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A B S T R A C T

Upgrades to the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory are under way with two ma-
jor projects. The first project is the Proton Power Upgrade (PPU), which will double the power capacity of the
SNS accelerator system to enable the operation of a future second neutron source target station—the second pro-
ject. PPU also will increase power to the SNS first target station – which currently operates at 1.4 MW with 1.0
GeV protons – to 2 MW with 1.3 GeV protons. Final design of the PPU 2 MW target module is finished, including
all necessary design and analysis calculations. The fatigue evaluation described herein is an assessment of the fit-
ness of the PPU 2 MW target mercury vessel to resist failure from cyclic loading from the pulsed 60 Hz proton
beam and thermal changes from disrupted operation. In addition to the reliability predictions, the method, de-
tail, and depth of this fatigue evaluation are superior to those of past target design assessments. The thermal fa-
tigue life is predicted to exceed 3125 thermal cycles per 1250 h of operation for all load cases. The design also
meets the (relative) fatigue design goal for combined thermal and pulse loading of greater than 0.5 times the
minimum fatigue life calculated for a jet-flow target design operating at 1.4 MW—the most robust design to date
in terms of resistance to fatigue failure. From the onset of the PPU, it has been known that pulse loading requires
effective application of helium gas injection into the target mercury to reduce beam pressure loading. For the
PPU 2 MW target, none of the pulse load cases requires a maximum strain reduction from gas injection of more
than 50% (for base material) to meet the fatigue design goal. This level of reduction is achievable from gas injec-
tion, according to historical strain measurements from 1.4 MW target operation. Overall, the PPU 2 MW target
design is predicted to have superior resistance to fatigue failure compared with past target designs.

1. Introduction

The Spallation Neutron Source (SNS) at Oak Ridge National Labora-
tory (ORNL) produces neutrons for science experiments at the SNS First
Target Station (FTS) [1] using a process called spallation, in which
high-energy protons strike a high-atomic-number material. In the SNS
case, liquid mercury flows through a 316L stainless steel vessel, which
is a primary component of the target module assembly. Fig. 1 is an ex-
ploded view of the SNS target module; the mercury vessel is composed
of the nose, inner window, front body, swirl bubbler, transition, insert,
and manifold components, as well as the corresponding welded joints,
gas supply, and other hardware. Fig. 2 shows a section view with the

bulk mercury flow paths highlighted for the two outer supply flows (in
blue) and the common inner return flow (in red).
The bolt-on-shroud, or BOS, (not shown) is a secondary vessel in the
target module assembly that prevents mercury from escaping into the
core vessel at the FTS in the event of a mercury vessel leak. The SNS de-
sign approach maintains structural independence between the BOS and
mercury vessel. Therefore, the BOS is analyzed independently, and it is
not discussed further in this paper.

The PPU project [2,3] will double the SNS accelerator power capa-
bility and send 2 MW of 1.3 GeV proton beam to the existing FTS mer-
cury target module. The FTS currently operates with a 1.0 GeV proton
beam at 1.4 MW. The PPU equates to an approximately 43% increase in
power on target and a correspondingly higher-amplitude cyclic load-
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Fig. 1. Exploded view of the PPU 2 MW target module.

Fig. 2. Mercury target vessel section view with bulk mercury flow paths shown—two outer supply flows (blue) with one common inner return flow (red).. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ing. The high-energy, short-duration ( 1 s) proton beam is pulsed at
60 Hz. Mercury and vessel heating is essentially isochoric, causing in-
tense pressure waves [4] and mercury cavitation [5]. Cyclic loading of
the vessel is complex, as it responds to pressure waves and operating
temperature changes. The mercury flows through a heat exchanger,
and the target module quickly reaches a steady operating temperature
distribution over minutes; however, beam interruptions create a second
source of thermal cyclic loading. A nominal operating year is planned
for nearly 5000 h, with two or three target replacements planned each
year proactively, rather than in response to a target leak. This approach
is expensive but helps ensure reliable operation for neutron science
users.

Two forms of cyclic loading are analyzed to calculate fatigue life.
The frequency and number of thermal and mechanical cycles are vastly

different but are superimposed during the operation of the target. The
thermal cyclic loading – room temperature to operating temperature –
is estimated at no more than 3125 transients in 1250 operating hours.
This conservative estimate is based on operational experience at SNS.
The pressure wave mechanical response occurs in a time span of mil-
liseconds, and the target may experience up to 109 such pulse cycles in
a lifetime.
The primary loading inputs to the structural and fatigue analyses come
from accelerator physics, neutronics, and computational fluid dynamics
(CFD) simulations, as shown in the left image of Fig. 3. The structural
analyst then executes the workflow in the right image of Fig. 3, culmi-
nating in the fatigue analysis as described in this paper. The software
used to perform the static and dynamic simulations are the 2019 ver-
sions of Abaqus/Standard and Abaqus/Explicit (© Dassault Systèmes),
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Fig. 3. High-level workflow to complete a target design structural and fatigue analysis. Components on the left provide input to the structural analyst to complete the
workflow on the right.

respectively; and the software used to perform the base material fatigue
analysis is the 2019 version of fe-safe™ (© Dassault Systèmes), which
uses the fe-safe/Verity module for weld fatigue analysis.

2. Design criteria and fatigue design goals

The target structural design criteria are derived from the ASME
Boiler and Pressure Vessel Code (BPVC), Section VIII, Division II, Part 5:
Design by Analysis [6]. The target is not a safety-accredited device and
is not code stamped. A functional requirement is that the PPU target
should operate for at least 1250 h at a beam power of up to 2 MW. This
lifetime goal equates to 2.7 108 pulses and corresponds to four
planned target replacements per year, but fewer target changes are
highly desirable. A limiting goal is to change the target when it reaches
the administrative radiation damage limit, currently set at 12 dpa for
the BOS, which corresponds to approximately one target change per
year (for 5000 annual operating hours). The design specification states
that no more than 3125 beam trips are expected in 1250 h. In summary,
the PPU 2 MW target is required to endure

• 2.7 108 pulse cycles during 1250 h at a beam power of up to 2 MW
(2500 MWh)

• 3125 beam trips (thermal cooling and heating cycles) per 1250 h

The ASME BPVC allowable stress amplitude (for base material) at a
given life is conservative relative to published test data for conditions
like those experienced by the 2 MW target, although the actual combi-
nation of conditions (radiation, mercury exposure, etc.) cannot be per-
fectly replicated in any available laboratory. In a similar manner, fur-
ther evidence is provided here for using allowable stress amplitudes
provided by the fatigue analysis software program fe-safe™ that are
above those in the ASME BPVC for 316L stainless steel. Fig. 4 compares
the ASME BPVC stress–life curve (allowable stress amplitude vs. cycles
to failure) at room temperature to room temperature and high tempera-
ture curves from fe-safe™ and estimated curves from data published by
Strizak et al. [7] and J-PARC (Japan Proton Accelerator Research Com-
plex) [8].
Fatigue strength at the design lifetime of 2.7 × 108 pulse cycles is la-
beled on the plot for several of the curves. The ASME curve – a design
basis curve with incorporated safety factors on stress and cycles – is
conservative relative to all other curves (for 200 °C and below) at ap-
proximately 105 cycles and above, which is less than one half hour in a
target lifetime. Therefore, we conclude that the ASME curve is conserv-

ative relative to all other curves in general for cyclic pulse loading. Con-
servative is defined here as a lower allowable stress amplitude for a
given number of cycles to failure (or fatigue life). The fe-safe™ 200 °C
curve is also conservative relative to the published (and interpolated)
200 °C data at approximately 1.5 × 106 cycles and above. The limit on
the maximum wetted temperature of the mercury vessel is 200 °C, and
it is known from historical analysis (and continues to be the case with
the PPU target) that the predicted lowest life locations in a target for
pulse loading are on the wetted surface. The fatigue life predictions for
the PPU 2 MW target are O(106) at the lowest life location in the base
material. Therefore, we conclude that the fe-safe™ 200 °C and below
temperature curves are conservative relative to the published data and
they are a less conservative and more practical (for target design) sub-
stitute for the ASME BPVC curves. It is important to note that due to the
low fatigue life predictions for pulse cyclic loading that are O(106), the
fatigue predictions are always treated as relative and compared with
past target designs. Also, the ASME curve is less conservative than the
fe-safe™ curves and experimental data at the low life values of
O(103–104), however, past thermal cyclic loading analyses that utilize
the ASME criteria have typically shown life results at O(105) and above
where the ASME criteria are conservative.

The structural stress method in the fe-safe™/Verity module is used
for weld fatigue analysis of the PPU 2 MW target. The steel weld S–N
master curves in Verity are only meant to be used with the structural
stress weld fatigue assessment method as described in Section 5.5.5 of
ASME BPVC Sec. VIII Div. 2 or as implemented in a weld fatigue analy-
sis software tool like Verity. The structural stress amplitude allowable
for welds inherently includes geometrical and loading factors that mul-
tiply the stress amplitude that is directly calculated from nodal forces in
the FEA results. The underlying data that these curves are based on
originate from fatigue testing of welded samples that include the as-
fabricated residual stress and stress concentrations associated with
weldments of various geometries and welding processes.

Under-prediction of fatigue life has been typical for pulse cyclic
loading on previous target designs. The reasons for the under-
prediction include (but are not limited to) errors in the stress prediction
models, conservatism in the fatigue curves, inaccuracy in the fatigue
method (multi-axial and weld fatigue are active research areas), strain
reduction effects from gas injection (not included in the analyses), in-
teraction with cavitation damage/erosion, environmental effects such
as irradiation and mercury exposure, and manufacturing effects such as
surface treatment and finish. The “jet-flow” (JF) target (operating with
gas injection) is the most robust target design used during SNS opera-
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Fig. 4. Comparison of stress–life curves for 316L stainless steel from the ASME BPVC, the fe-safe™ software program, and estimated curves from published data by
Strizak et al. [7] and J-PARC [8].

Fig. 5. Multi-axial, time-varying stress components due to pulse pressure wave at a highly stressed location in the front body of the PPU 2 MW target design.

tional history—operating for more than 2000 h at 1.4 MW. For these
reasons, the fatigue design goals are defined as the following:

• For the base material, greater than 0.5 times the minimum
combined thermal and pulse fatigue life of a JF target at 1.4 MW,
and a required strain reduction from gas injection equal to or less
than 50% to achieve 270M pulse cycles

• For the weld material, greater than 0.5 times the minimum
combined thermal and pulse fatigue life of a JF target at 1.4 MW

3. Analysis model

The essentials of the explicit dynamic pulse simulation method are
described by Riemer [9,10]. The stress time history from this model
provides the cyclic pulse loading for the fatigue analysis described here.
An example of the multi-axial, time-varying stress history due to the
pulse pressure wave is shown in Fig. 5.

The static simulation provides the stress states due to self-weight
(gravity), internal (mercury pump) pressure, hydrostatic pressure, and
steady-state thermal loading. All these simulation models and corre-

sponding stress analyses are detailed in a related paper that is in prepa-
ration, while the most important aspects of these models for fatigue
analysis are discussed in this section.

3.1. Geometry and mesh

For conducting a combined thermal and pulse fatigue analysis, the
corresponding static and dynamic models, respectively, must be based
on the same model geometry (including spatial location and orienta-
tion) and an identical mesh, including node numbers and elements. The
simulation model includes partitioned regions within the steel domain
that represent the approximate geometry of the weld fusion zones. The
locations of the seven welds that were analyzed are shown in a half
symmetry model in Fig. 6, with close-up views included in Fig. 7.
Table 1 summarizes the analyzed welds with classification by joint
type, weld type, penetration, welding process, surface treatment, and
drop-thru—where EB = Electron-beam, GTAW = Gas tungsten arc
welding, and EDM = Electron-discharge machining. Based on the met-
allography of the front body to transition EB weld (as shown in Fig. 8),
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Fig. 6. Welds analyzed in the PPU 2 MW target.

Fig. 7. Welds analyzed in the PPU 2 MW target (close-up views).

Table 1
Analyzed welds classified by joint type, weld type, penetration, welding process, surface treatment and drop-thru.

Weld Joint
type

Weld type Penetration Welding process Surface treatment Drop-thru Inspectionb

Front body to transition Butt-joint Square
groove

Full EB GTAW with filler 50%–100% of weld
lengtha

VT, PT, UT,
RT

Nose to front body Butt-joint Square
groove

Full EB Machine stock on outside 100% of weld length VT, PT, UT,
RT

Inner window top and
bottom

Butt-joint Square
groove

Full EB Wire EDM drop-thru on
inside

0% of weld length VT, PT, UT,
RT

Transition to manifold Butt-joint U-groove Full and partial—
varies along
length

GTAW with filler None N/A VT, PT, UT

Gas wall supply T-joint Fillet None GTAW with filler None N/A VT, PT
Swirl bubbler supply Butt-joint Square

groove
Full Orbital, GTAW without

filler
None N/A VT, PT

a Regions of weld root surrounding swirl bubblers may require post-machining for a proper fit.
b Inspection type: VT visual, PT dye penetrant, UT ultrasonic, RT = radiographic.

the widths of the front body, nose, and inner window top/bottom welds
are modeled as a constant 1 mm from the surface to the root.
The drop-thru geometry varies along the weld length, and it is difficult
to represent in a model. The drop-thru (like the weld reinforcement at a
weld toe) does not add strength to the butt joint weld, and the stress

concentration it creates is detrimental to fatigue life. An accurate repre-
sentation of the stress singularity at the weld root/toe is not required,
because the stress linearization procedure used in the weld fatigue
analysis method removes the peak stress from the fatigue life assess-
ment [11]. However, the finite element model must accurately repre-
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Fig. 8. Cross-section of an EB weld with drop-thru from the front body to the transition section of a target, with dashed box representing an as-modeled weld domain
(images courtesy of D. McClintock, ORNL).

Fig. 9. Full-penetration orbital weld model in swirl bubbler gas supply line (left) and X-ray image (courtesy of E. Vidal, ORNL) showing the approximate width of the
weld (right).

sent the membrane and bending stress across the weld failure plane,
which is dictated by element choice and mesh refinement. The constant
width simplifies the modeling and satisfies the requirement for a 3D
meshed volume in the weld definitions. The EB welds with drop-thru
are most likely to fail from the root, because the stress concentration is
much greater at the root than at the surface (as shown at the top of the
left image in Fig. 8); this image shows a cosmetic EB welding overpass
to smooth the weld toe.

The swirl bubbler’s function is to introduce helium gas bubbles into
the mercury flow to reduce the impact of the pulse pressure wave and
cavitation damage [12]. The PPU project incorporated a swirl bubbler
design [13] like one that has been successfully deployed at J-PARC for
several years [14]. The swirl bubbler supply weld is an orbital weld
that joins a gas supply line to the swirl bubbler, as shown in the left im-
age of Fig. 9. This weld is also modeled as a constant 1 mm width,
based on a measurement of a manufacturing test article (shown in the
right image of Fig. 9).

The transition weld is modeled in the same manner as the other
main body welds, except that the width is 0.5 mm. This is simply a

modeling convenience based on the gap remaining in the model that
represents the partial penetration of this weld along most of its length.
This weld is the least susceptible (of the main body welds) to fatigue
failure because of its location toward the rear of the target. Finally, the
gas wall supply fillet weld has equal leg lengths of 5/16 inch; it func-
tions as a seal between a supply line and the target body, as shown in
Fig. 10. The potential failure paths along the toe, root, throat, and fu-
sion regions are highlighted.
The weld meshing follows the same practice as the static and dynamic
finite element analysis (FEA) simulations. The element type is a 10-
node, second order tetrahedron for all models. All welds have two or
more elements along the weld thickness direction, and the surface
meshes are mapped if possible. All groove welds have one element
through the width to prevent element size, transition, and quality is-
sues; this is the minimum required to analyze the fusion failure mode,
which was deemed the most appropriate mode for these weld types.
The surfaces of the weld meshes, as viewed from the front of the target
in the beam travel direction, are shown in Fig. 11.
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Fig. 10. Potential failure paths of gas wall supply fillet weld to target body.

3.2. Loading

Table 2 shows the load cases considered in the fatigue analysis,
which primarily consist of shifts in the beam position or focus, and
changes in the mercury pump speed. The reduced-pump-speed cases
lower the internal pressure and reduce heat removal, which causes
higher thermal stresses. The GL case refers to a hypothesized gas layer
condition at the top of the return flow in the target, leading to an in-
crease in temperature and thermal stress in this region.

3.3. Output

The stress results from the static and dynamic FEA simulations are
needed for the base material fatigue analysis. The stress due to weight
and pressure loads only, and the stress due to thermal load only, are in-
put from the static model; and the stresses from 140 frames of output
over 0.001 s of simulation duration are input from the dynamic model.
The dynamic simulation output frames are more finely spaced toward
the beginning of the simulation to capture the rapid change in the stress
state (cf. Fig. 5). The weld fatigue analysis requires the element nodal
forces output in the weld regions.

4. Analysis methods

Fig. 12 shows the high-level fatigue analysis workflow with settings
and inputs that are described in more detail in the following sections.

The base material analysis is performed on the surface nodes only,
which contain the highest stresses that drive fatigue damage, and it is
computationally more efficient. The weld fatigue analysis of the butt
joint welds focuses on fatigue failure along the fusion planes—the inter-
face between the weld fusion zone and the base material, i.e., the heat-
affected zone. The fatigue life is evaluated on both fusion planes and
from the outer surface “toe” of the weld and the inner surface “root” of
the weld (cf. Fig. 8). The minimum fatigue life at these four potential
fatigue crack initiation locations is taken as the predicted fatigue life for
that weld. The weld fatigue analysis of the fillet-type weld has more po-
tential failure paths than the butt joint welds, as shown in Fig. 10. All of
these potential failure paths are analyzed from both directions and the

Fig. 11. Finite element meshes for all analyzed welds, as viewed from the front of the target in the direction of the beam (except as oriented in the close-up image of
the gas wall supply).
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Fig. 12. Fatigue analysis high-level workflow with inputs.

Table 2
Load cases assessed in fatigue analysis.

Load case Nominal Up Down Over Under Side 280 RPM
pump speed

350 RPM
pump speed

GLa

Beam position Center, normal focus 6 mm
vertical shift

6 mm
vertical shift

Center, over-focused Center, under-focused 4 mm
horiz. shift

Center,
normal focus

Center,
normal focus

Center,
normal focus

Pump speed 400 RPM 400 RPM 400 RPM 400 RPM 400 RPM 400 RPM 280 RPM 350 RPM 400 RPM
a GL: hypothesized gas layer condition at the top of the return flow in the target.

minimum life is taken as the fatigue life for that weld. For both types of
welds, each of the potential weld failure paths is assigned a weld mater-
ial S–N curve according to whether it is a weld toe or root/throat fail-
ure path. The fatigue algorithm is selected as the worst of the normal or
the shear stress. At the time of conducting the analysis, a structural
stress weld fatigue life calculation based on the combination of normal
and shear stress damage was not available in the software; however,
more recent versions of the software include this capability.

4.1. Loading

The fe-safe software can use block loading to evaluate cycles from
thermal and pulse loads independently or in combination. Constant sta-
tic and thermal stresses that act as mean stresses can be included.
Table 3 illustrates block loading patterns for evaluating the target mod-
ule to a design life of 3125 thermal/270M pulse cycles.
The “cycle on/off” pulse loading is an application of the entire pulse
stress history per loading cycle. The “Thermal + Pulse” evaluation ap-
plies a thermal cycle every 86,400 pulse cycles for a total of 3125 ther-
mal cycles in a 270M cycle period. The first “cold” block applies the sta-
tic stress superimposed with all pulse stress increments. The second
“warm” block applies the static and thermal stress superimposed with
all pulse stress increments for 86,400 repeats. The thermal cycling is
combined with the pulse cycles so that the combined fatigue damage is
automatically calculated. The thermal stress is included in the second
block because the target warms up rapidly (within minutes) after re-
ceiving the pulsed proton beam; therefore, the target is in a “warm”
state for practically all the pulse loading duration. The loading combi-
nation of the two blocks is equivalent to 1 repeat in terms of the factor-
of-strength (FOS) calculation and life (repeats) output. This approach is
explained further in the following section and in the results.

Table 3
Representative block loading patterns for base and weld material evaluated
for a design life of 3125 thermal/270M pulse cycles.

Loads/Evaluation Thermal Pulse Thermal+Pulse

Gravity+Pressure 1 1 1
Thermal 1/0 0 1/0 (every 86,400 pulses)
Pulse 0 1/0 1/0
1 constant on, 0 constant off, 1/0 cycle on/off

4.2. Factor-of-strength calculation

The software calculates an FOS, which is a scalar value by which the
loading could be increased or should be decreased to achieve a user-
defined design life. The FOS design life is defined as repeats of the en-
tire loading history; therefore, 3125 “repeats” is equivalent to 3125
thermal and 270M pulse cycles. The FOS value is interpreted as a per-
centage of strain reduction needed to meet the design goal, which is
equated to the percentage of strain reduction from gas injection. The
current pulse simulation method represents the behavior of the target
without gas injection, so this approach is used to evaluate targets that
will be operated with gas injection.

4.3. Material properties and fatigue algorithms

The material properties for the 316L stainless-steel base material are
derived from the fe-safe material database. Two values in the base ma-
terial properties are changed from the default values: (1) the constant
amplitude endurance limit is changed from 2E7 to 2E10 reversals (2 re-
versals = 1 cycle) to extend past 1 year of target operation (1.08 109

cycles), and (2) a surface finish factor, 1.06 (stress concentration
factor) is selected to represent the range of as-manufactured surface fin-
ishes, 0.6 m (or 24 63 inch), in low-life regions
of the nose and front body.
The default and recommended fatigue algorithm for the 316L stainless
steel material (and most ductile metals) is the Brown–Miller [15,16]

Table 4
Estimated minimum cycles to thermal fatigue failure for front body base ma-
terial from normal operation load cases.

Case: Goal Nom. Up Down Over Under Side JF 1.4 MW JF 2 MW

Life: 3125 7.9M 0.76M 0.45M 16M 3.3M 9.7M 6.7M 1.0M

Table 5
Estimated minimum cycles to thermal fatigue failure for weld material from
normal operation load cases.

Case: Goal Nominal Up Down Over Under Side JF 1.4 MW JF 2 MW

Life: 3125 63k 61k 66k 63k 63k 120k 200k 80k
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Table 6
Estimated minimum cycles to combined thermal and pulse fatigue failure for base material in swirl bubbler for normal operation load cases.

Goal Nominal Up Down Over Under Side JF 1.4 MW JF 2 MW

Bubbler
life:

270M 3.1M 4.9M 2.9M 1.4M 10M No model N/A N/A

Required strain reduction 0% 37% 33% 38% 44% 29% No model N/A N/A

combined strain criterion with the Morrow mean stress correction [17].
The Brown–Miller criterion is a multi-axial strain–life algorithm that
proposes that the maximum fatigue damage occurs on the plane of max-
imum shear strain, because cracks tend to initiate on these planes. The
fatigue damage is a function of this shear strain and the strain normal to
this shear. This plane is identified using the critical plane analysis tech-
nique at each material point, and damage accumulates independently
for each point. The reported repetitions to failure are the number of
loading repetitions necessary to initiate a macroscopic fatigue crack
(usually on the order of 1 mm).

The fe-safe/Verity material database contains the master S–N
curves that are associated with two material types (steels and alu-
minums) and two failure modes (toe and root/throat). Detailed descrip-
tions of these curves with equation forms are found in Annex 3-F.2 of
the ASME BPVC Sec. VIII Div. 2. Weld fatigue is dominated by stress
concentrations, residual stress, and defects. Whereas the residual stress
and defects can be inherently accounted for in empirically based fatigue
material properties, the stress concentration is varying and difficult to
resolve in a finite element model. The structural stress method [11] cir-
cumvents this difficulty by using a fatigue driving parameter that is
based on a function of linearized membrane and bending stresses along
a potential weld failure plane. This is the structural stress parameter,
and it is directly calculated from a line balance of nodal forces and mo-
ments in an FEA model into work-equivalent tractions. A master curve
is then used to query the life corresponding to a structural stress value,
much like a traditional S–N fatigue calculation for base material. Be-
cause welds contain inherent surface defects and micro-cracking, the
reported repetitions to failure are the number of loading repeats neces-
sary to generate a through crack along the specified weld line and fail-
ure path.

5. Results and discussion

The following list contains general formatting and guidelines that
are used for the interpretation of the results:

• All fatigue contour plots use a log 10 scale and range from 0 to 3.495
(10 loading repeats 3125 thermal cycles 270M pulse
cycles).

• PPU results are compared with a result that represents a JF target
design operating at 1.4 MW (current operational load) and 2 MW
(PPU equivalent load). The JF model is prepared in the same
manner as the PPU model.

• For combined thermal and pulse fatigue life, locations with an
estimated life of less than the 270M cycle goal are reported with a
percentage of strain reduction needed from gas injection.

• The ‘Side’ case lacks loading symmetry about the center of the
target, so a full mercury vessel model is required; it is a less detailed
model for computational efficiency.

5.1. Thermal fatigue life

Thermal fatigue life predictions for previous target designs have all
exceeded the design criteria, and this pattern continues with the PPU 2
MW target design. Table 4 summarizes the estimated minimum cycles
to thermal fatigue failure for the front body base material from various
load cases under normal operation, with JF design comparisons for the
nominal case included. The order of magnitude decrease for the Up and

Down cases corresponds with the increased beam heating of the upper
and lower regions of the front body, respectively. Likewise, the Over
and Under cases have an approximately 2 increase and 0.5 decrease
in minimum life, respectively, because of less and more heating toward
the sides of the front body. The Side case result is interesting because it
is slightly higher than the Nominal case, indicating that there may be
little effect from shifting the beam horizontally.

The minimum weld material thermal fatigue life occurs in the root
of the transition to manifold weld near the symmetry plane. Table 5
summarizes the estimated minimum cycles to thermal fatigue failure
for normal operation load cases, with JF design comparisons for the
nominal case included. The life in the transition weld is driven by the
thermal gradients in the rear section of the target, which appear to be
minimally affected by the beam position shifts and focusing.

5.2. Combined thermal and pulse fatigue life

Pulse life predictions for past target designs (which operated at 1.4
MW or less) have all been less than the design goals, and this continues
to be the case for the PPU 2 MW target design. However, experience
shows that targets in operation have survived significantly longer than
these predictions, so relative comparisons between target designs are
used in the fatigue goals.

The swirl bubbler contains local regions with predicted lives well
below 270M cycles, as shown in the contour plot in Fig. 13. No SNS tar-
gets operated to date have contained a swirl bubbler, so there is no JF
comparison for this region. The life contour plots for the upstream face
(left image) and downstream face (right image) of the swirl bubbler are
shown in Fig. 13 for the Nominal load case. Required strain reductions
from gas injection to reach 270M cycles are also indicated in result
plots by the ‘%’ values accompanying the highlighted locations of fa-
tigue life.
All other normal operation load cases except the Up case had minimum
life locations in the same area as the Nominal case. The life and strain
reductions for the swirl bubbler are summarized in Table 6. The mini-
mum life is 1.4M cycles with a 44% required strain reduction to reach
270M cycles. This magnitude of strain reduction is achievable with gas
injection, as past target strain measurements show an average strain re-
duction from 37 to 50% [18] and more recent measurements range
from 30 to 60%. Regardless of the level of conservatism in the fatigue
life prediction, it is expected that strain reduction from gas injection
will allow the swirl bubbler to meet the 270M cycle design goal; how-
ever, the authors also recognize that inaccuracy in the underlying pulse
stress prediction may have a detrimental effect on life prediction accu-
racy.

The front body is the region containing the largest number of loca-
tions with life predictions below 270M cycles. Fig. 14 shows these loca-
tions for the Nominal case, rank ordered from 1 through 10 by lowest
life and highest required strain reduction. The ‘(#)’ location identifier
is used to compare similar low life locations between the PPU and JF
designs. A similar view with the locations identified for the JF 1.4 MW
result is shown in Fig. 15.
The removal of the center baffle from the front body in the PPU design
(among other design improvements) creates a different pattern and a
smaller number of locations with minimum lives 270M cycles. The
minimum life for the PPU design is approximately 5 times larger than
that for the JF 2 MW life (not shown), and the number of locations un-
der 270M cycles is 40% less.
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Fig. 13. Estimated minimum cycles to combined thermal and pulse fatigue failure for base material in swirl bubbler for nominal load case. The upstream face (fac-
ing incoming mercury flow) is shown on the left and the downstream face (facing incoming beam) is shown on the right.

Fig. 14. Estimated minimum cycles to combined thermal and pulse fatigue failure for base material in the front body of the PPU 2 MW target design for the nomi-
nal load case. Locations are rank ordered from 1 through 10 by the lowest life/highest required strain reduction (1) to achieve 270M cycles.

The weld material combined thermal and pulse fatigue life is re-
ported in a similar manner to that of the base material; the contour plot
for the Nominal case is shown in Fig. 16. Like the base material, the
predictions are conservative and fall below the 270M cycle goal. Each
weld in the Nominal case meets the design goal of 0.5 times the mini-
mum life in the JF result, or more. The JF 1.4 MW weld results are
shown in Fig. 17. The PPU design at 2 MW performs as well as or signif-
icantly better than the JF model at 1.4 MW and 2 MW.

5.3. Abnormal operation load cases

The abnormal operation load cases differ from the nominal load
case only in the internal pressure and thermal load, and all the cases ex-
ceed the fatigue design goal for base and weld material thermal fatigue.
Most of the hotspot locations (see Fig. 14) for base material combined
fatigue life are unaffected by the abnormal operation load cases. The
few locations that do have a significant change in life do not drop below
the minimum fatigue life result. The largest change is on the bottom of
the window flow return inner rib, location 5 in Fig. 14, which drops
from approximately 16M (Nominal) to 2.7M in the GL case (i.e., a hy-
pothesized gas layer condition at the top of the return flow in the tar-
get). This result is due to the increased temperature and its gradient

caused by the hypothesis that the gas layer is fully insulating. The gas
layer could not completely insulate the heat transfer from steel to mer-
cury on the upper surface of the target return flow, so the impact is ex-
aggerated and its effect on fatigue life is conservative. Finally, there is
negligible effect from the abnormal operation load cases on weld fa-
tigue life for all load cases.

6. Conclusions

The purpose of this work is to show that the combined design, simu-
lation, and analysis efforts for the PPU 2 MW target have culminated in
a design that is predicted to have superior resistance to fatigue failure
compared with past designs. The fatigue evaluation used the latest com-
mercially available fatigue analysis software and methods for base and
weld material, and it incorporated energy deposition, temperature, and
stresses from accelerator physics, neutronics, CFD, and structural simu-
lations. The predicted PPU target fatigue life at 2 MW is comparable to
the JF target at 1.4 MW and far exceeds the predicted life of the JF tar-
get at 2 MW. Table 7 summarizes the minimum fatigue life results for
the PPU and JF target designs.
All cases greatly exceeded the required 3125 thermal cycles. The PPU
design met the goal of a minimum combined fatigue life that was at
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Fig. 15. Estimated minimum cycles to combined thermal and pulse fatigue failure for base material in the front body of the JF 1.4 MW target design for the nomi-
nal load case. Locations are rank ordered from 1 through 10 for comparison with the PPU 2 MW target design result (cf. Fig. 14).

Fig. 16. Estimated minimum cycles to combined thermal and pulse fatigue failure for weld material in the PPU 2 MW target design for the nominal load case.

least 0.5 times the JF 1.4 MW minimum life. Additionally, the mini-
mum combined life was five times greater than the JF 2 MW result. All
PPU load cases had a maximum required strain reduction percentage
from gas injection that was less than 50% (for base material to reach
270M cycles). It is important to note that measurements of strain reduc-
tion from gas injection can (currently) only be taken from the outer sur-
face of the mercury vessel, and that the lowest life regions are on the in-
ner surface (wetted mercury) side of the vessel. This is a limitation that
hinders direct comparison of the required and measured strain reduc-
tions from gas injection, however, the current measurement trends indi-
cate that increasing levels of gas injection continue to increase the mea-
sured strain reductions at the front outer surface of the target (near the
lowest life regions). The PPU project will provide the capability for
more than 10 times the level of gas injection achieved in current operat-
ing targets. This ongoing evaluation of operating JF targets (and in-
creasing gas injection) provides the authors with confidence that the
PPU 2 MW target will achieve its lifetime goals. Overall, in this fatigue

life assessment, the PPU 2 MW target design showed superior resistance
to fatigue failure compared with past target designs.
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Fig. 17. Estimated minimum cycles to combined thermal and pulse fatigue failure for weld material in the JF 1.4 MW target design for the nominal load case.

Table 7
Summary of minimum fatigue life results.

Load case
description

Base
material
min.
thermal
life

Base
material
min.
combined
life

Base
material
max.
% strain
reduction

Weld
material
min.
thermal
life

Weld
material
min.
combined
life

Weld
material
max.
% strain
reduction

JF 1.4 MW 6.7M 2.4M 38% 200k 0.10M 92%
JF 2 MW 1.0M 0.31M 53% 80k 0 100%
Nominal 7.9M 1.6M 43% 63k 0.13M 92%
Up 0.76M 0.96M 48% 61k 0.12M 92%
Down 0.45M 1.4M 40% 66k 0.14M 92%
Over 16M 1.0M 46% 63k 0.11M 92%
Under 3.3M 3.0M 37% 63k 0.16M 91%
Side 9.7M 1.5M 41% 120k 0.28M 89%
280 RPM 0.23M 1.4M 44% 23k 0.12M 92%
350 RPM 2.9M 1.4M 45% 50k 0.13M 92%
GL 0.19M 2.0M 38% 66k 0.14M 91%
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