filled to 80% of
sulfur at 600°C.
Table 3. Hoop Stress generated by internal pressure of sulfur in an isochoric container at 600 C

Hoop Stress (MPa)
PS/Sch

5

10

40

2” NPS

25.8

15.1

10.5

4” NPS

38.6

26.5

13.1

6” NPS

43.3

35.1

16.5

8” NPS

56.6

41.5

18.7

The following flow chart shows how the creep strain per cycle is calculated.
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Beginning with the input temperature profile, the sulfur vapor pressure is calculated as a function
of time. Lamé’s equation for a thick-walled cylinder is used to convert the internal pressure into
hoop stress. This stress is input into material dependent strain rate equations. This strain rate is
integrated over the hold time for which the SulfurTES is at peak operating temperature. The result
is the creep strain per cycle. Because the charge and discharge times are short, and the operating
temperatures are low during these periods, the accumulated creep strains are negligible.
The strain rate equations for AISI 304, 316 stainless steels, and Inconel 706 are given as
𝜀̇𝐼𝑛𝑐 625 = 2.61 ∗ 10−28 ∗ 𝜎 8.95

(38)

𝜀̇𝑠𝑠304 = 1.30 ∗ 10−18 ∗ 𝜎 6.57

(39)

𝜀̇𝑠𝑠316 = 1.81 ∗ 10−25 ∗ 𝜎 8.74

(40)

These equations are empirically determined and extrapolated to lower mechanical stress ranges in
which the SulfurTES will operate.
The following plots show the incremental growth of plastic strain for the three materials over the
course of 30 years for daily cycles.
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Figure 9. Creep strain of SS 304 with respect to maximum hoop stresses in Table 3

Figure 10. Creep strain of SS 316 with respect to maximum hoop stresses in Table 3
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Figure 11. Creep strain of Inconel 625 with respect to maximum hoop stresses in Table 3

The following material comparison chart is generated using size 4” NPS Sch 40 pipes as sulfur
storage containers. This figure shows the material responses to creep behavior given the internal
pressure and operating temperature of sulfur thermal batteries.

Figure 12. Material Comparison using hoop stress from 4" NPS Sch 40 pipe
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The results of the structural analysis study show that because the internal pressure of sulfur vapor
in an isochoric tube is moderate, the resulting stresses are also relatively modest. The creep strains
generated from these mechanical stresses fall below 0.01% for SS 316 and Inconel 706. Other
materials such as SS 304 have a larger creep strain rate. The largest strain is produced in the
thinnest pipe size. The resulting strain for size 8” NPS Sch 5 after 30 years is 0.11%.
A satisfactory creep limit is to avoid deformation of 1% in 10,000 hours (ASME BPVC). During
operation, the SulfurTES system may experience a maximum hold time of 14 hours at 600°C. If a
daily cycle is run for 30 years the sulfur containers are held at 600°C for approximate total of
180,000 hours. Under these conditions the SS 304 tubes undergo a 1.06% deformation which
survives the previously mentioned standard.
Another commonly employed method of creep analysis is the use of time-temperature parameters
and their corresponding master curves. These master curves relate the rupture stress to the
parameters. One such TTP is the Larson Miller parameter which is given as
𝐿𝑀𝑃 = 𝑇𝑎𝑏𝑠 ∗ (log 𝑡𝑟 + 𝐶)

(41)

This parameter has two inputs: the absolute temperature and the rupture time in hours. The constant
“C” is material dependent and is usually 16-17 for most steels (including austenitic stainless) and
20-21 for nickel super alloys. The following master curves in figures Figure 13, Figure 14, Figure
15 for Inconel 625, SS 316, and SS 304 have been recreated based on previous studies [15-18].
The Larson Miller parameter is set on the abscissa and the values vary as the source papers use
different absolute temperature scales.

Figure 13. Larson-Miller Parameter analysis for Inconel 625 comparing 8" NPS Sch 5 hoop stress
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Figure 14. Larson-Miller Parameter analysis for SS 316 comparing 8" NPS Sch 5 hoop stress

Figure 15. Larson-Miller Parameter analysis for SS 304 comparing 8" NPS Sch 5 hoop stress

The largest hoop stress from the 8” NPS Sch 5 storage container is shown as the dashed purple
horizontal line. The dashed vertical green line marks the Larson-Miller parameter that refers to 20
years of operation at 600°C. The dashed vertical red line refers to 40 years of operation at 600°C.
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From these three plots of design curves the thermal battery can safely operate at the design
temperature and internal pressure for the given life range.
For a 40-year life the rupture stresses for Inconel 625, SS 316, and SS 304 are 236 MPa, 94.2 MPa,
and 79.8 MPa respectively. The margin of safety relation is given below
𝑀𝑎𝑟𝑔𝑖𝑛 𝑜𝑓 𝑆𝑎𝑓𝑒𝑡𝑦 =

𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝐿𝑜𝑎𝑑
−1
𝐷𝑒𝑠𝑖𝑔𝑛 𝐿𝑜𝑎𝑑

For the 8” NPS Sch 5 storage container the margin of safety is given for each material
𝑰𝒏𝒄𝒐𝒏𝒆𝒍 𝟔𝟐𝟓

𝑺𝑺 𝟑𝟏𝟔

𝑺𝑺 𝟑𝟎𝟒

𝟐𝟑𝟔
𝑴𝑶𝑺 =
− 𝟏 = 𝟑. 𝟏𝟖
𝟓𝟔. 𝟔

94.2
𝑀𝑂𝑆 =
– 1 = 0.66
56.6

79.8
𝑀𝑂𝑆 =
− 1 = 0.41
56.6
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Thermal Stress Calculations
The effects of thermal cycling during charging and discharging results in cyclic behavior of
pressure produced by sulfur vapor and thermal stresses caused by temperature gradients across the
pipe wall. The cyclic nature of these stresses induces fatigue of the storage container.
Thermal stresses are produced during charging and discharging of the SulfurTES when there is a
large temperature gradient across the tube wall. The sulfur inside the tube absorbs some of the
incoming heat yet prevents the temperature on the inner wall from rising at the same rate as the
temperature on the outer wall.
Using a CFD program for a tube containing sulfur, developed by Jin et al. [11], the wall
temperatures were determined using a steel tube and various charging rates. The outer wall is
controlled by a convective heat flux boundary condition to model a realistic charging environment.
The wall temperature is raised from 200°C to 600°C in 10 minutes and 6 hours. The slower
charging rate (6-hour charging) was selected to resemble the expected charge conditions and
provide a lower bound for the thermal stresses. The faster charging rate (10-minute charging) was
used to determine the largest possible thermal stresses and discover any potential for thermal
shocks. For this cross-flow tube configuration the outer wall is uniformly heated and the
temperature is assumed to be axially and azimuthally uniform.
A selective parametric study was performed for the various pipe sizes and charge rates. By varying
the charging rates, the computational model outputs different curves for temperature gradients.
These temperature gradients are used to calculate the thermal stresses generated in the storage
containers.
Heat transfer characteristics of isochorically stored sulfur vary between horizontal and vertical
configurations. As the sulfur is heated radially the temperature gradients induce buoyancy driven
convection currents. The cold liquid flows to the bottom and displaces the hot liquid. The
interaction between the sulfur and wall creates temperature gradients across the pipe thickness.
For the horizontal tubes the characteristic length is the diameter. For this study, the storage
containers dimensions are selected to be 4” and 8” NPS pipes with schedule 5 and schedule 40
wall thicknesses. These pipe wall thicknesses were selected to provide the upper and lower bounds
of temperature gradients. As the convection currents circulate the sulfur within the horizontal
setup, the pipe wall temperature gradients are largest near the base.
For the vertical setup the characteristic length is the pipe height. The length is varied to determine
the effects of buoyancy driven natural convection in the sulfur. For this study the 4” NPS Sch 5
and Sch 40 pipes are selected and to observe the effects of the length, 1 and 2 meter long pipes are
chosen. As a result, the inner wall temperature is lower on the part of the tube that is closer to the
base. The reason for this is the large characteristic length results in slower mixing of the cold and
hot sulfur liquids.
The parametric study is organized in the following table
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Table 4. Parametric Study scheme for thermal stresses

The maximum thermal stresses are calculated using the thermal stress equations (36) and (37)
determined in the thermo-elasticity theoretical setup.

Figure 16. Vertical Config. - Hoop Stress - 10 min charge

Figure 17. Vertical Config. – Temperature Differences - 10 min charge

Figure 18. Vertical Config. - Hoop Stress - 6 hr charge

Figure 19. Vertical Config. – Temperature Differences - 6 hr charge
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It is found that any charge time longer than an hour resulted in miniscule temperature differences
across the wall and consequently very small thermal stresses.

Figure 20. Horizontal Config. - Hoop Stress - 10 min charge

Figure 21. Horizontal Config. - Temperature Differences - 10 min
charge

Figure 22. Horizontal Config. - Hoop Stress - 6 hr charge

Figure 23. Horizontal Config. - Temperature Differences - 6 hr charge
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Fatigue Life Calculations
As a result of the thermal cycling, the alternating thermal and mechanical stresses cause the
storage container to undergo thermomechanical fatigue. Reproduced below are plots of the ε-N
fatigue life curves for 3 different materials: SS 316, SS 304, and Inconel Alloy 625 [19, 20, 23].

Figure 24. Fatigue Life material comparison

For a fatigue analysis it is important to note the ratio of the stresses to determine the appropriate
strain-life curves. The stress ratio or “R” ratio is given as
𝑅=

𝜎𝑚𝑖𝑛𝑖𝑚𝑢𝑚
𝜎𝑚𝑎𝑥𝑖𝑚𝑢𝑚

(42)

If the tube wall faces the same magnitude of stress but in opposite directions this “R” ratio is
considered to be -1. This means that the stresses that occur during charging are fully reversed
during discharging. When the TES is charging, hot air flows over the surface of the pipe wall and
metal expansions induces a tensile stress. During discharging, cooler air flows over the hot pipe
walls and metal contractions induce a compressive stress.
To determine the life of a system the total strain range per cycle must be calculated. This total
strain range is the sum of the elastic, plastic, thermal, and creep strain ranges
𝜀𝑡𝑜𝑡 = 𝜀𝐸 + 𝜀𝑃 + 𝜀𝑡ℎ + 𝜀𝑐𝑟𝑒𝑒𝑝
The elastic and plastic strain ranges are determined from the Ramberg Osgood relationship
which is given as
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(43)

1

𝜎
𝜎 𝑛′
𝜀𝐸 + 𝜀𝑃 = + ( ′ )
𝐸
𝐾

(44)

The thermal strain is the product of the thermal expansion coefficient and the maximum
temperature difference per cycle
𝜀𝑡ℎ = 𝛼∆𝑇

(45)

The creep strain has been calculated in the previous section.
Combining each component of the total strain range and plotting against the material fatigue
curves to failure results in the following charts.
The largest stresses were produced during the 10-minute charging cycles, consequently these
conditions generate the largest strains. It is clear to see that SulfurTES storage containers
fabricated using Inconel 625 and SS 316 would comfortably operate for 40 years, which is a
normal life span of thermal power plants.

Figure 25. SS 316 fatigue life and sulfur battery strain comparison

Figure 26. Inconel 625 fatigue life and sulfur battery strain comparison

For SS 316 and Inconel 625 the parametric study shows that regardless of configuration the
thermal batteries will survive the expected life span of 20-40 years. Only the upper and lower
strain limits are labeled with all others included in the blue hatched enveloped.
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Figure 27. SS 304 Fatigue life horizontal configuration - Strain Comparison

Figure 28. SS 304 Fatigue life vertical configuration - Strain Comparison

For SS 304, the creep strains generated by the internal pressure lead to failure with thinner pipe
sizes. In the vertical battery configurations the Sch 5 pipes fail before the minimum 20 year life.
The 8” NPS Sch 5 pipe has the largest hoop stress (56.6 MPa) and as a result suffers the most
from creep deformation whereas the 4” NPS Sch 40 pipe experiences the smallest hoop stress
(13.1 MPa) and is the least deformed.
In the horizontal battery configuration, the Sch 5 pipes also fail before the required minimum 20
year life. In addition, the minute difference between the two vertical Sch 5 pipes can be
explained with the difference in thermal strains. The 1 meter long Sch 5 pipe experiences a larger
temperature difference than the 2 meter long Sch 5 pipe which results in a larger thermal strain
as explained by equations (43) and (45).
The Bree Diagram can be used to determine the stress regime of SulfurTES containers from
which the corresponding strain ranges can be calculated using analytical expressions derived by
Moreton and Ng.
The Bree Diagram with the “in-phase” loading adjustments has been reproduced below and each
of the specific stress regimes has been labeled. “E” refers to the elastic regime, “S1” and “S2”
refer to the two shakedown regimes, “P1” and “P2” refer to the two plastic cycling regimes, and
“R1” and “R2” refer to the ratcheting regimes.
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Figure 29. Bree Diagram - In Phase Loading - Stress Regimes

According to the Bree Diagram and the in-phase loading adjustments made by Moreton and Ng
[28-30], for the tube to fall under plastic cycling the sum of the thermal and mechanical stresses
must be larger than twice the yield stress.
𝜎𝑝 + 𝜎𝑡ℎ > 2𝜎𝑦

(46)

The 8” NPS Sch 40 pipe in the vertical configuration experiences the largest thermal stresses of
141 MPa at the base of the storage container. Using the mechanical hoop stress caused by the
sulfur vapor pressure for this particular pipe size (18.7 MPa) in equation (46)
18.7 + 141 = 159
159 𝑀𝑃𝑎 ≯ 226 𝑀𝑃𝑎
The sum of the maximum values results in 159 MPa and is less than 226 MPa which is twice the
yield strength of SS 304 at the highest operating temperature, 600 °C. The combination of these
thermal and mechanical stresses place the sulfur storage containers in the shakedown regime. In
this stress regime the storage container experiences an initial plastic followed by a cycling elastic
strain response.
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Thermal Shock
Thermal shocks appears in solids when the temperature gradient across the thickness of the
structure exceed a critical value and cause cracking due to uneven expansion and contraction.
This critical temperature gradient that causes fracture can be determined using the following
equation
𝐵𝑖 ∗ ∆𝑇 =

𝜎𝑓
𝛼𝐸

(47)

Recall the Biot number given as
𝐵𝑖 =

ℎ𝐿𝑐
𝑘𝑏

(48)

The material properties involved in both expressions (thermal expansion coefficient, Young’s
Modulus, and thermal conductivity) are assumed to be constant at 200 °C, the initial pipe
temperature. The characteristic length under consideration is the thickness of the pipe wall.
The convective heat transfer coefficient for air is determined using the Bell-Delaware correlation
for a shell and tube heat exchanger. Because the heat transfer coefficient for air under a 6 hour
charging condition is too low this study will analyze the most challenging conditions of 10 min.
charging. As demonstrated in the fatigue analysis section for Figure 16 and Figure 17, the 10
minute charging environment produces the largest temperature gradients across the pipe wall.
ℎ𝑎𝑖𝑟,6ℎ𝑟 = 12.37

𝑊
𝑚∗𝐾

ℎ𝑎𝑖𝑟,10 𝑚𝑖𝑛 = 272

𝑊
𝑚∗𝐾

Rearranging the thermal shock expression with the Biot number provides the following relation
between the characteristic length and the maximum allowable temperature difference across the
wall before thermal shock causes crack initiation. The characteristic length that is considered for
this thermal shock analysis is the thickness of the pipe wall.
∆𝑇𝑚𝑎𝑥 =

𝜎𝑓
𝜎𝑓 𝑘𝑏
=
𝛼𝐸 ∗ 𝐵𝑖 𝛼𝐸ℎ𝑎𝑖𝑟 𝐿𝑐

(49)

Inputting the material constants into the expression outputs the following chart which illustrates
the material limits given a specific thickness.
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Figure 30. Thermal Shock Resistance chart, comparing material resistances and max temperature difference

The blue envelope shows the upper and lower limits of the pipe wall thickness parameter which
was studied in this paper. Any pipe with that range of wall thicknesses would require a minimum
temperature gradient of 1000 °C to cause a thermal shock failure.
The red dashed line refers to the maximum temperature difference observed in the parametric
study for a 10 minute charge. Within the pipe wall envelope, a 10 minute charge rate would not
generate a temperature gradient large enough to cause a thermal shock for any of the materials in
this study.
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Hydrostatic Pressure (Vertical Setup)
In a vertical setup the weight of the liquid sulfur exerts a pressure at the base of the storage tube.
This occurs because liquid sulfur is assumed to be incompressible, as a result the force produced
by the effect of gravity is transmitted through the body to the base.
The hydrostatic pressure is then input into the hoop stress equation (11) at the inner wall which is
plotted for all 12 combinations of pipe sizes and schedules. The effects of increasing liquid
pressure are observed by varying the storage tube length from 1 to 5 meters. A 5-meter-long
storage tube will be unlikely with these pipe dimensions as the aspect ratio of diameter to length
will too small. However, it is noteworthy that the hoop stress at the base of the tube does not vary
largely as the height of the tube is increased. For example, the size 8” NPS Sch 5 storage container
experiences hoop stresses between 61.1 MPa for a 1 meter tall tube to 63.3 MPa for a 5 meter tall
tube.

Figure 31. Hydraulic pressure induced hoop stresses for Sch 5 pipes

Figure 32. Hydraulic pressure induced hoop stresses for Sch 10 pipes
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Figure 33. Hydraulic pressure induced hoop stresses for Sch 40 pipes

The reason for the relative invariance of hoop stresses as function of length is the magnitude of
the sulfur vapor pressure. The sulfur vapor exerts a pressure large enough such that the weight of
the liquid does not have a significant impact as the tube height is increased.
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Bending Moments (Horizontal Setup)
In a horizontal setup the sulfur storage containers require multiple vertical supports in the form of
thick baffles. For this analysis a single tube is loaded with sulfur to an 80% storage volume and
supported only at the ends. The acting force is the weight of the sulfur and the metal tube. These
two supports induce a moment along the tube axis. The area moment of inertia is determined for a
hollow cylindrical beam and the tensile bending stress is calculated at the outer radius of the bottom
of the bending tube. The bending stresses are calculated for lengths between 1 and 5 meters and
are plotted for the 12 combinations of pipe sizes.

Figure 34. Bending Stress for stainless steel - 2" NPS pipes

Figure 36. Bending Stress for stainless steel - 6" NPS pipes

Figure 35. Bending Stress for stainless steel - 4" NPS pipes

Figure 37. Bending Stress for stainless steel - 8" NPS pipes
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The AISC standard is that bending stresses should not exceed 60% of the yield stress. The yield
stress for SS 304 at 600 °C is around 112 MPa which determines the upper limit of the allowable
stress to be 67 MPa. Each of these storage containers passes this standard with the exception of a
5-meter-long size 2” NPS Sch 5 pipe. The simple solution is to add an additional support baffle
along the middle of the tube which would reduce the moment and consequently the bending stress
by a factor of 4. Additional support baffles are recommended for all lengths in order to avoid any
unnecessary bending stresses.

Figure 38. Bending Stress material comparison for Sch 5 pipes

The previous results were plotted for stainless steel 316. The effect of the different materials is
shown above for Sch 5 pipes in all pipe sizes. The densities of SS 316, SS 304, and Inconel 625
are all very similar which results in similar downward forces from the weight of the tubes.
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Conclusion
This study performs a parametric design analysis for isochoric thermal batteries with sulfur (as the
storage medium) filled to 80% of the closed pipe volume. The analysis uses experimentally
determined pressure-temperature data and a CFD model to calculate the stresses and evaluate the
structural impact of three different damage mechanisms for potential failure.
The sulfur thermal batteries are analyzed for creep deformation using empirical correlations that
correlate strain rates to applied stress for a given temperature. It is found that SS 316 and Inconel
625 do not deform to a point of failure over the course of 20-40 years. SS 304 reaches a strain of
1.04% after 30 years. Time-temperature parameters are also used to determine the rupture stress
limit for which all three materials survive the expected life range. SS 304 has the lowest margin
of safety at 0.410.
A fatigue analysis is performed using the computational model which provides the transient wall
temperature values that can be computed into thermal stresses. The total strain is calculated from
all the contributing stress components and the creep mechanism to determine the life to failure
from fatigue. SS 316 and Inconel 625 storage containers survive for all the pipe dimensions in the
parametric study. SS 304 fails before the minimum 20 year requirement for the Sch 5 pipes and
survives past the 40 year life with the Sch 40 pipes.
An investigation into thermal shocks reveals that the temperature gradients induced by the fastest
charge rate (400°C in 10 minutes) are not large enough to cause fracture.
The recommendation of this study is the use of SS 316 pipes for isochoric sulfur TES batteries.
The SS 304 pipes are very susceptible to creep damage and will fail in the low cycle fatigue
induced environment of a thermal battery. A more thorough examination using finite element
analysis can be performed to observe the particular effects of pipe wall expansion along the axis
of the storage container.
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Appendix
Creep Strain Example Calculation
For a 4” NPS Sch 5 pipe the following example calculations demonstrates how the creep strain
rate is determined
P = 4.2705e0.0066T
@T = 600 C
P = 210 psig

4” NPS Sch 5 – SS 316
r_o = 2.25 in
r_i = 2.167 in
Plug the pressure into equation (11)
2.252
(
+ 1)
2.1672
𝜎𝜃 = −210 ∗
2.252
(
− 1)
2.1672

𝜎𝜃 = −5590 𝑝𝑠𝑖 = −38.6 𝑀𝑃𝑎 (𝑡𝑒𝑛𝑠𝑖𝑙𝑒)

The stress is then plugged into the SS 316 strain rate relation given in equation (40)
𝜀̇𝑠𝑠316 = 1.81 ∗ 10−25 ∗ (38.6𝑀𝑃𝑎)8.74
𝜀̇𝑠𝑠316 = (1.33 ∗ 10−11 ) %/ℎ𝑟

Finally integrate over the operating cycle period
14 ℎ𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑝𝑒𝑎𝑘 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝜀𝑠𝑠316 = (1.33 ∗ 10−11 )
𝜀𝑠𝑠316 = 1.86 ∗ 10−10
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Sulfur Loading Device (SLD)
The sulfur loading device was an experimental apparatus created to fill the required amount of
sulfur into storage containers for a lab scale thermal battery. A support structure was built with
strut channels to support both the SLD and the empty tube.
The SLD was designed to be filled with ~13 kg of powdered sulfur. Considering an approximate
porosity of 0.40 the total volume can be determined by the following equation
𝑉𝑆𝐿𝐷 =

𝑉𝑠𝑢𝑙𝑓𝑢𝑟 𝑚𝑠𝑢𝑙𝑓𝑢𝑟 ∗ 𝜌𝑠𝑢𝑙𝑓𝑢𝑟
=
= 638 𝑖𝑛3
1−𝜖
1 − 0.40

(50)

The sulfur volume is the product of the required mass (13 kg) and the density of solid rhombic
sulfur (2070 kg/m3). The result is the required volume for the SLD which is converted into imperial
units for convenience.

Figure 39. Design of sulfur loading device

Experimental Facility
A threaded pipe cap was used for the top of the SLD as a removable inlet port for the sulfur. The
largest purchasable cap was a 4” NPS female threaded pipe. In order to accommodate limited space
on the support structure, the SLD was manufactured by welding different pipe components. The
4” NPS cap connects to a 4” NPS threaded nipple. The nipple is welded onto a 4-8” expander and
then a 10” long 8” NPS pipe. The straight pipe connects to a series of reducers from 8-4” then
from 4-1.5” and finally a 1” NPS to a 1” tube fitting. The tube compression fittings are necessary
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for the two valves connected at the base of the SLD. The valves serve to separate the SLD and the
empty sulfur storage container such that a vacuum can be pulled in the storage tube and the
powdered sulfur can be entirely melted in the SLD.
An instrumentation subassembly is welded onto the top of the cap. This subassembly is made with
¼” SS 316 tubing and a cross connector with compression fittings. A thermocouple probe is
attached at the top and extends into the main body of the SLD where it directly measures the
temperature of the melting sulfur. Four more thermocouples are attached along the length of the
SLD.
The SLD was then welded to two flat plates that were connected to the support structure using
bolts. The SLD and the tube subassembly that connects with storage container are wrapped with 8
- 624 W heater tapes. The heater tapes are controlled by PID temperature controllers and solidstate relays. The entire system is then wrapped with ceramic fiber insulation.
Before the first use, the SLD is heated up to 200 °C in order to eliminate any organic contaminants
and burn off machining oils.
Experimental Procedure
The filling process begins by attaching the empty storage tube to the SLD with compression
fittings. The system valve is initially closed off and the cap is removed. The threads are cleaned
with a wire brush and the pre-determined amount of powdered sulfur is poured into the SLD. PTFE
tape is wrapped around the pipe nipple threads and the SLD cap is carefully placed on top and
tightened.
The SLD is slowly heated up to 170 °C at a rate of 2.5 °C/min and held for 2-3 hours to melt the
sulfur. At 170 °C the viscosity of sulfur is very low and the melted volume can easily flow through
the 1” ball valve fitting. During the heating of the SLD, a pump is used to pull a vacuum in the
storage tube. After this process the storage tube is also heated to 170°C using heater tapes
connected to a LabVIEW program. (NI 9474 module connects to 7 solid state relays (SSRs))
Once the thermocouple probe from the cap of the SLD reads ~160 °C, the system valve is swiftly
opened and the vacuum pulls the liquid sulfur into the storage tube. Both systems are kept at 170
°C for another hour to ensure there is no sulfur blockage along the connection and all of the powder
has melted.
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Figure 40. Assembly of Sulfur Loading Device (SLD), empty sulfur thermal battery and the filling process

Pressure Temperature Characterization Experiments
Why?
The heat treatment experiments of the sulfur storage tubes for the pilot demo had two purposes:
the first was to determine the pressure temperature characteristics of sulfur in an isochoric
container and the second was to eliminate any contaminant gases and “purify” the sulfur.
How?
First, the storage tubes were prepared through heat treatment. The purpose of this treatment was
to eliminate any organic contaminants or oils that might have coated the interior of the tubes during
manufacturing. This process was accomplished by wrapping the exterior with heater tapes and
insulation and venting the opening at the top as the tube was heated to 600 °C.
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Figure 41. Conditioning empty SS 316 pipe for sulfur filling process

Figure 42. Prepared sulfur thermal battery for PT tests

Next the sulfur was loaded (see previous Sulfur Loading Device section) into the storage tubes and
the pressure gauge subassembly was attached to the 1” instrumentation tube at the top. The
pressure gauge subassembly consists of 2 ½” ball valves, a tee compression fitting, and a 1”-1/2”
reducer. The pressure gauge connects to a ½” ball valve which is used to separate it from the
storage tube.
The system is pressurized to 300 psig with argon to perform a leak test. The soapy bubble test
allows a preliminary check of any potential leaks. A more comprehensive leak test is performed
by leaving the system pressurized overnight and noting any pressure drops the following day. A
pressure drop of 5 psig over 12 hours is considered acceptable.
Process
For the first cycle, the storage tube is flushed with argon and the internal pressure is allowed to
equilibrate with the ambient pressure. The system valve is closed and sealed with a compression
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cap and the tube is then heated up to 450 °C over 2 hours. During this time, the temperature of the
surface is recorded at intervals of 5 psig. The heaters are held at the maximum temperature for an
hour so the sulfur temperature is uniform throughout the storage container and the pressure
stabilizes to a constant value.
Before each cycle, the gauge valve is shut close and a vacuum is pulled from the storage tube.
After half an hour, the vacuum is replaced with argon gas which provides an inert environment for
the sulfur vapor during heating. In subsequent cycles of pressure-temperature characterization, the
sulfur filled storage container is heated to 600 °C.
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Accelerated Life Test & Non-Destructive Examination
This study describes an analytical method of determining material life under the operating
conditions for a sulfur TES battery. Another path could be to perform an accelerated life test
experiment (ALT). An ALT experiment would be accomplished by subjecting a sulfur thermal
battery to more extreme conditions and stresses than those induced by normal and expected
operation. These extreme conditions, relevant to isochoric sulfur thermal batteries, would be
significantly higher operating temperatures and faster cycles which would generate both larger
thermal and pressure stresses. Performing multiple ALT experiments with varying magnitudes of
stresses would output the corresponding number of cycles to end of life. This curve of stress vs
life can be used to extrapolate the total number of cycles required for the sulfur TES battery to fail
under expected operating conditions (600 °C, daily cycles with 6 hour charge rates).
After these accelerated life tests are completed, examination of the material is performed to
determine if there are any cracks or weakened portions that are susceptible to fracture. The
following methods are used for the experimental validation and analysis.
Active Thermography
After testing is complete the sulfur battery is opened and inspected for visible cracks. The battery
is heated up and an infrared (IR) camera is used to examine the surface of the pipe. Cracks and
holes on the battery will heat up differently than the rest of the system [39, 40].
Weld X-Ray Radiography
Thorough examination of the sulfur battery can be performed using x-rays. This method can
determine cracks, porosity and points of failure at welded joints. The x-ray method allows for
microscopic images of defects or deformations [39].
Eddy Current
A probe is charged by an AC oscillator to create an oscillating magnetic field. The magnetic field
penetrates the sulfur battery and a receiver probe recreates an image using the current in the
surface. Discontinuities (cracks, pores, holes, etc.) will be detected as changes in the impedance
along the surface alter the receiver readings [39].
Ultrasonic Testing
Another method for the ALT experimental analysis is performed using ultrasonic waves. Ultrahigh frequency sound waves are transmitted into the sulfur battery surface. The response which is
a function of the geometry and mechanical properties is observed using either the same or another
transducer [39, 41].
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Stress Intensity Factors – Crack Propagation
Once a crack is initiated in the surface of the storage container, alternating stresses
lead to crack propagation and growth. There are 3 fracture modes
• Mode 1 (Opening Mode) – Tensile stress is applied normal to the crack plane
• Mode 2 (Sliding Mode) – Shear stress is in the parallel direction to the crack
plane and perpendicular to the crack front
• Mode 3 (Tearing Mode) – Shear stress is parallel to the crack plane and
parallel to the crack front.
A method of determining crack propagation is the use of Paris’ Law, which relates
the applied stress to crack growth per cycle. This is the fracture mechanics method
of determining fatigue life. The general expression for the crack length (“a”) growth
per cycle (“N”) is given as
𝑑𝑎
= 𝐶∆𝐾 𝑛
𝑑𝑁

(51)

Where “C” and “n” are empirical constants, these values for SS 316 are given below
as
𝑚𝑚
𝐶 = 2.03 ∗ 10−8
(𝑀𝑃𝑎 ∗ 𝑚0.5 )𝑛
𝑛=3
The stress intensity factor is given below as
𝐾 = 𝑌𝜎√𝜋𝑎

(52)

Where the coefficient “Y” is a geometric correction factor which is determined by
the position and shape of the crack. In this scenario the crack has already been
initiated and the value of “a” is the initial crack depth into the wall [37, 38].
This “Y” coefficient is determined with the following equations for a surface crack
on the inside of a cylindrical container.
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Figure 43. Cylindrical cross section with an interior crack
of depth "a"

Figure 44. Longitudinal Surface Crack in a cylinder of depth “a”,
length “2c” and thickness “t”

(53)

𝑌 = 0.97 ∗ 𝑀0 𝑔1 𝑓𝜑 𝑓𝑐 𝑓𝑖 𝑓𝑥
(1 + 𝑘 2 )
2𝑡
𝑓𝑐 = [
+ 1 − 0.5√𝜈] [
]
2
(1 − 𝑘 )
𝐷 − 2𝑡
2𝑡
𝑘 =1−
𝐷
1.0 𝑓𝑜𝑟 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑟𝑎𝑐𝑘𝑠
𝑓𝑖 = {
1.1 𝑓𝑜𝑟 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑟𝑎𝑐𝑘𝑠
𝑎 2
𝑎 4
𝑀0 = 𝑚1 + 𝑚2 ( ) + 𝑚3 ( )
𝑡
𝑡
10°

𝑓𝑜𝑟

𝜙={
90°

𝑓𝑜𝑟

(54)
(55)
(55)
(56)

𝑑𝑐
𝑑𝑁
𝑑𝑎
𝑑𝑁

(57)

Table 5. Equations for geometric coefficient used in stress intensity factor

𝒂
≤𝟏
𝒄
𝒇𝒙
𝒇𝛗
𝒎𝟏

𝒂
>𝟏
𝒄

1

𝑎 1.65 −2
[1 + 1.464 ∗ ( ) ]
𝑐

(3)

1

1

𝑎 1.65 −2
[1 + 1.464 ∗ ( ) ]
𝑐
1

2
4
𝑎
[( cos 𝜙) + sin2 𝜙]
𝑐
𝑎
1.13 − 0.09 ( )
𝑐

2 4
𝑐
[cos 2 𝜙 + ( sin 𝜙) ]
𝑎
1
3
−
𝑎 2
𝑎 −2
( ) + 0.04 ( )
𝑐
𝑐
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𝒎𝟐
𝒎𝟑

𝒈𝟏

−0.54 +

𝑎 −4
0.2 ( )
𝑐

0.89
𝑎
(0.2 + ( 𝑐 ))
24

1

𝑎
0.5 −
+ 14 (1 − ( ))
𝑎
𝑐
(0.65 + ( 𝑐 ))
𝑎 2
1 + (0.1 + 0.35 ( ) ) (1 − sin 𝜙)2
𝑡

𝑎 −4
−0.11 ( )
𝑐
0.35 𝑎 2
1 + (0.1 + 𝑎 ( ) ) (1 − sin 𝜙)2
(𝑐 ) 𝑡

The largest thermal stresses are observed to happen on the inside of the pipe as such crack initiation
would also occur on the interior of the pipe wall. The following figure will observe crack
propagation into the pipe wall by varying the crack depth for a constant crack length “c” of 2 mm.

Figure 45. Crack propagation rates for varying initial crack depths "a" of a 4” NPS Sch 40 Pipe

Commonly manufactured metals have surface finishes that reduce initial crack lengths to 100
microns. If this 100 micron length is assumed to be the initial crack depth and the maximum
thermal stress from Figure 16 is used (141 MPa), the final crack depth after 40 years is 110
microns. Thus it can be concluded the thermal stress from 10 minute charging for a vertical setup
does not induce noticeable crack propagation.
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Temperature Boundary Condition Charging
The transient thermal stress and wall temperature plots presented in this study were determined
from a CFD software using a convective heat flux boundary condition. Early calculations were
performed using similar setup conditions with a temperature boundary condition. This boundary
condition overlooks the heat transfer mechanism to the solid tube and only focuses on the rate of
heating on the outer wall. The basis for this assumption is that very close to the pipe wall the
temperature is the same as that of the heat transfer fluid. Any changes to the HTF temperature are
considered as the same as any changes to the tube wall temperature.
The following conditions are applied to a 2” NPS Sch 10 pipe that is filled to an 80% load fraction
of sulfur.

Figure 46. Temperature Boundary Condition 10 min chargethermal stress

Figure 47. Temperature Boundary Condition 10 min charge temperature difference

Figure 48. Temperature Boundary Condition 20 min charge
- thermal stress

Figure 49. Temperature Boundary Condition 20 min charge temperature difference
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Figure 50. Temperature Boundary Condition 40 min charge thermal stress

Figure 51. Temperature Boundary Condition 40 min charge temperature difference

Both spatial and temporal variations are highlighted in these plots. Once again, the temperature
difference along the base of the storage container is the largest. However, the spatial variation is
not linear and the transient thermal stresses in the middle are much closer in magnitude to those
near the top.
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