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Abstract

Coupled thermal-structural finite element calculations of a reflux pool-boiler solar receiver
were performed to characterize the operating stresses and to address issues affecting the ser-
vice life of the receiver. Analyses performed using shell elements provided information for
receiver material selection and design optimization. Calculations based on linear elastic frac-
ture mechanics principles were performed using continuum elements to assess the vulnerabil-
ity of a seam-weld to fatigue crack growth. All calculations werz performed using ABAQUS,
a general purpose finite element code, and elements specifically formulated for coupled ther-
mal-structural analysis. Two materials were evaluated: 316L SS and Haynes 230 alloys. The
receiver response was simulated for a combination of structural and thermal loads that repre-
sent the startup and operating conditions of the receiver. For both materials, maximum
stresses in the receiver developed shortly after startup due to uneven temperature distribution
across the receiver surface. The largest effective stress was near yield in the 316L SS receiver
and below 39 percent of yield in the Haynes 230 receiver. The calculations demonstrated that
significant stress reductions (over 25 percent) could be obtained by reducing the aft dome
thickness to one closer to the absorber. The fatigue calculations demonstrated that the stress
distribution near the seam-weld notch depends primarily on the structural load created by
internal pressurization of the receiver rather than the thermal loads, indicating that the thermal
loads can be neglected when assessing the stress intensity near the seam-weld notch. The
stress intensity factor, computed using the J-integral method and crack opening-displacement
field equations, was shown to be significantly below the fatigue threshold for most steels. Fur-
thermore, the calculations indicated that the weld notch was always loaded in compression, a
condition which is not conducive to fatigue crack growth.
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1 Introduction

Sandia National Laboratories, together with the U. S. Department of Energy, has identified
Stirling Dish-Electric systems as having potential to meet long-term program goals in solar
energy [1]. In the solar dish-electric concept, a receiver absorbs energy reflected from a para-
bolic mirror which tracks the sun. Thermal energy from the receiver is used to drive an
engine, which powers an electric generator. Many types of conversion devices have been con-
sidered for dish-electric systems; however, the Stirling engine is of greatest interest because it
has exceptionally high thermodynamic efficiency [2]. The term reflux is used to describe the
method by which thermal energy is transferred to the Stirling engine. In a reflux receiver, a
liquid metal functions as an intermediate heat transfer fluid between the solar absorber and the
heater tubes of the Stirling engine. This intermediate fluid is contained in an evacuated vessel
and vaporized from the backside of the solar absorber. The vapor condenses on the Stirling
engine heat tubes, releasing the latent heat, and then passively returns to the backside of the
solar absorber due to gravity (refluxing). Pool-boiling assures that there is sufficient inventory
of liquid metal to completely wet the absorber surface and establish a convective current.

A prototype sodium reflux pool-boiler receiver, developed at Sandia National Laboratories by
the Solar Thermal Electric Technology Division (6217), was recently tested on-sun. Figure 1
is a schematic of the Sandia-developed reflux pool-boiler receiver. The solar receiver dish con-
sists of two 316L stainless steel spherical domes, the absorber and aft-dome, edge-welded to-
gether to form a hermetically sealed hollow dish. The space between the absorber and aft-dome
contains liquid sodium. The receiver’s sodium inventory of 12.7 pounds ensures that the entire
absorber surface will be wetted in all dish orientations. During current on-sun testing, the
Stirling engine has been replaced by a cold water calorimeter for controlled heat extraction.
The operating environment exposes the receiver to transient temperatures ranging from 20 °C
to 820 °C. The loading is cyclic with at least 10,000 startup/shutdown cycles expected during
the design lifetime. In addition to the thermal loads, the receiver is subject to a cyclic change
in internal pressure between zero and one-half atmosphere absolute. The receiver must contain
the liquid sodium which will burn when exposed to air. Detailed knowledge of the thermal
stresses induced in the absorber is needed to design the receiver to operate for its 30-year life-
time.

As an intermediate step in the development of a next-generation receiver, two changes in the
original design have been considered: using Haynes 230 alloy which is more creep resistant
than 316L stainless steel, and replacing the edge-weld with a seam-weld. Design requirements
of this intermediate design include maximizing thermal efficiency while optimizing structural
performance and component life. The Solar Thermal Electric Technology Division requested
that the Engineering and Structural Mechanics Division (1514) provide structural analysis sup-
port for the reflux pool-boiler receiver project. Coupled temperature-displacement analyses
have been performed for receiver material selection, design optimization, and issues that affect
the lifetime of the receiver [3,4,5,6]. All calculations were performed using ABAQUS, a gen-
eral purpose finite element code, and elements specifically formulated for coupled thermal-
structural analysis [7]. Analyses performed using shell elements provided information for re-
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Figure 1. Schematic of the reflux pool-boiler receiver [8].
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ceiver material selection and design optimization. Calculations based on linear elastic fracture
mechanics principles were performed using continuum elements to assess the vulnerability of
the proposed seam-weld to fatigue crack growth. These analyses, coupled with results of de-
velopmental testing, are intended to assess the performance of the prototype receiver and to as-
sist in the development of a next-generation receiver.

This report documents and summarizes the results of structural analyses performed for and
presented to the Solar Thermal Electric Technology Division. The next section provides a
general description of the problem, including geometrical assumptions, material properties,
and boundary conditions. Section 3 presents coupled thermal-structural analyses performed
with shell elements. These calculations characterize the overall receiver stresses and address
optimization issues. A critical issue in assessing the life of the receiver is the fatigue strength
of the seam weld which joins the absorber and aft dome [9]. Section 4 presents a more
detailed fatigue analysis of this seam-weld. Finally, conclusions and recommendations are
presented in Section 5.

10



2 Problem Definition

2.1 Problem Geometry

Figure 2 shows the idealized geometry and dimensions used for modeling the reflux pool-
boiler receiver. The receiver model consists of the absorber, which is a spharical dome with a
219-mm radius and a 70.2-degree half angle, and the aft dome which is another spherical
dome with a 208-mm radius. The design gap between the domes is nominally 34.3 mm. The
thickness of the absorber is 0.813 mm compared to 3.18 mm for the aft dome. In the prototype
receiver, the absorber is edge-welded to the aft dome around its outer circumference. A seam-
weld has been proposed as a change to the original design.

The receiver assembly is supported by a 203-mm-diameter pipe (see Figure 1) designed to
mate with a cold water calorimeter for controlled power extraction. Since the primary interest
was in receiver response to thermal loads, the pipe mount was not included in the finite ele-
ment models. There is no differential expansion between these components because the sup-
port pipe is constructed of the same material as the receiver. However, the bending moment
imposed by the support pipe on the aft dome is neglected in this simplification. This assump-
tion allowed for an axisymmetric representation of the receiver.

Aft Dome 208 mm Spherical Radius

219 mm Spherical Radius

Design Gap

3.175 mm

-t

Absorber

Approximate dome heights.
Actual dome heights determined
by apex and edge fits.

Liquid Sodium

Figure 2. Geometric detail of the reflux pool-boiler receiver.
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2.2 Material Properties

The prototype receiver currently undergoing on-sun testing is constructed of 316L stainless
steel, but plans call for a next-generation receiver to be constructed of Haynes 230 steel which
is more creep resistant than 316L SS. Both materials were modeled as linear-elastic with tem-
perature dependent material properties. The material properties, specified as functions of tem-
perature, are the elastic modulus presented in Table 1, the thermal conductivity in Table 2, and
the coefficient of thermal expansion in Table 3. A temperature independent Poisson’s ratio of
0.3 was used for both alloys, and yield stresses of 103 and 260 MPa were used for 316L SS
and Haynes 230 at 800 °C, respectively.

2.3 Structural Boundary Conditions

The structural boundary conditions used in the analyses are shown schematically in Figure 3a.
Radial displacements of the absorber and aft dome are specified to be zero at the axis of sym-
metry. The centerline node on the back surface of the aft dome is constrained in both the axial
and radial directions to remove axial rigid body deformation from the problem. The coordinate
s, denoting surface position on the receiver and afi dome, is defined in Figure 3b. This param-
eter will be used later for presentation of temperature data and analysis results.

YA YA
s =560 mm

s=275mm

_ T 4 ———— T

(a) (b)

Figure 3. (a) Structural boundary conditions used for the reflux pool-boiler receiver
analyses. (b) Definition of the surface position variable, s, used for the presen-
tation of results.
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Table 1. Temperature Dependent Elastic Moduli Used for the Pool-Boiler Receiver

Analyses.
° 316L Haynes 230
" Temperature (°C) Elastic Modulus (GPa) Elastic Modulus (GPa)
100 190.1 207
200 184.0 202
300 176.7 196
400 168.3 190
500 159.9 184
600 149.1 177
700 138.6 171
800 126.1 164

Table 2. Temperature Dependent Thermal Conductivity Used for the Pool-Boiler
Receiver Analyses.

o 316L Haynes 230
Temperature (°C) Conductivity (W/m K) Conductivity (W/m K)
100 12.7 10.4
200 16.34 12.4
300 17.94 14.4
400 19.48 16.4
500 20.96 18.4
600 2239 20.4
700 2376 22.4
800 25.07 24.4

Table 3. Temperature Dependent Coefficient of Thermal Expansion Used for the Pool-
Boiler Receiver Analyses.

316L Haynes 230
Temperature (°C) Coefficient of Thermal Coefficient of Thermal
Expansion (x 10-6 °C -1) Expansion (x 10-6 °C -1)
100 15.8 12.7
200 16.7 13.0
300 17.2 13.3
400 17.8 13.7
500 18.3 14.0
600 18.6 14.4
700 18.9 14.8
800 19.2 15.2
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To represent loading induced by the pressure differential between the liquid sodium and the
surrounding atmosphere, a uniform pressure boundary condition was applied to the aft dome
and absorber as shown in Figure 3a. The external pressure, P, represents the local ambient
pressure (84.1 kPa in Albuquerque, NM), while Py, is the absolute pressure of the liquid sodi-
um given by the following equation [10]

1
logP; , = 6.354 - -Sfrﬂ —0.5logT M

where T is the sodium absolute temperature in Kelvin (K) and Py, is in standard atmospheres.
According to Equation (1), the internal pressure, P, 1s zero absolute at amo:cnt temperature
(300 K) and increases with increasing temperature. Consequently, the applied pressure (P, -
P, is initially 84.1 kPa (approximately 1 atm.) when the receiver is off-sun, and decreases to
an on-sun steady state value of 32.9 kPa (approximately 0.5 atm.) at 800 °C.

2.4 Thermnl Boundary Conditions

The thermal model of the receiver utilizes temperature data taken from thermocouples at dis-
crete points on the outer surfaces of the absorber and aft dome as well as a computed incident
solar flux distribution. The absorber thermocouple data have not been corrected for the effect
of the incident solar flux, and are estimated to be up to 20 °C higher than the absorber temper-
ature, depending on the flux level. The convention illustrated in Figure 4 is used to denote the
two sides of the aft dome and the absorber shells. The inner surfaces of the shells are in con-
tact with the liquid sodium (internal to the sodium containment), while the outer surfaces are
exposed to the atmosphere. During startup (Figure 4a), temperatures are defined on the outer
surface of the absorber where they were measured, and the solar flux is applied on the inner
surface where the temperatures were not known. Aft dome temperatures, also measured on the
outer surface of the receiver, are assumed constant through the shell thickness. The assumed
temperature profile of the receiver, shown in Figure 5, is based on temperature data measured
at six discrete locations on the prototype receiver. The data are presented as a function of the
surface distance coordinate s defined in Figure 3b. Each temperature data point represents the
average of four measurements made at 90° intervals at the same surface position on the
receiver. The temperature data were linearly interpolated between the data points. The spa-
tially varying flux distribution, shown in Figure 6, was calculated using CIRCE2 [11}, a com-
puter code for calculating incident solar flux distributions of point-focus concentrators. For
each absorber element, the flux data were entered into the analysis as a function of the radial
coordinate of the element. The sodium temperature used to calculate the internal pressure in
Equation (1) was assumed equal to the temperature at the aft dome axis of symmetry.

When steady state operating conditions are reached (Figure 4b), a constant temperature
boundary condition of 811.5 °C is specified on the inner surface of the absorber, and the spa-
tially varying flux distribution in Figure 6 is specified on the outer surface of the absorber.
The temperature specification during this phase of operation was moved to the inner surface

14



outer surface Prescribed Temperature

Aft Dome

Absorber

Incident Flux
T

(a) Startup Phase

Outer SUrfaCe

Aft Dome Prescribed Temperature

Absorber

Incident Flux
T
(a) Steady State Phase

Figure 4. Thermal boundary conditions used for the reflux pool-boiler receiver analysis.
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because an estimate of the wall temperature can be made at the sodium/wall interface based
on the measured bulk sodium temperature (assumed to be uniform) and the estimated wall

superheat. The aft dome is subjected to a constant temperature boundary condition of 811.5
°C through the thickness of the shell.
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3 Shell Analyses of Receiver

Coupled thermal-structural calculations were performed with an axisymmetric shell model of
the receiver. The calculations were performed to characterize the stress generated by heating
the receiver during startup and steady state operation. Both 316L. SS and Haynes 230 were
considered. Furthermore, the same model was used to investigate the effects of aft dome
thickness reductions in a Haynes 230 receiver. Reducing the aft dome thickness would result
in a significant savings in material costs. The analyses were performed for both startup and
steady state phases of operation. The following sections present the details of the finite ele-
ment model, the receiver material assessment calculations, and the aft dome optimization
study.

3.1 Details of Finite Elemen: Analyses

The geometry assumptions and load conditions discussed in the preceding section allowed the
use of an axisymmetric model of the receiver. The model was constructed using 80 three-
noded axisymmetric shell elements developed specifically for coupled thermal-structural
analyses. These elements use quadratic interpolation for the geometry and displacements
while the temperatures are linearly interpolated from the end nodes and piecewise quadrati-
cally through the shell thickness. Five integration points through the shell thickness were
specified for all calculations.

During startup, the six temperature distributions shown in Figure 5 were individually and
sequentially applied and the solutions were obtained independently as quasi-steady state solu-
tions. The steady state operating phase of the receiver is analyzed as a seventh steady state
solution. The quasi-steady state assumption is appropriately based on the thermal diffusivity
of the material, the absorber wall thickness, and the relatively long times involved in the
startup process. The receiver reacts much more rapidly to transient external conditions com-
pared to the time required to start the receiver (9 minutes). As a result, transient effects are
negligible. For each solution, the thermal strains are calculated from an initial reference
temperature of 20 °C.

3.2 Receiver Material Assessment

Although each nodal point has temperatures computed at five points through the shell, only
the temperatures at the inner and outer surfaces are presented for all seven time steps. In addi-
tion, stress output from the axisymmetric shell elements is provided in the form of meridional
and circumferential stresses at the inner and outer surfaces. The stress results are presented for
Steps 3 and 7 for each analysis because the largest stresses are generated at Step 3 of startup,
and Step 7 corresponds to steady state on-sun operation. Both the temperature and stress
results are presented as a function of the surface distance coordinate, s, defined in Figure 3b.

18



3.2.1 316L SS Receiver

The nodal temperatures computed along the inner and outer surfaces of the 316L SS receiver
are shown in Figure 7 and Figure 8, respectively. Curves 1 through 6 correspond to the startup
thermal profiles and Curve 7 corresponds to the steady state temperature distribution. The
curves in Figure 7 for s greater than 0.266 m and the complete curves in Figure 8 agree with
the input temperatures shown in Figure 4. The inner surface temperatures shown in Figure 7
for s < 0.266 m show only slight variations from the prescribed temperatures. This indicates
that the temperature gradients through the thickness are small.

The meridional and circumferential stress distributions in the 316L SS receiver are shown in
Figure 9 and Figure 10 for Steps 3 and 7, respectively. The meridional and the circumferential
stress profiles are nearly equal. As a result, the effective von Mises stress are of similar mag-
nitude to the individual components and are therefore not presented. The absorber shell is sub-
jected to nearly pure bending with the inner surface of the shell in tension and the outer
surface in compression. The stress magnitudes exceed 100 MPa. The bending response is due
to the differential thermal expansion through the wall thickness caused by the temperature
gradient. Large stress gradients occur near the junction of the absorber and aft dome due to the
difference between the average temperatures of the absorber and aft dome and the geometric
discontinuity which exists between the shell thicknesses at this location. The effective stress is
very close to the 103 MPa yield strength of 316L SS. Membrane stresses in the receiver are
characterized by an offset from zero in the average meridional and circumferential stress com-
ponents. This membrane stress is tensile in the absorber and compressive in the aft dome.

At steady state operating conditions, the inner surface remains in tension, and the outer sur-
face remains in compression with the maximum tensile and compressive stresses reduced to
42 MPa and -33 MPa, respectively. The meridional and circumferential stresses for the outer
surface are almost identical and overlap in Figure 10. The stress profiles exhibit the distinctive
double hump characteristic of the incident solar flux distribution shown in Figure 6. Near the
absorber edge, the stress components are only 10 MPa because the surface temperature of the
receiver 1s more uniform during steady state operation. At steady state, the edge stress gradi-
ent is due primarily to the geometric discontinuity which exists at the absorber/aft dome inter-
face.

3.2.2 Haynes 230 Receiver

The temperatures generated on the inner and outer surfaces of the Haynes 230 receiver were
practically the same as those discussed for the 316L SS receiver. As a result, they are not pre-
sented. The similarity was not surprising since the thermal properties of the two materials are
so similar. The comments made regarding the temperature distribution for the 316L SS
recelver are still valid for this receiver material.
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Figure 7. Absorber and aft dome inner temperature profiles for startup and steady
state operating conditions.
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The meridional and circumferential stress profiles in the Haynes 230 receiver are shown in
Figure 11 and Figure 12 for Steps 3 and 7, respectively. Again, the stress gradient through the
shell thickness is caused by the thermal gradient and is characteristic of a pure bending load.
The stresses on the inner surface are tensile and the stresses on the outer surface are compres-
sive. As in the 316L SS receiver, large stress gradients occur near the weld location due to the
difference between the average temperatures of the absorber and aft dome. During startup, the
maximum tensile stress is near 100 MPa wtile the maximum compressive stress is -77 MPa.
During steady state operation, the inner surface values reach a maximum of 45 MPa and the
outer surface stresses reach a maximum near -35 MPa. The stress near the absorber edge
reduced to 20 MPa from a startup value of 90 MPa because the surface temperature of the aft
dome and absorber is uniform during steady state operation. The small stress gradient present
during steady state operation is due primarily to the geometric discontinuity of the seam-weld
and the different thicknesses of the absorber and aft dome. The stress profile contains the dou-
ble hump shape characteristic of the incident solar flux distribution shown in Figure 6. The
maximum effective stress in the receiver is about 39 percent of the 260 MPa yield strength of
Haynes 230 at 800 °C.

3.2.3 Conclusions on Material Selection

The temperature distributions obtained for 316L SS and Haynes 230 are essentially the same
due to their similar material properties. The stresses in the 316L SS receiver are near the yield
strength (103 MPa), while the higher yield strength of Haynes 230 results in maximum
stresses about 39 percent of yield (260 MPa). The maximum stresses in both materials are
generated during startup due to the uneven temperature distribution across the receiver sur-
face. It should be noted that the larger stresses at the weld location during startup might not
represent the actual operating stress because of the low resolution of the temperature data and
the linear interpolation scheme applied to them. The stress magnitude would be smaller if
startup temperatures across the receiver surface were more uniform.

3.3 Aft Dome Optimization

In the preceding calculations, a large stress jump was observed at the seam-weld interface of
the absorber and aft dome. This jump could be attributed to two factors: the uneven tempera-
ture distribution over the receiver and the geometric discontinuity of the shell thicknesses at
this location. The latter cause could be eliminated by reducing the aft dome shell thickness to
one closer to the absorber. However, this would also increase the membrane stresses on the aft
dome since the stress area would be reduced. The following calculations investigate the effect
of reducing the aft dome thickness on the overall stress state of the receiver.

The reduced aft dome calculations utilize the same model and boundary conditions used for
material assessment. Subsequently, the temperature profiles in the receiver were identical to
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those shown in Figure 7 and Figure 8. Since these calculations were performed for optimiza-
tion of the next-generation receiver, only Haynes 230 properties were considered. The calcu-
lations were performed for half-thickness (1.59 mm) and quarter-thickness (0.819 mm) aft
domes. Again, the stress distributions are presented for Steps 3 and 7 for each calculation.

3.3.1 Half-Thickness Aft Dome

The meridional and circumferential stress profiles in the Haynes 230 receiver with a 1.59 mm
aft dome are shown in Figure 13 and Figure 14 for Steps 3 and 7, respectively. Comparing the
startup stress profiles of the full-thickness (Figure 11) and half-thickness (Figure 13) receivers
shows that the maximum stress in the inner surface of the absorber reduces from 100 MPa for
the full-thickness aft dome to 75 MPa for the half-thickness aft dome. Similarly, the maxi-
mum stress in the outer surface of the absorber reduces from -75 MPa for the full-thickness aft
dome to -52 MPa for the half-thickness aft dome. The maximum stresses in the aft dome are
also reduced for the half-thickness aft dome. These stress reductions are offset by a larger
compressive membrane stress in the aft dome. A comparison of the steady state stress profiles
of the full-thickness (Figure 12) and half-thickness (Figure 14) receivers shows that no signif-
icant changes occur. With the reduction in the aft dome thickness to 1.59 mm, the maximum
effective stress in the receiver is below 29 percent of the yield strength, compared to 39 per-
cent for the 3.18 mm aft dome.

3.3.2 Quarter-Thickness Aft Dome

The previous section showed that the stress state in the Haynes 230 receiver was improved by
reducing the aft dome thickness to 1.59 mm. To determine if further stress reductions could be
achieved, the Haynes 230 shell model was analyzed for equal absorber and aft dome thick-
nesses (0.819 mm). The meridional and circumferential stress profiles in the Haynes 230
receiver with a quarter-thickness aft dome are shown in Figure 15 and Figure 16 for Steps 3
and 7, respectively. Comparison of the startup stress profiles for the quarter-thickness (Figure
15) and half-thickness (Figure 13) aft domes shows that no appreciable changes occur with
this additional reduction in aft dome thickness. The compressive membrane stress in the aft
dome increased slightly. More significantly, the maximum stress near the weld reduced to 45
MPa from 75 MPa for the 1.59 mm-thick aft dome. This supports the original contention that
the stress gradient near the seam-weld could b attributed to, among other things, the differen-
tial wall thickness of the absorber and aft dome. The steady state stress profiles (Figure 14 and
Figure 16) show little change with further reductions in aft dome thickness.
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3.3.3 Optimum Aft Dome Thickness

The preceding calculations have demonstrated that a reduction in the aft dome thickness
reduces the maximum absorber stresses during startup. Reducing the aft dome thickness from
3.18 to 1.59 mm resulted in a 25 percent decrease in absorber stress during startup. Although
subsequent reductions in the aft dome thickness can further decrease absorber stress, there are
diminishing returns as the absorber wall thickness is approached. The most significant benefit
in reducing the aft dome thickness to 0.819 mm is a 40 percent reduction of the peak seam-
weld stress. As expected, due to a substantial reduction in the stress area, the compressive
membrane stress in the aft dome increased with reductions in aft dome thickness. Finally,
reducing the aft dome thickness did not significantly affect the steady state stress profiles. It
should be noted that these calculations do not consider the support load imposed on the aft
dome by the 0.203-m-diameter pipe. These loads could place a limit on the aft dome thick-
ness. A three-dimensional analysis of the receiver would be required to investigate gravity
loading.
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4 Seam-Weld Fatigue Analyses

As the development of a next-generation receiver progressed, the program focused on optimi-
zation and life issues. The proposed seam-weld crevice between absorber and aft dome was
identified as a potential threat to the projected lifetime of the receiver [9]. Inspection of the
inner surface stress distributions as calculated in the shell analyses (Figure 11 and Figure 12)
shows that the inner surface of the weld is in compression during both startup and steady state
phases of operation, in both the circumferential and meridional components. Because the shell
analyses cannot capture the detail of the seam-weld, a more detailed analysis of the weld was
performed and is presented in this section.

Treating the weld crevice as a crack (i.e. neglecting crack initiation time), the stress distribu-
tion near the seam-weld was investigated for constant amplitude load fluctuation between the
unloaded (off-sun) condition and steady state (on-sun) thermal loading. The worst case start
up condition (Step 3) was not considered for reasons which will be discussed later. Based on
linear elastic fracture mechanics (LEFM) techniques [12], the fluctuation in the stress inten-
sity factor near the crack tip was calculated for one load cycle. These calculations were per-
formed using the J-integral method and crack opening-displacement field equations.

The following section describes the finite element model used to study the seam-weld. Next,
the fracture parameters used in these calculations are defined and briefly explained. Finally, a
description is given of the cyclic loads applied to the receiver. Calculations are presented for
the elastic load cycling b:.ween on-sun and off-sun conditions. Additional calculations are
presented in which assumptions are made to approximate long-term creep effects. The results
of the analyses are given for the various load cases representing the amplitude of the applied
loads. These calculations are used in conjunction with fatigue data to determine whether a
fracture will propagate through the seam-weld.

4.1 Finite Element Model

A cross section of a candidate seam-weld between the absorber and aft dome is shown in Figure
17. All of the candidates under consideration have in common the built-in “crack™ that is evi-
dent in this photograph. To capture the detail of the seam-weld, a mesh was needed with more
detail than the shell model used in the previous analyses. The finite element mesh of the reflux
pool-boiler receiver is shown in Figure 18. The model consists of 1757 axisymmetric continu-
um elements and 6986 nodes. The elements are 8-node quadrilaterals written for fully coupled
temperature-displacement analysis. These elements use biquadratic displacement interpolation
and bilinear temperature interpolation. Because the elements are higher order in displacement
and the stresses are linear, only two elements were used through the thickness of the absorber
and aft dome at locations away from the seam-weld. As is recommended in fracture mechanics
analysis, the mesh is focused at the tips of the weld notches. In addition, the mid-side nodes of
the elements closest to the notch tip are moved to the 1/4-point positions next to the crack tip
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Figure 17. Cross section of a candidate seam-weld joining the absorber and aft dome
of the reflux pool-boiler receiver.

as illustrated in Figure 19. Coincident nodes at the crack tip are constrained to have the same
dispiacements. These adjustments produce a r "2 strain singularity near the notch, where r is
the radial distance from the notch tip. Based on the previous shell element calculations, the up-
per notch was expected to be subjected to a slightly harsher stress environment at steady state
operating conditions than the lower notch. However, both notch meshes were concentrated so
that the stress intensification could be investigated at each side of the weld.

4.2 Definition of Fatigue Crack Growth Parameters

Linear elastic fracture mechanics (LEFM) relates the stress magnitude and distribution in the
vicinity of a crack tip to the nominal stress in the vicinity of the crack; the size, shape and
orientation of the crack; and the material properties [12]. The magnitude of the elastic-stress
field for opening mode displacement (Mode I) can be described by a single parameter, K, des-
ignated the stress intensity factor. Unstable fracture may occur when the stress intensity at the
crack tip (Ky) reaches the critical stress intensity factor, K. The critical stress intensity facter
represents the ability of a material to withstand a given crack tip stress intensity and resist pro-
gressive crack extension.

The stress intensity factor is related to the nominal stress o and flaw size a for a given material
as follows:
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Figure 18. Finite element mesh of the reflux pool-boiler receiver.
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Figure 19. Focused mesh used at seam-weld notches {7].
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K, = Co.Ja )

where the constant C is a function of the crack geometry. If a particular combination of crack
size and stress in a structure (K;) reaches the K. level, fracture can occur.

Subcritical or fatigue crack growth may also occur where the load conditions are such that the
stress intensity factor K| is significantly less than K. Under constant amplitude load fluctua-
tion, the subcritical crack growth rate can be estimated from a knowledge of the fluctuation of
the stress intensity factor, AK;. The most common presentation of crack growth data is a log-
log plot of the crack growth per cycle, da/dN, versus the fluctuation of the stress intensity fac-
tor, AK;. Figure 20 illustrates the form of typical fatigue-crack growth data. The propagation
behavior for metals can be divided into three regions. In Region I the data is characterized by
near-threshold behavior. In this region, a small decrease in the stress intensity factor results in
a large decrease in the crack growth rate (da/dN). Below this “fatigue-threshold” cyclic stress
intensity factor, AK,, a crack will not propa,l ate under cyclic stress. For most steels, this
threshold is approximately 6 MNm72 (5.5 ksi,/in) [12]. In Region II the data exhibits fatigue-
crack propagation behavior which can be mathematically modeled as

Crack Growth Rate, da/dN, log Scale

REGION I‘ REGION Il ‘ REGION IHl

Stress Intensity Factor Range, AK|, log Scale

Figure 20. Schematic representation of fatigue-crack growth
data [12]
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where A and n are constants. In Region III the fatigue crack growth rate increases rapidly with
small changes in AK|.

In the present calculations, the stress intensity factor is calculated using the J-integral method
and crack opening-displacement field equations. Both methods are based on either plane strain
or plane stress assumptions. For the following axisymmetric analyses, the plane strain assump-
tion was used because the corresponding equations yield a conservative approximation of the
stress intensity factor. A review of the two methods used to calculate the stress intensity factor
is presented next. More information on the subject can be found in references [12, 13, 14].

4.2.1 J-Int-:gral

The J-integral is a path-independent line integral about the crack tip which is a measure of the
stress-strain field ahead of the crack. The line integral, J, is defined for either elastic or elastic-
plastic behavior as follows:

au» ) ds @)

= \Wdx,—-T (.—
J i dx, (ax1

where R is any contour surrounding the crack tip as shown in Figure 21, W is the strain energy

. £ . . .
density jocde, T is the traction vector defined according to the outward normal n along R, u

is the displacement vector, and ds is the arc length along contour R. The J-integral may be in-
terpreted for elastic materials as the rate of chuinge in potential energy between two identically

Figure 21. Crack-tip region, coordinate system and path independent J-integral.
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loaded bodies having slightly different crack lengths. For elastic plane strain conditions, the
stress intensity factor is related to the J-integral parameter as follows:

=) >

ABAQUS contains a procedure for calculating the J-integral based on the method of virtual
crack extension [14]. The evaluation of the line integral may be thought of as a contour line
passing through a ring of elements surrounding the crack front. The evaluation can be per-
formed for a number of such rings of elements. Since the integral is path independent, these
values should be the same. For the particular mesh used in the present calculations, a J-integral
calculation is performed for each of the three rings surrounding each crack tip (see Figure 18).
Thermally loaded problems present a difficulty since the potential used in the formulation of
the J-integral procedure is structural only. This problem is addressed in Section 4.2.3.

4.2.2 Crack Opening-Displacement Equations

The crack opening-displacement field equations describe the stress and displacement fields in
the vicinity of a crack in terms of the stress intensity factor, K;, and other material properties.
The Mode I displacement field equations are:

Uy sin (8/2) [x—1+2cos® (8/2)] ©

(u,) _ Kk () (cos (6/2) [k =1+ 2sin? (8/2) ] ]
where L is the shear modulus, r is the radial distance from the crack, and 0 is the orientation of
the point as shown in Figure 21. For plane strain conditions x = 3 - 4v. These equations can be
found in any fracture mechanics text [12, 13]. In the present calculations, the stress intensity
factor was calculated from the nodal displacements for the nodes along the interior surface of
the weld notch (6=180°). For this case, u;=0 and u, reduces to

K] r

)1/2 . .
Uy = o~ (5 K-

2= 5, ) )
Using the finite element analysis results, the opening mode displacements (u,) for the first six
nodes on each side of the notch were calculated relative to the displacement of the crack tip.
Using Equation (7), the stress intensity factor of the weld notch was calculated from the relative
displacements. As in the case of the J-integral method, the equations which describe the dis-
placement field at a crack tip consider structural loading only.
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4.2.3 Application to Thermally Loaded Problems

Because typical methods of calculating K; do not include thermal loads in their formulation,
they cannot be blindly applied to coupled thermal-structural analyses. For thermal problems,
ABAQUS recommends that very small elements be used near the crack tip such that the ther-
mal load is treated simply as a body force [14]. This method was used for the coupled thermal-
displacement analyses of the reflux pool-boiler receiver. In addition, calculations were per-
formed with only the structural loads applied. The results were compared to the thermally load-
ed problems to investigate the effects of thermal strains on the local stresses at the crack tip.

4.3 Cyclic Load Environment

The reflux pool-boiler receiver is subjected to constant amplitude load fluctuation between off-
sun and on-sun conditions. Early in the life of the receiver, the on-sun loads result from the
thermal and structural loads at steady state operating conditions, and the off-sun loads are due
only to the vacuum that exists in the receiver. After a long period of operation, the on-sun
deviatoric stresses will relax due to high-temperature creep. When the receiver is cooled to off-
sun temperatures, a residual stress state will exist in the receiver. In this study, the off-sun
residual stresses are approximated by reversing the thermal loads on the receiver. This was
accomplished by simply reversing the sign of the coefficient of thermal expansion.

The reversed thermal load approximation assumes the receiver is stress-free when on-sun. This
assumes the initial on-sun stresses have no volumetric component, because only deviatoric
stresses produce creep. Since the meridional and circumferential components are nearly equal
and the radial component is zero, there is a nonzero volumetric stress component. As a result,
the on-sun stresses will not relax to zero and the reversed thermal load approximation yields
conservative results.

Four load cases were analyzed using the reflux pool-boiler receiver model: (1) on-sun structur-
al loading (Equation 1 for on-sun temperatures) with thermal loading (flux), (2) on-sun struc-
tural loading with no thermal loads, (3) off-sun structural loading (Equation 1 for off-sun
temperatures) with reversed on-sun thermal loads, and (4) off-sun structural loading with no
thermal loads. The first case represents the steady state operating conditions of the on-sun
receiver. The third case, as previously stated, represents an approximation of the off-sun resid-
ual stress state when the receiver is held at on-sun temperatures for a long period of time and
is then cooled to room temperature. The calculations with no thermal load were performed to
determine the contribution of thermal strains to the stress state near the crack tip.

The fracture parameters calculated for the above four cases were used to calculate AK| for the
two cyclic load environments: (1) at carly receiver life, and (2) after relaxation of on-sun stress-
es. Early in the receiver life, the stress fluctuation at the notch tip results from load cycling
between thermal loading (Case 1) and off-sun loads due to internal pressure (Case 4). For the
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stress relaxation approximation, the stress fluctuation results from cycling between the
reversed thermal loading (Case 3) and the on-sun “stress-free” condition.

4.4 Analysis Results for Steady State Operation

In the following sections the results of the four load cases are presented. First, the stress distri-
butions near the weld crevice are investigated. The results of the calculations are presented in
terms of the largest principal stress in the vicinity of the upper seam-weld notch since it is
exposed to the harshest stress environment of the two weld notches. Post-processing of the cal-
culations was performed using BLOT [15] which displays an 8-node quadrilateral as four 4-
node quadrilaterals. Consequently, plots of the results appear to have greater mesh refinement
than the model shown in Figure 18. In the last sut ection, the results from the fracture param-
eter calculations are presented.

4.4.1 Case 1: On-Sun Structural and Thermal Loading

For verification of the finite element model, the results of this load case were compared to the
results of the corresponding analysis performed using shell elements. The nodal temperatures
computed along the outer surface of the absorber are shown in Figure 22 compared to the shell
calculations. The temperatures from the two analyses are essentially identical. The stress out-
put variable which is common to both analyses is the circumferential stress. Figure 23 com-
pares the circumferential stress in the outer and inner surfaces of the absorber for both analyses.
As in the shell calculations, the results show a stress gradient in the absorber wall which is
caused by the thermal gradient through the wall. This stress distribution is characteristic of pure
bending, with tensile stresses on the inner surface and compressive stresses on the outer sur-
face. The results for the 8-node quadrilateral calculations are lower then the shell calculations
because the stresses in the 8-node quadrilaterals are evaluated at the quadrature points of the
elements, not at the surface. Hand calculations, extrapolating the temperature to the surface,
verify that the analysis results agree.

Figure 24 is a plot of the largest principal stress distribution near the upper weld notch. The
white region at the tip of the notch represents stresses beyond the range of the contour plot. The
plot shows that a compressive stress field exists in front of the notch. A compressive stress field
is not conducive to crack propagation. Furthermore, the magnitude of the stress is low, with
maximum compressive stresses near 12 MPa (1.74 ksi).

It is interesting to compare the continuum element results with the previous shell calculations
under the same steady state load conditions. Note that the circumferential and meridional stress
components in the corresponding shell analyses (Figure 12) are on the order of 7 MPa on the
inner surface near the seam weld. This compares well with the results presented in this section.
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Figure 22. Temperature at the outer surface of the absorber calculated using axisymmetric
shell elements and 8-node axisymmetric solid elements for on-sun structural and
thermal loading (Case 1).
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(Case 1).
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Figure 24. Largest principal stress near the weld discontinuity for the case of thermal
loading and (P,,,-P,,) = 32.9 kPa (Case 1).
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4.4.2 Case 2: On-Sun Structural Loading and No Thermal Loads

The compressive stress field observed in the previous analysis was expected because the
absorber tries to expand more than the aft dome, producing a compressive loading at the
seam-weld. To determine the contribution of the structural load to the stress distribution near
the weld, the calculation was repeated with the thermal loads removed. Figure 25 is a plot of
the circumferential stresses in the inner and outer absorber surfaces under these load condi-
tions. When compared to Figure 23, these plots demonstrate that the thermal loads determine
the overall stress profile in the receiver. The stress profile in Figure 23 is characterized by the
distinctive double hump produced by the incident solar flux distribution shown in Figure 6.
However, this double hump is not present in Figure 25. Note that the average of the inner and
outer stresses, the membrane stress, in Figure 25 is nearly the same as that in Figure 23. This
indicates that the structural loads generate the membrane stress, while the thermal loads pro-
duce a nearly pure bending stress.

The largest principal stresses near the weld notch is plotted in Figure 26 for the structurally
loaded receiver with no thermal loads. These stress contours are nearly identical to those for
Case 1, indicating that the localized stress distribution near the seam-weld depends more on
the internal pressure of the receiver than on the thermal loads. Since the stress distribution
ahead of the notch tip is the same with or without thermal loading, this suggests that thermal
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Figure 25. Circumferential stress in absorber for on-sun structural loading and no ther-
mal loads (Case 2).
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Figure 26. Largest principal stress near the weld discontinuity for the case of no ther-
mal loading and (P,,-P,,,) = 32.9 kPa (Case 2).
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loads need not be considered when calculating K.

4.4.3 Case 3: Off-Sun Structural Loading with Reversed On-Sun Thermal Loads

To reverse the thermal loads applied to the reflux pool-boiler receiver during steady state
operation, the sign of the coc{ficient of thermal expansion was changed. The circumferential
stress profile in the absorber with reversed thermal loads is shown in Figure 27 for compari-
son with Figure 23. The stress profiles are of similar magnitude, but opposite in sign. The
inner surface is in compression, while the outer surface is in tension. Again, the plot is charac-
terized by the distinctive double hump produced by the thermal flux distribution shown in
Figure 6. This stress profile is an approximation to ihe off-sun residual stress state after the
on-sun thermal stresses have relaxed. A plot of the largest principal stress near the seam-weld
notch is shown in Figure 28. Again, the stress field is compressive in the seam-weld ahead of
the notch. Crack propagation will not occur into a compressive stress field. Furthermore, the
magnitude of the stress distribution near the seam-weld notch is small, with maximum stresses
on the order of 24 MPa (3.48 ksi).
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Figure 27. Circumferential stress in the absorber as a function of surface position for off-
sun structural and reversed thermal loading (Case 3).
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Figure 28. Largest principal stress near the weld discontinuity for the case of reversed
thermal loading and (P,,,,,-P;,) = 84.1 kPa (Case 3).
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4.4.4 Case 4: Off-Sun Structural Loading with No Thermal Loads

This particular load case was analyzed to determine (1) the contribution of thermal loading to
the seam-weld stress distribution in the previous case and (2) the off-sun load that the receiver
is subjected to prior to any stress relaxation. Figure 29 is a plot of the circumferential stress in
the absorber for off-sun structural loading and no thermal loads. The average of the inner and
outer stresses, the membrane stress, is approximately twice that of the receiver with on-sun
structural loading and no thermal loads (see Figure 25). This is due to the higher internal pres-
sure loads generated when the receiver is off-sun. Furthermore, the membrane stress for this
load case is approximately the same as that in Figure 27, the case of off-sun structural loading
with reversed thermal loads. This again indicates that the structural loads are dominant in
determining the membrane stress in the receiver, while the thermal gradients produce nearly
pure bending stresses.

The maximum principal stress distribution near the upper seam-weld notch for Case 4 load
conditions, illustrated in Figure 30, is nearly identical to that of Case 3 (see Figure 28). This
indicates that the stress distribution local to the upper seam-weld notch depends more on the
structural loads, which induces a membrane stress, than the thermal loads, which induce pure
bending. This again indicates that the stress intensity factor can be calculated neglecting ther-
mal loads.
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Figure 30. Largest principal stress near the weld discontinuity for the case of no ther-
mal loading and (P,,,-P,,) = 84.1 kPa (Case 4).

43



4.4.5 Fluctuation of Stress Intensity Factor

In all four of the cases presented above the stress intensity factor, K|, was calculated using the
J-integral feature in ABAQUS as well as the opening-displacement field equations. Based on
inspection of the stress field ahead of the notch in the previous sections, it was concluded that
the thermal loads should not contribute significantly to Kj. Thus, any differences in K con-
tributed by the thermal load could be attributed to free thermal expansion of the receiver. In all
cases, these methods yielded K; values on the order of 0.05 to 0.40 MNm3? (0.046 to 0.367
ksi./in) for the upper seam-weld notch. The smaller values of K; were obtained for 0.5 atm
applied pressure, and the larger for the 1 atm applied pressure. The best correlation between
the J-integral and crack opening methods was obtained for the cases with no thermal loads. As
expected, the same parameters were orders of magnitude smaller at the lower seam-weld
notch. Based on these calculations, the fluctuation of the stress intensity factor in both seam-
weld notches is considerably lower than the fatigue-threshold, AKy,, for most stainless steels
(6 MNm*2or 5.5 ksi./in). Furthermore, the plots of the largest principal stress near the seam-
weld indicate that, for all four cases, the weld notch is always loaded in compression. As pre-
viously stated, crack propagation will not occur in a compressive stress field.

4.5 Comments on Startup Stresses

The calculations presented in the preceding section indicate that a crack will not propagate
into the seam-weld under loud conditions cycling between off-sun and on-sun operation.
However, the shell analyses indicated that the most severe stress condition at the seam-weld
occurred during Step 3 of startup. Much can be inferred by comparing the shell results to the
steady state continuum results. The steady state continuum-element results demonstrate that
the seam-weld remains in compression. This was also observed in the shell calculations, as
shown in Figure 12. During startup (Figure 11), the sheil calculations indicate that the meridi-
onal and circumferential stresses near the inner surface of the seam-weld are also in compres-
sion, on the order of 70 MPa. Although this is significantly higher than the steady state results,
the continuum calculations indicate that (1) the stresses are still too small to raise the J-inte-
gral values appreciably, and (2) the compressive stress field, though higher, is not conducive
to crack growth.

Moreover, the results of the more detailed seam-weld analysis indicate that the structural load,
as opposed to the thermal loads, determine the stress state at the crack tip. Since the four load
cases presented span the operating pressure range and the receiver operates within this range

during startup, it reasons that the results of these calculations should bound the startup condi-
tions as well.
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5 Conclusions

Coupled thermal-structural analyses of the reflux pool-boiler receiver were performed to char-
acterize the operating stress stawe and to address issues affecting the service life of the
receiver. Shell analyses provided inturmation for receiver material selection and design opti-
mization. More detailed continuum element analyses were performed to assess the vulnerabil-
ity of the seam-weld to fatigue crack growth. Based on these calculations, the following
conclusions are made:

* Maximum stresses in the receiver occur 2 minutes into startup (Step 3) due to the
uneven temperature distribution across the receiver surface. The stress levels during
startup could be reduced if temperatures across the receiver surface could be main-
tained at a more uniform level.

+ Stresses in the 316L SS prototype receiver are near the 100 MPa yield strength of this
alloy.

+ Because of its higher yield strength, the largest effective stress in the Haynes 230
receiver is less than 39 percent of yield.

* Reducing the aft dome thickness to 1.59 mm reduces the maximum stress in the
receiver by over 25 percent. A further reduction to 0.813 mm has a small effect on the
overall stress profile; however, the seam-weld stresses decrease another 40 percent. A
reduction in aft dome thickness to one closer to the absorber thickness should be con-
sidered for the next-generation receiver design.

+ The stress distribution near the seam-weld notch depends primarily on the structural
load created by the pressure difference between the sodium and the surrounding envi-
ronment rather than the thermal loads due to temperature cycling. Thus, investigations
of the seam-weld fatigue toughness need only consider the range of operating pres-
sures between off-sun and on-sun operation.

 The stress intensity factor, computed using the J-integral method and crack opening-
displacement field equations, is significantly below the fatigue threshold for most
steels. Furthermore, the crack is always loaded in compression which is not conducive
to fatigue crack growth. As a result, the candidate seam-weld investigated in these cal-
culations will not adversely affect the receiver service life.
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