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Further work in the evaluation of materials subjected to the
environments of Solar Thermal Central Receivers is continuing in
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study the application of design standards to the advanced central
receiver systems using other fluids (sodium, salt, or air) in the

receiver tubes.
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over to the Solar Energy Research Institute, and future work is
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States Government. MNeither the United States nor the United States ERDA nor
Sandia Corporation nor Foster Wheeler Development Corporation, nor any of
their contractors or subcontractors, or the employees of any of them, nor any
person acting on behalf of any of them:

A. Makes any warranty or representation, express or implied, with re-
spect to the accuracy, completeness, or usefulness of the information con-
tained in this report, or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights; or

B. Assumes any liability with respect to the use of, or for damages re-
sulting from the use of, any information, apparatus, method or process dis-
closed in this report.
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ABSTRACT

This is Foster Wheeler Development Corporation's final report covering
Phagses 1 and 2 of the program "An Interim Structural Design Standard for Solar
Energy Applications,” which was conducted from June 1977 to December 1978.
The report is divided into five sections. Section 1 summarizes the program.
Section 2 reviews Central Receiver Solar Thermal Power Systems, relevant ASME
Codes, reliability considerations and the criteria used to develop the Interim

Design Standard.

A code is needed for sclar applications that is consistent with the
basic level of reliability required in solar power systems. In order to accom-
plish this, a basic Design-by-Rule code such as Section VIII-Division 1 of the

ASME Boiler and Pressure Vessel Code was chosen and additional requirements

gleaned from other Sections of the ASME Code were added and modified if neces-
sary in order to be consistent with the reliability requirements. The salient

features of these additions and modifications are:

A Design-by-Analysis alternative to Section VIII-Division 2,

e Fatigue analysis requirements and exemption rules in the subcreep-
temperature regime.

® Creep-fatigue analysis requirements and exemption rules for elevated
temperature service. The creep~fatigue criteria are a simplified
and less conservative vergion of the nuclear Code criteria.

¢ No ratcheting analysis required.

e Additional guidelines for short-time buckling analysis.

e No creep-buckling requirement,
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Section 3 is the Interim Design Standard. It is intended to be used

in conjunction with Section VIII of the ASME Boiler and Presgsure Vessel Code

and B3l.1 (Power Piping) and B3l.3 (Chemical and Petroleum Refinery Piping) of

the ANST Piping Code. No other codes are referenced. All criteria or rules

chosen or adapted from the other codes, such as Code Case 15392, are fully
stated 1nc1udiﬁg all design data. Section 4 prbvides a detailed paragraph-by-
paragraph explanation of the Interim Design Standard. Section 5 identifies the
test and development program needed to generate new design data and to update

the Interim Design Standard.

vii
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Section 1

PROGRAM SUMMARY

1.1 INTRODUCTION

A program to develop an "Interim Structural Design Standard for Solar
Energy Applications” was authorized by Sandia Laboratories under Contract

No. 87-9151, with a period of performance from June 1977 to December 1978.

This program was created to develop a set of interim design rules and
standards applicable to the Central Receiver Solar Thermal Power System (CRSTPS)

components that generally fall under the scope of the ASME Boiler and.Pressure

Vessel Code.* Test programs and additional development work required in order
to upgrade the Interim Design Standard were also to be identified. This final

report describes the results of the study.

1.2 PROGRAM NEED

The conversion of solar energy to usable power involves pressure-
containing components such as boiler tubes, pressure vessels, piping, and valves,
The pressure requirements,  temperatures of operation, fluids used, and environ-
ment may vary. In each case there may be a potential hazard associated with
the fallure of a pressure boundary. To greatly reduce this hazard, a set of
requirements may be imposed on material, design, fabrication, and testing of

the pressure boundaries. The Code is such a set of requirements.

*Subsequently called the Code.
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The Code may be applied to solar components. From the nature of its
ﬁse, Section I, Power Boilers, seems to be applicable to the design of a CRSTPS
receiver in which steam (or another vapor) is generated. However, there are
conditions of loading and service that are unique to solar power systems and
very critical in their design. For example, portions of the solar receiver
will generally operate at hiéh temperatures. They might be required to have a
20-to-30-year lifetime and withstand a very large number of severe thermal cy-
cles. Section I does not consider thermal cycles explicitly. The fossil-fueled
boilers from which the rules of Section I are derived do not sustain as many

severe thermal cycles.

There are other aspects of Section I which may be questionable for
solar energy applications. For ecconomic reasons'it may be important to change
these. For example, the determination in Section I of the allowable lcading
for structural attachments to tubes is very dependent on the experience gained

in fossil=fueled boilers. No such experience exists in solar designs.

Other Sectionslof the Code do have methods which are applicable to many
of the special conditions of solar receivers. Included are techniques for the
direct evaluation of creep, low-cycle fatigue and the Design by Analysis of
structural attachments to tubes, However, before these methods and rules can
be used with confidence, they must be examined for their techmnical validity,
consistency, and completeness in the solar design situation. In addition, the
ugse of these methods may be overly conservative for solar requirements and may

lead to uneconomical designs.
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1.3 STATEMENT OF WORK AND SCHEDULE

According to the contract, the work to be performed was divided into

the following two phases:

e Phase 1:

Study the range of loading conditions, environment, and different
possible failure modes in CRSTPS components that fall under the
scope of the Code. Survey the available design rules and cri-
terla dealing with these failure modes in Sections I, III, and
VIII of the Code as well as in other standards.

Survey the available literature on the failure rates of differ-
ent components designed under various Sections of the Code.

These failure rates will be categorized as loading, material,
service conditions, etc. Examine service failure data from
Edison Electric Institute (EEI), the American Boiler Manufacturers
Assoclation (ABMA), and the National Board of Boiler and Pressure
Vessel Inspectors (NBBPVI). Make a comparative evaluation of

the reliability achieved by the use of different portions of the
Code. Define the level of reliability, availability, and safety
desired in CRSTPS. .

® Phase 2:

Select the existing Code rules that ensure the desired levels of
reliability, availability, and safety. Modify the rules that are
inconsistent with the above levels. Determine the acceptable de-
sign limits and rules for solar design.

Identify the development and test program required to generate
the design limit data for conditions that are unique to CRSTPS
and not covered in present codes and standards.
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Section 2

PROGRAM BACKGROUND

2.1 INTRODUCTION

During Phase 1 of this program, CRSTPS system components were reviewed.
This review consisted of a study of the range of loading conditions, the envi-
ronment, and possible failure modes in CRSTPS components that fall under the
scope of the Code. In this study, primary attention was given to the receiver
subsystem, and the thermal storage subsystem, including the heat exchangers
aqd piping. The electrical power generation subsystem, pumps, and valves were
excluded. A detailed description of this study may be found in the Phase 1
Report.l* A brief summary of this study relating to the receiver subsystem and
the thermal storage subsystem is presented in matrix form in Tables 1 and 2. A
detailed review of the various pertinent Sections of the Code was also conducted
in order to determine their applicability to solar power system components. The
details of this study were reported in the Phase 1 Report and are summarized in
Table 3. A reliability study involving a review of the available failure-rate
data and other reliability information related to pressure components designed
according to the Code, was also undertaken as a part of this program. The pur-
pose of this study was to determine the appropriate level of reliability for
solar components in order tec aid in choosing the Code rules for solar applica-
tions. A comprehensive summary of the reliability study may alsc be found in

Reference 1.

*Numbers represent references in Section 6.

2-1
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Table 1 Matrix of Information--Receiver Subsystem

Component Element s Loads F:i:::: Failure Consequences Related Code Rules
Steam drum Shell Internal pressure FM 1 will affect safaty Sections I and VI1I-Division 1 contain rules for all ele-
- ments for iaternal pressure (FM l). Section VIII-Division 2
Read Thermal (steady-state) T 3 will lead to shutdown has criteria to degign all elements for internal ptressure,
Feedwater | Thermal transients FM 5 will lead to ahutdown } thermal (steady-state), and thermal transiemts. Section YIL
inlet has criteria for all loads including selsmic.
Selsmic
Header (low tem- shell See loads for steam 1 FM 1 will affect safety See Code rules for steam drum.
perature) Head drum FM 3 will lead to ahutdowm
Header (high tem-| Shell See loada for steam 1 FM 1 and 2 will affect Sections I and VIII-Division 1 have rules to prevent FM 1
perature) Head deum 4 safety and 2 caused by internal pressure. Section VIII-Division 2
is not applicable for high-temperature design. Section II1E
FM & wilt lead to shutdown haa criteria for all loads and fatlure modes and includes
Code Case 1392,
Tubes (low tem- Tubes internal pressure 1 FM 1 will affect safety See Code rules for steam drum.
perature) Thermal (steady-state) ™ 3 will lead to shutdoum
Thermal transienta 5 FM 5 will lead to shutdown
Welght
Reactions of lugs, etc,
Seismic
Tubes (high tem~ Tubes See loads for tubes 1 FM 1 and Z will affect See Code rulea for header (high temperature).
perature) {low temperature) 2 safety
4 FM § will lead to shutdown
5 FM 5 will lead to shutdown
Waterwalls (low Tubes Internal pressure 1§ FM 1 will affect safety See Code rules for steam drum.
temperature) Fins Welght 3 FM 3 wiil lead to shutdown
Reactiona of lugs, etc. 3 FM 5 will lead to shutdown
Seismic
Thermal {steady-state)
Thermal trangients
#FM: 1. Ductile rupture 2. Creep rupture 3. Fatigue failure 4., Creep fatitgue 5. Ratcheting.

NOILYHOdHOD LNIWdOT3IAIA HITIIHM HI LSO
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Table 1 Matrix of Information--Receiver Subsystem (Cont)

Component Elementa Loade F;;:::: Fatlure Consequences Related Code Rules
"Watervalls (high Tubes See loads for water- 1 FM 1 and 2 will affecc Sections I and VI1I-Division 1 have rules to prevent FM 1
temperature) Fing walls (low temperature) 2 saferty and 2 caused by internal pressure., Section VIIi-Division 2
4 is not applicable co high-temperature design. Section III
‘4 FM & will lead to shuc has criterias for all loads and failure modes.
5 FM 5 will lead to shutdown
Piping (low tem- Internal pressure 1 FM 1 will affect safety Sections I and VILI-Division ! have rules to prevent PM 1
perature) - caused by internal pressure. Section III and Sectiom VIII-
Thermal (steady-stace) 3 FH 3 will lead to shutdown Divisfon Z have criceria for F 1 and 3 and for all loads.
Thermal transicnts .
Weight
Seismic
Piping (high tem- See loads for piping 1 FM 1 and 2 will affect See Code rules for header (high temperature).
perature) (low temperature) 2 aafaty .
L} FM 4 will lead to shutdown

NOILVYHOdHOO IN3IWNJOTIA3Q HIT13IHM HILSO4

alva
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Table 2 Matrix of Information--Thermal Storage Subsystem

Component Elementa Loads F;::::: Fallure Consequences Related Code Rules
Storage tank Shell Internal pressure 1 FM 1 will affect safety Sections I and VIII-Division 1 contain rules for all ele-
_ wents for Iinternal pressure (FM 1). Section VII1-Division 2
. Head Thermal (steady-state) T 3 will lead to shutdowa has criteria to design all elements for internal pressure,
Nozzle Thermal transients 5 FH 5 will lead to shutdown |thermal (steady-state), and thermal transienta. Sec-
tion III has criteria for all loads including selsmic.
Selsmic
Wind
Shipping
Internal point loada
Heat exchanger Shell Internal pressure FM 1 will affect safery See Code rules for storage tank.
shell Read Thermal transients 3 FH 3 wiil lead to shutdowm
Nozzle Selamic
Shipping
Heat exchanger fubes Internal pressure 1 FM 1 will affect safety See Code rules for storage tank,
tubes {low tem-
perature) Thermal (steady-state} FM 3 will lead ta shutdowm
Therwal transients 5 FM 5 will lead to shutdown
Selsmic
Vibration
- Shipping
Heat exchanger Tubes Internal pressure 1 FM 1 and 2 will affect Sections I and VIII-Division 1 have rules to prevent FM 1
tubes (high tem- _ safety and 2 caused by Internal pressure. Section VITI-pivision 2
perature) Thermal (steady-atate) 2 FM & and 5 will lead to is not applicable for high-temperature design. Section III
Thermal transients 4 a hd has criceria for all loads and failure modes and includes
shutdown
Code Case 1592,
Seismic 5
Vibration
Shipping
Tube sheets (low Perfprated| Pregsure 1 M 1 wlll affect safety See Code rules for storage tank.
temperature) plate Thermal (steady-state) 3 | #M 3 and 5 will lesd to
Thermal tranafents 5 shutdown

Selismic
Vibration
Shipping

*f4: 1. Ductile rupture 2,

Creep rupture 3.

Fatigue fallure 4.

Creep fatigue 5,

Ratchet ing

NO1LYHOdHOO LNIWJOTIAIQ HITIIHM HILSOS
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Table 2 Matrix of Information--Thermal Storage Subsystem (Cont)

Component Elements Loads F;::::: Failure Comsequences Related Code Rules
Tube sheets (high | Perforated | Pressure 1 FM 1 and 2 will affect See Code rules for hear exchanger tubes (high-temperature).
temperature) plate Thermal (steady-state) 2 safaty

Therwal transients 4 ::u:d;:: 5 will lead co
Seismic 5
Vibration
Shipping
Fluid distribution | Shell Internal pressure 1 FM 1 will affecc safety See Code rules for storage tank.
manifolds Head Thermal transients 3 FM 3 will lead to shutdown
Rozzle Selamic
Shipping
Maintenance tank Shell Internal pressure 1 FM 1 will affect safety See Code rules for storage tank.
Head Thermal cransients 3 FH 3 will lead to shutdown
Nozzle Seinmic
Shipping

NOILYHO4HOD LNIWdOTIAIA HITIIHM €I LS04

:21VYQ
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Table 3 Comparison of Design Rules of Different Sections of the ASME Code

Code Section

Applicability

Design Approach

Failure Hodes
Explicitly Considered

Other Salient Features

Suitability and
Limitations for
Solar Applications

Sectlon I

Power boilers

Design by Rule

Ductile rupture

Creep rupture

Developed from power bofler experlence
where fatigue considerations are not
a8 Iimportant as in asolar applications

Only pressure loads are explicitly
considered even though other loads are
mentioned

No criteria to evaluate
thermal etresses

No criteria to evaluate
fatigue or creep-fatlgue
interactions

Material choicea limited

Seismic loads not consi-
gidered

No buckling criteria

Section VLII-Division 1

Pressure vessels

Design by Rule

Ductile rupture
Creep ruptute

Buckling caused by
short-term loading

Design philosophy identical to Sec-
tion I

May slightly reduce weight of pres-
sure components

No criteria to evaluate
thermal stresses

No criteria to evaluate
farigue or creep-fatigue
Interactions

Material choices wide

Selsmic loads not con-
pidered

Sectlon VII1-Division 2

Pressure vessels
{alternative rules)

Design by Analysis

Ductile rupture

Incremental plastic
collapse

Fatigue

Buckling caused by
short-tern loading

bpesign approach similar to Section IIL

More restrictlve than Section VIII-
pivision 1 in choice of materials

Permits higher stress values

Ko criteria to evaluate
creep-fatigue at ele-
vated temperatures

Criteria provided for
evaluation of all fail-
ure modes for service at
subcreep tempevatures

May reduce weight of
pressure components

More analysis required

Section [1I-Division 1,
Subsection NB

Nuclear power sys-
tem metallic com-
ponents--Class 1

Degign by Analysis

Same as Section VIII-
Division 2

High reliabilicy '

Sophisticated quality control, inspec~
tion, testlng, material selection, and
Eabrication requirements

A detailed stress report is required

Same as Sectton VIII-
Mvision 2.

Sectlon III-Division 1,
Subsect fon NC

Nuclear power sys—
tem metallic com-
ponents—-Class 2

Pesign by Analysis
and Design-by-Rule

Design by Analyafs portion is similar te Subsection NB and Design by Rule portion is

gimilar to Section VIII-Pivision 1.

Class 1 components.

Material choice 1s limited ¢o those allowed for

Section Y1I-Bivislion 1,
Subsection ND

Nuclear power sys-
tem metallic com—
ponents-—Class 3

Design by Rule

Similar to the Design by Rule portion of Subsection NC.

3ilva

6/67 Laenuep
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Table 3 Comparison of Deisgn Rules of Different Sections of the ASME Code (Cont)

Code Section

Applicability

Deaign Approach

Failure Modes
Explicitly Considered

Other Ssalienc Features

Suicability and
Limitations for
Solar Applications

Code Case 1592

Code Case 1481

Nuclear metallic
components--Class 1
Eor elevated-.
temperature service

Nuclear metallic

components--Class 2
and 3, for elevated-
temperacture service

Design by Analysis

Design by Rule
and Design by
Analysin

Same as Section 111~
Divieion 1, Subsec—
section NB plus
creep-rupture, creep—
fatigue, and creep-
buckling

Same as Code
Case 1392

Sawe as Section I11-Division 1, Sub-
section NB

Various exemption criteria for cresp-
fatigue and rattheting are provided.
If these criteris sre not met, creep-
facigue evaluation as in Code

Cage 1392 {s required

Seme materials as in Subsections NC an
ND

Creep-fatigue require-
wments are very strimgent
and may result im eco-
nomic penalties for so-
lar pover systams

Very sophisticated
snalysis is mecessary

Compressive hold times
amd tensile hold times
are treated as equally
damagiog in determining
creep-rupture times

Material properties are
given only for a& very
limited number of mate-
tials

Exemption criteris are
difficult to meet

Too conservative for so-
lar applications

‘i )]
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Some of the general conclugions in the above areas are summarized

CRSTPS SYSTEM REVIEW

First generation CRSTPS components are subjected to loads similar to

power boilers which are generally designed to Section I and Section VIII-

1 specifications except for the following:

e Control of thermal gradients is made necessary by the possibility
of very high flux due to the concentration of solar energy.

o Number of important cycles of load is higher by about an order of
magnitude than for power boilers. This is made more important
because of possible high thermal stresses.

® Seismic locads may be greater than for power boilers because of
great tower height. Special consideration is required. The slosh-
ing effect due to seismic loads on storage may also be important.

e Wind loads may be large and need special evaluaticn.

REVIEW OF CODES AND STANDARDS
Section I of the Code is based on power boiler experience and Design

A power boiler which is designed, built, inspected, and stamped in

accordance with the rules of Section I must meet all applicable rules of Sec-

tion I.

The use of other design rules and guides, whether part of the Code or

not, may be used to aid the designer, but will have no bearing on the boiler's

acceptability under rules of Section I. Thus Section I does not guard against

the loads by which solar components differ from the power boiler components on

which Section I experience is based.

2-8
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Other Code Sections were reviewed in the same manner with the follow-

ing results:

e Section VIII-Division 1, is based on general pressure vessel expe-
rience and Design by Rule. Section VIII-Division 1 does indicate
specific loads that should be considered in design, and includes
earthquake load. However, the large number of cycles is not cov-
ered and there is no explicit method of consideration of the ther-
mal, seismic, or wind loads.

¢ Section VIII-Division 2 is based on Design by Analysis. It considers
the nature and magnitude of the stresses for all loads. It also ex-
plicitly evaluates fatigue stresses. Thus the cycles of load, ther-
mal loads, seismic loads, and wind lcads may all be evaluated. This
Section is limited in its use to metal temperatures at which creep
is negligible. The cost of the analysis is substantially greater
than that for Design by Rule codes.

e Section III-Division 1 is divided into three design subsections.
Subsection NB is Design by Analysis which is more inclusive in its
load analysis than Section VIII-Division 2, Subsection ND is simi-
lar to the Design by Rule of Section VIII-Division 1 and Subsec-
tion NC allows the use of Subsections NB or ND. For all cases the
design is limited to temperatures below those at which creep would
take place.

o Code Case 1592 is similar in concept to Section III-Division 1, Sub-
section NB. It allows all loads to be considered and is applicable
to temperatures in the creep range.

® Code Case 1481 is similar in concept to Section III-Division 1, Sub-
sections NC and ND and is applicable to temperatures in the creep
range,

2.4 RELTABILITY CONSIDERATIONS

The study of reliability considerations indicated that there is a
"quality" difference between vessels built according to Section III (Nuclear
Components) and Section I and VIII-Division 1. This should lead to a failure
rate of at least two orders of magnitude smaller for nuclear components than

for fossil-fuel components. The requirements of a solar standard in terms of

2-9
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reliability lean more towards that of fossil fuel codes than nuclear codes be-
cause the parts are accessible and the usual tube failure would be disruptive
but not critical. It may be of value to upgrade the fossil fuel Code rules

with applicable elements of the Code developed for nuclear components.

2.5 CRITERIA FOR SELECTING CODE RULES

The following criteria are cénsidered relevant in selecting rules for

the Interim Design Standard:

¢ Simplicity. The Interim Design Standard must be simple to use. An
approach similar to that of Section I or Section VIII-Division 1
would be most appropriate from this point of view. This approach
essentially involves Design-by-Rule. The thickness of the pressure
boundary is set by limiting the primary stresses to conservative
allowable stress values, thus preventing burst and gross distortiom.
The remaining failure modes are prevented by liberal safety factors
and accepted design practices. This approach, however, may result
in greater component weight,

# Design~by-Analysis Alternative. It is considered useful to give an
option of Design~by-Analysis. Thus the user may decide whether or
not to perform additional analyses that might justify a reduction
in wall thickness. This is especially important in view of the
fact that modern computer methods of analysis are within reach of
most engineers.

e Avoidance of Excessive Conservatism. One of the challenges in the
development and commercialization of a viable solar power technology
is the reduction in capital costs., A design standard which is un-
duly conservative will drive up the costs and price the technology
out of the market.

e Appropriate Levels of Reliability. Although the prime consideration
in the development of the Interim Design Standard is safety, effec-
tiveness and reliability are also important. The Interim Design
Standard must result in designs which are at least as reliable as
the fossil-fuel power systems and preferably more so.
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2.6 SELECTION AND MODIFICATION OF CODE RULES FOR SOLAR APPLICATION

The Interim Design Standard is specifically directed toward the first
generation of water/steam systems. Four basic failure modes of prime importance

that should explicitly be prevented are:

e Bursting and gross distortion from pressure
o Excessive plastic incremental distertion from cyclic loading
¢ Fatigue or creep fatigue from cyclic loading

e Buckling due to short- or long-term loading.

In addition to the above, consideration must also be given to brittle
fracture, stress corrosion, and corrosion fatigue. 1In the Interim Design Stan-
dard, protection against these latter failure modes is left the responsibility

of the designer.

Because solar thermal power systems are in an early stage of develop-
ment without a reserve of explicit experience, the experiences of similar appli-
cations must be adapted for an interim solar standard. The following three
approaches based on adaptations of the various Sections of the Code could give
adequate protection agéinst the four basic failure modes mentioned above.

e A combination of Sections I and VIII flus some additional ?ules

based on the elevated temperature nuclear Code

e Section VIII plus some additional rules based on the elevated tem-
perature nuclear Code

e Section ITI-Division 1 plus Code Case 1592 or Code Case 1481.
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FOSTER WHEELER DEVELOPMENT CORPORATION
The third approach would involve very sophisticated and complex analyses and
should result in unduly conservative designs, Hence it is not given any fur-
ther consideration. The other two approaches are now evaluated in greater

detail.

2.6.1 Basic Interim Code Rule Recommendation Based on Sections I and VIII

The steam/water solar receiver components are similar to those of a
system that would be designed by Secfion I of the Code. 1In Figure 1, taken from
Section I, Code jurisdictional limits of Section I for a drum-type boiler are
shown., A similar figure agpplies for Section I-desgigned forced-flow boilers.
Parts of the boiler outside this jurisdiction ﬁay be designed by other Codes,

such as Section VIII or ANSI B31l.1 for piping.

For the initial studies FWDC decided not only to divide consideration
of the boiler into the jurisdiction shown in Section I, but also to differenti-
ate between those components within the jurisdiction of SectionvI which did and
did not "see" the radiation and to consider piping outside the jurisdiction of

Section I separately. Thug the four groups to consider were:

A = Components within the jurisdictional limits of Section I that are
not subjected to direct radiation, including drum, headers, and

piping.

B - Components within the jurisdictionmal limits of Section I that are
subjected to direct radiation. The components are essentially the
heat-input system, superheater, and waterwalls.

C - Components other than piping that are outside the jurisdictional -
limits of Section I, Power Boilers. These may include a feedwater
heater, storage tank, thermal storage heater, and steam generator
from thermal storage. This steam generator may include a feedwater
heater, evaporator, drum, superheater, and possibly a reheater.

2-12
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D - Piping that 1s outside the jurisdictional limits of Section I,
Power Boilers.

Because of the large number of cycles involved in a solar power system,
there is a question of whether or not Section I experience will adequately cover
possible fatigue caused by cyeclic load with and without creep. If Section I ex-
perience is inadequate for temperatures below the creep range, an analysis may
be made by means of the rules of Section VIII-Division 2. However, the required
calculations are frequently fairly complex and expensive. Although Section VIII-
Division 2 does have waiver rules, they are almost always difficult to meet for
solar components. For temperatures in the creep range, creep damage could sub-
stantially reduce the number of allowable fatigue cycles. Code Case 1592 in- .
cludes conservative methods for creep-fatigue analysis that may make it too

conservative for solar applications.

Another important failure mode that could be caused by a combination
of primary loads and cyclic behavior is incremental distortion from ratcheting
{and if creep is also present--creep ratcheting). This behavior in many solar
components, especially those subjected to a substantial number of additiomal

cycles, may not be covered in the experience of Section I.

2.6.1.1 Group A. Essentially, these components form the transport
and distribution system inside the boiler. They generally have thermal stresses
much smaller than the pressure stresses, Most of the components covered by
Group A operate at temperatures below the creep range, but some, such as the

outlet header, may be subject to creep. Because thermal stresses are not severe,
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the experience of Section I should cover the requirements of fatigue, creep
fatigue, and ratcheting, unless the number of cycles or the design lifetime are
well beyond those expected in a power boiler designed by Section I. Thus, for

components in Group A:

¢ Basis: Section I
e Fatigue or creep-fatigue analysis is not required. However, the
Interim Design Standard should state that creep fatigue or fatigue
should be considered for cyclic conditions significantly more severe
than those normal for a Section I design.
e Ratcheting or creep-ratcheting analysis is not required. However,
a statement should be included indicating that these analyses be
considered,
2.6.1.2 Group B. These components experience direct radiation. Be-
cause of the substantial number of cycles, thermal stresses are generally much
higher than pressure stresses. Keeping thermal stresses at a reasonable level,
however, is still important. Unfortunately, the requirements to minimize pres-
sure and thermal stresses conflict. For a given pressure, as thickness is in-
creased, pressure stresses decrease. But a brief study of some superheater

tubes indicates that for given operating conditions, as the thickness is in-

creased, the thermal stresses are increased almost proportionately.

Because of the thermal stresses, highly cyclic behavior, and high tem-
peratures, creep-fatigue will be imporxtant. The level of possible creep~fatigue
damage is not covered by the experience of Section I design, and as previously
_pointed out, the rules of Code Case 1592 are difficult to meet, One possible

source of relief lies in the nature of the stress situation in the superheater
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solar components. The major creep damage takes place under 'compressive'" con-
&itions rather than under the tensile conditions for which the current rules of
Code Case 1592 were developed. Determinatioﬁ of the effect of compressive creep
on the number of cycles.to failure would be helpful. This information could
then be used for some relief from the creep fatigue restriction. However, an-
other very important préblem remaing: Although the tests are generally simple
tension or simple compression, in actuality the principal stresses are three-
dimensional and therefore is difficult to determine which are temsile and which

are compressive.

Because of the high thermal stresses and many thermal cycles, the pos-
sibility of creep-ratcheting for Grgup B méy bergreater tﬁén for Group A, VHow—
ever, since inspection is much simpler than for nuclear components, it does not
seem necessary to require creep-ratcheting analysis as long as ductile failure

and creep fatigue are prevented. Thus, for components in Group B:

® Basis: Section I

e Fatigue analysis is required, as in Section VIII-Division 2, for tem-
peratures below the creep range. The waiver rules of Section VIII-
Division 2 should be used until more appropriate waiver rules for
the solar standard are established,

o Creep-fatigue analysis is required, as in Code Case 1592, for tem-
peratures in the creep range. Waiver rules, such as those being
proposed for Code Case 1481, should be modified for solar conditionms.

e Ratcheting or creep-ratcheting analysis is not required. However,

a statement should be included in the Interim Design Standard indi-~
cating that these analyses be considered. ’

2.6.1.3 Group C. These components are outside of Section I jurisdic-

tion. Thus Section VIII-Divisions 1 and 2 are used. Division 2 permits thinner
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vessels than Division 1 in many cases for temperatures below the creep range.
This result is based on more precise design procedures. However, there are
also more limitations in Division 2 than in Division 1. For example, some com-
mon design details are prohibited; permissible fabrication procedures are spe-
cifically delineated; and more complete examination, testing, and inspection

are required.

The components considered in this category will be below creep tempera-
tures except possibly for the thermal storage heater. However, many will expe-
rience fairly sharp thermal gradients and many cycles. Thua explicit fatigue
considerations are necessary whether Section VIII-Division 1 or Section VIII-

Division 2 is used. For components in Group C:

e Basis: Section VIII

Section VIII-Division 1 for all components. Section VIII-Divisicon 2
may be used as an alternate for components at temperatures below the
creep range.

e For components at temperatures below the creep range, fatigue analy-
sis 1s required as promulgated in Section VIII-Division 2, whether
Section VIII-Division 1 or Division 2 is used as a basis. Relief
using the waiver rules of Section VIII-Division 2 is very limited
with solar components, Solar-directed waiver rules should be de-
veloped.

e For components at temperatures in the creep range, Section VIII-
Division 1 must be used. Creep-fatigue analysis is required as in
Code Case 1592. Waiver rules from Code Case 1481 are available but
are not of much use in solar applications. Solar-directed waiver
rules in this case can be developed without much difficulty.

e Ratcheting or creep-ratcheting analysis is not required. However,

a statement should be included indicating that these analyses be
considered.
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2.6.1.4 Group D. Because the piping outside the jurisdiction of Sec-
.tion I is for transport rather than heat transfer, the thermal gradients will
not be a; severe as for some components in Group C. The major cyclic considera-
tion is expansion stress in a component such as the steam downcomer. ANSI B31l.1
has rules to cover expansion stresses and should be used for Group D. A note
should be included that for very large numbers of significant cycles, it may be

necessary to consider fatigue or creep fatigue.

2.6.2 Basic Interim Code Rule Recommendation Based on Section VIII

One of the major problems with central receiver solar systems is
weight. Since receivers are placed on a tower, the weight of the receiver com-
ponents adds to the tower weight. To prevent bursting and gross digtortion, the
wall-thickness value from Section VIII-Division 1 could be as much as 10 percent
less than for Section I, and the thickness from Section VIII-Division 2 possibly
25 percent less than for Section I. The latter value is valid only for tempera-
tures below the creep range. For Section VIII-Division 2 at applicable tempera-
tures and Section VIII-Division 1 at higher temperatures, there may be a "step"
in the required thickness at the lowest temperature for which creep must be
considered. Unfortunately, this is true even for components designed to nuclear
Code (Section III) or high-temperature nuclear Code {Code Case 1592) specifica-

tions,

The design approach to be taken based on Section VIII is that Division 1
can be utilized at all temperatures and Division 2 only at temperatures below the

creep range. There is no alternative for components with temperatures in the
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creep range. The general items defined for Section I that concern loads other
.than pressure loads, additional design requirements, and a manufacturer's re-

port should also be included in a code based on Section VIII. Similarly, the

four groups considered before should also be used for a code based on Sec-

tion VIII.

2,6.2.1 Group A

e Basis: Section VIII.

Section VIII-Division 1 for all components. Section VIII-Division 2
may be used as an alternative for components at temperatures below
the creep range.

e For Section VIII-Division 1 designa, fatigue, or creep-fatigue analy-
sis 1s not required. A statement that creep-fatigue or fatigue
should be considered for cyclic conditions significantly more severe
than those considered in the usual Section VIII design must be
included in an Interim Design Standard.

e For Section VIII~Division 2 designs, fatigue analysis is required.

e For Section VIII-Division 1 designs, ratcheting, or creep-ratcheting
analysis is not required. However, a statement should be included
indicating that they should be considered.

e For Section VIII-Divigion 2 designs, the warning of the possibility
of thermal stress ratcheting is already included.

2.6.2.2 Group B

o Basis: Section VIII

Section VIII-Division 1 for all components. Section VIII-Division 2
is permitted for components at temperatures below the creep range.

e Fatigue analysis as defined in Section VIII-Diviszion 2 is required
for temperatures below the creep range for Section VIII-Division 1
as well as for Section VIII-Division 2.

e For components at temperatures.in the creep range,'Section VIII-
Division 1 must be used as the basic code. Creep-fatigue analysis
is required as in Code Case 1592, Waiver rules, if applicable, may
be used,
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e Ratcheting or creep-ratcheting analysis is not required for Sec-
tion VIII-Division 1. A statement indicating that they should be
considered must be included.

e For Section VIII-Division 2 designs, a warning of the possibility
of thermal stress ratcheting is already included.

2.6.2.3 Group C. The information for this group is identical to that

in Section 2.6.2.2 (Group B).

Group D

2,6.3

tion was

followin

2.6.2.4 Group D. The use of ANSI B31l.1 and B31.3 for the piping in

seems applicable.

Choice
After considering these twe options (2.6.1 and 2.6.2), the second op-

chosen for the Interim Design Standard for the following reasons:

e It is more consistent: 1In the first approach the receiver alone is

to be designed according to Section I and the rest of the components

according to Section VIII; in the second approach Section VIII may
be used for all components including the receiver.

e Section VIII -Division 1 may result in a lighter and less conserva-

tive design than Section I. By using the Design-by-Analysis alterna-

tive of Division 2, components can be made even lighter. This is
important because the receiver is placed atop a tower which could
be several hundred feet high.

e Section VIII has a wider material choice.

e The rules of Section I are based on specific experience which may
not be applicable to solar requirements. Section VIII is written
for a broader scope of vessel.

In summary, Section VIII-Division 1 was chosen as the base code. The

g additions and modifications were made:

o A Design-by-Analysis alternative to Section VIII-Division 2.
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¢ Fatigue analysis requirements and exemption rules in the subcreep-
temperature regime, '

e Creep-fatigue analysis requirements and exemption rules for elevated-
temperature service. The creep-fatigue criteria are a simplified
and less conservative version of the nuclear Code criteria,

e No ratcheting analysis is required.

e Additional guidelines for short-time buckling analysis.

s No creep buckling requirement.
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Section 3

AN INTERIM STRUCTURAL DESIGN STANDARD
FOR SOLAR ENERGY APPLICATIONS

SCOPE

The requirements of this code apply to all pressure vessel and piping
components, parts, and appurtenances that are contained in Central Receiver
Solar Thermal Power Systems (CRSTPS) of the water/steam type except the follow-
ing: :

® Pressure containers which are integral parts of components of rotat-
ing or reciprocating mechanical deviceg, such as pumps, compressors,
turbines, generators, engines, and hydraulic or pneumatic cylinders
where the primary design considerations and/or stresses are derived
from the functional requirements of the device.

e Components of sclar power systems having a pressure exceeding
3000 1b/in*g (20,670 kPa). For such components, deviations from and
additions to these rules may be necessary.

e Vessels having an internal or external pressure not exceeding
15 1b/in’g (103 kPa).

e Nonmetallic components.
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DESIGN
GENERAL REQUIREMENTS FOR DESIGN

ACCEPTABILITY - An acceptable design is one which meets the requirements
given below:

The design satisfies the general design requirements of -3100 and the
appropriate component rules in -3200 and -3300.

The design shall guard against failure from low-energy fracture. The
design specification may contain additional requirements as to the
tests, analyses, or other methods by which the designer can demonstrate
proper consideration of this failure mode.

The Certificate Holder may invoke alternative methods for demonstrating
compliance to those requirements and rules of -3111 (a) that relate to
buckling and creep-fatigue failure. However, these alternative methods
shall be approved by the owner.

—3112 DESIGN REPORT AND CERTIFICATION

(a)

(b)

=3200

-3210

Reporting and certification procedures of Section VIII-Division 1 of
the ASME Pressure Vessel and Piping Code shall apply for all components
except those listed in -3112 (b).

Reporting and certification procedures of Section VIII-Division 2 of
the ASME Pressure Vessel and Piping Code shall apply for those compo—
nents which satisfy any of the following:

(1) Designed according to Section VIII-Divigion 2.
(2) Designed using the buckling rules in Paragraph -3260.
(3) Designed using the fatigue rules in Paragraph -3251.2 or the creep-

fatigue rules in Paragraph -3252.1.

DESIGN RULES (VESSEL)

GENERAL - The design of the pressure vessels and the vessel parts shall
conform to the design requirements of ~-3200.

-3220 BASE DESIGN RULES

(a)

The design shall conform to the requirements of Section VIII-Division 1
of the ASME Boiler and Pressure Vessel Code. Additional requirements
stated in -3250 shall also be met.
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(b)

(c)

(d)

(e)

-3230
(a)

(b)

(e)

(d)

(e)

=-3250

-3251
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The requirements of Section VIII-Division 1 relating to materials,
fabrication, inspection, testing, and presgure relief devices shall

apply.

Materials ‘other than those allowed by Section VIII-Division 1 may not
be used, unless data thereon are submitted to and approved by the ASME
Solar Energy Committee in accordance with Appendix B of Section VIII~
Division 1.

In addition to the loads specified in UG-22 of Section VIII-Division 1
of the ASME Boiler and Pressure Vessel Code, snow lcads, shipping loads,
and vibrations shall also be considered where required.

The buckling limits of -3260 may be used for those configurations and
loading conditions for which buckling rules or charts are not provided
in Section VIII-Division 1.

ALTERNATIVE DESIGN RULES

The requirements of -3220 may be replaced by the alternative rules of
-3230 for service at temperatures for which the design stress intensity
is given in Section VIII-Division 2 of the ASME Boiler and Pressure
Vessel Code.

The design in accordance with -3230 shall conform to the requirements

of Section VIII-Division 2 of the ASME Boiler and Pressure Vessel Code.
The additional requirements of -3250 are already included in Section VIII-
.Division 2.

Section VIII-Division 2 shall be used as a whole including the require-
ments relating to the materials, fabrication, ingpection, tests, and
certification.

Materials other than those allowed by Section VIII-Division 2 may not
be uged, unlegs data thereon are submitted to and approved by the ASME
Solar Energy Committee in accordance with Appendix 16 of Section VIII-
Division 2.

The buckling limits of -3260 may be used for those configurations and
lecading conditions for which buckling rules or charts are not provided
in Section VIII-Division 1.

ADDITIONAL REQUIREMENTS - The additional requirements of -~3251 and -3252
shall be satisfied if =-3220 is used.

FATIGUE EVALUATION - The following requirements on fatigue evaluatiocn
apply to service temperatures for which stress intensity values are
given in Section VIII-Division 2 of the ASME Boiler and Pressure Vessel
Code,
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FATIGUE EVALUATION NOT REQUIRED - The- following is a list of compo-
nents for which fatigue evaluation is not mandatory.

Receiver components which are not directly exposed to the solar
heat flux,

A component exempted from fatigue analysis by an explicit statement
in the design specifications.

FATIGUE EVALUATION REQUIRED

The components not exempted from fatigue evaluation as per -3251.1
shall be required to meet the fatigue limits in accordance with
Article AD-160 of Section VIII-Division 2.

Fatigue evaluation exemption rules in AD-160.2 and AD-160.3 of
Section VIII-Division 2 may be used to determine the need for a
detailed fatigue analysis.

If the exemption rules of AD-160.2 and AD-160.3 are not met, a de-
tailed fatigue analysis shall be made in accordance with the rules
of Appendices 4 and 5 of Section VIII-Division 2.

-3252 CREEP-FATIGUE EVALUATION -~ The following requirements on creep-fatigue
evaluation apply to elevated temperature service.

-3252.1

(a)

(b)

-3252,2

(a)

CREEP-FATIGUE EVALUATION NOT REQUIRED - The following is a list of
components for which creep-fatigue evaluation is not required.

Receiver components which are not directly exposed to the sclar
heat flux.

A component which, by an explicit statement in the design specifi-
cation, may be exempted from a creep~fatigue evaluation by the
owner.

RULES TO DETERMINE NEED FOR CREEP-FATIGUE ANALYSIS - A creep-fatigue
evaluation need not be made provided the total number of significant
load cycles is less than 25, 1If this condition is not met, a de-
tailed creep-fatigue analysis shall be made in accordance with -
-3252.3. A load cycle is significant if any of the following is
true:

The range of the elastically calculated primary stress intensity
(see Appendix A) is greater than 1.25 times the maximum allowable
stress in Section VIII-Division 1.
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The range of the elastically calculated secondary stress intensity
(see Appendix A) is greater than 1.5 times the maximum allowable
stress in Section VIII-Division 1.

The range of the elastically calculated peak streas intensity (see
Appendix A) using a stregs concentration factor of 2.5 at local
structural discontinuities (see Appendix A}, unless otherwise speci-
fied, is greater than twice the allowable stress amplitude at 108
cycles from the design fatigue curves in Figures -3252.2(a) and
~3252.2(b).

CREEP-FATIGUE ANALYSIS
All significant load conditions shall be evaluated for accumulated
creep and fatigue damage including hold time and strain rate ef-

fects. TFor a design to be acceptable, the creep and fatigue dam-
age shall satisfy the following relation:

g a + g £ <D
j=l( Nd)j k=1(Td K 1S

D - total creep~fatigue damage [Figure -3252.3(a)].

where

number of applied cycles of loading condition, j.

Nd = number of design allowable cycles of loading condition, j.
Ng is determined from one of the design fatigue curves in
Figures =3252,.3(b) or (¢) and Tables -3252.3(a) and (b) cor-
responding to the maximum metal temperature during the cycle.
The design fatigue curves were determined from completely
reversed loading conditions at strain rates greater than, or
equal to those noted on the curves,

= time duration of the load condition, k.

Td = allowable creep rupture time at a given stress or an effec-
tive stress from load, k. T4 values are obtained by the pro-
cedure outlined im -3252.3(c).

Equivalent Strain Range Calculation - An equivalent strain range

is used to determine Ny. When the Design Specification contains a

histogram delineating a specific loading sequence, the strain range
shall be calculated for the cycles described by the histogram. If

- thezsequence of loading is not defined by the Design Specificatiom,
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Table 3252.3(a) Design Fatigue Strain Range, €y, for 304SS and 31688

Ng
Nuqf e¢. Strain Range (in./in.) st Temperature
Cycles* 100 F BOO F 900 F 1000-1200 F 1300 F
10 0507 .0438 0378 .0318 0214
2x10* 0357 .0318 0251 0208 0149
4x10 026 0233 0181 0148 0105
10* 0177 0159 .0123 00974 .00711
2x10* 0139 D125 60961 0744 00551
4x10° 0110 00956 .00761 00574 00431
10 00818 00716 00571 00424 00328
2x10? 00643 00581 00466 00339 00268
4x10° 00518 00476 .00381 00279 00226
10* .00403 00376 .00301 00221 .00186
2x%10° 00343 00316 .00256 .00186 00162
4XE0*, 00293 00273 .00221 .00161 00144
10 .00243 00226 00182 00136 00121
2XL0 00213 00196 00159 00121 00t08
4%108 .00188 00173 80139 00109 000954

1y 00163 D051 o018 000963 006834

*Cyclic strain rate ¢ 1X10° in.jin./sec.

| |
: ~ FOR METAL TEMPERATURES
\ NOT EXCEEDING i
Al il
\.\ 4 800°F
= / —900°F
2 10-2 \\S \ / /-—1000-1200°F
S . 1300°F
;_; . \%}\Q yAner
- '\
g - ~
z e ———
@ 1073
=
(2]
] o
CYCLIC STRAIN RANGE: 1 X 1073 IN/IN/SEC
2
10°¢
|ol 2 s 103 2 E '03 H ] 104 2 ] '0! 2 5 10.

NUMBER OF ALLOWABLE CYCLES. N4

Figure 3252.3(b) Design Fatigue Strain Range, €y, for 304SS and 31688
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Table 3252,3(b) Design Fatigue Strain Range, £, for Ni-Fe-Cr Alloy 800H

R
s FOR METAL TEMPERATURES
\ NQT EXCEEDING
h “~ 800°F
2 900°F
Q -~ /_1000-1:
2 a2 \ /:-HOO'F
z 1Q NN
F
R \L\,h
- et
8 ==
b4 \\
z 2 1200 °F —— —
- 1300°F == —
= 0 "—1400*F
L]
CYCLIC STRAIN RATE: 1.0 X10™3 IN/IN/SEC
2
10°* 5 3 z 2 3 2 . ry s
10 10 0% o0t 1 5108 2 5 10
NUMBER OF ALLOWABLE CYCLES, Ny
Ny .
N":"W €, Strain Ranga (in./in,) at Temperature
Cycles* 800 F 900 F 1000 F 1100 F 1200F 1300 F 1400 F
10t 0513 0498 0468 .0378 0308 0263 .0231
2x10! 0328 0313 .0298 0243 0198 0168 0129
4x10* 0218 - 0208 .01%¢ 0163 0130 0113 .00866
10? 0139 0129 0119 01 00823 00725 .00566
2x10? 0103 00939 00861 00722 100603 00535 00426
4x10% 00777 00699 00641 00542 00463 .00403 .00331
10?2 00537 00489 00441 00392 00328 .00285 00254
2x10° 00427 00379 00351 .00312 00261 .0023 .00209
4x10? 00347 00314 00291 00259 00213 00195 00176
100 00277 00249 00233 0021 00174 00159 00143
2% 10¢ 00242 .00219 00201 00182 00155 00142 00125
4X 104 00215 .00193 0018 .00162 0014 00127 00109
10 .001a7 00164 00151 00139 00122 00115 108959
2x10% 00169 .00149 00141 ..00128 00113 00103 000919
4x10% - 00157 00139 00120 .00121 00108 000987 000889
10 00139 00129 00110 00112 00103 000937 000869

*Cyclic strain rate; 1X30°% in.fin./sec.

Figure 3252.3(c) Design Fatigue Strain Range, €, for Ni-Fe-Cr Alloy 800H
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then an appropriate method of combining cycles shall be applied.
The equivalent strain range is computed according to one of the
following procedures:

Procedure 1 - General Case

Step 1. Calculate all strain components for the strain history
(€ys €gs €25 Yxys Yygs Y,y » VErsus time) for the complete cycle.
Stress concentratiog factBrs are added at this step.

Step 2. Select a time when conditions are at an extreme for the

cycle, either maximum or minimum. Refer to this time point by a

subscript i. In some cases it may be necessary to try different

points in time to find the one which results in the largest value
of equivalent strain range.

Step 3. Calculate the history of the change in strain components
by subtracting the values at the time, t, from the corresponding
components at each point in time during the cycle. TFor example:

AE = -¢
x X xi

Ae =g =-¢
y ¥y yi

Step 4. Calculate the equivalent strain range for each point in
time. :

v 2 2 2
-2 [(Aex-Asy) + (be -he )

3 2 2 2 1/2
(a2 rav?ar? )]

€
equiv,

: 2 (2)
+ (Aez-Aex) +-§

Step 5. Use the maximum equivalent strain range calculated as the
range of strain (¢, = Ae ) to enter the fatigue curves.
t equivalent

Procedure 2 - Applicable Only When the Principal Strains do not
Rotate.

Step 1. No change from Step 1 of Procedure 1.

Step 2. Determine the principal strains versus time for the
cycle. .

Step 3. At each time interval of Step 2, determine the strain
differences €; - €z, €2 - €3, £3 - €1,

Step 4. Determine the history of the change in strain differences
by subtracting the values at the time, t, from the corresponding

3-11
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values at each point in time during the cycle. Designate these
strain difference changes as

Ae1-€2) = €12-€12y

A(ea-g3) = €23-€23,

A(es-€1) = €31-€314
Step 3. Compute' the equivalent strain range as:

Asequiv. - __%' [A(e1~€2)]? + [A(g2-€3)]% + [A(eg—el)]{} 1/2 (3)

Step 6. Use the maximum equivalent strain range calculated as the
range of strain (st = Aaequivalent) to enter the fatigue curves.
Creep-Damage Calculation - For Type 304 and 316 stainless steels
creep damage calculations may be done by the following procedure;
elastic or inelastic analysis may be used.

Step_l. 1Inelastic Analysis - Calculate the maximum tensile princi-
pal stress for each loading condition k. To account for creep ef-
fects isochronous creep curves given in Appendix T or applicable
creep formulae may be used. Elastic Analysis - Calculate the
following stress quantities:

(1) 1.25 Sy ks where S | is the average of the expected minimum
yield strengths at the maximum and minimum wall-averaged tempera-
tures of the lecad condition.

(2) The largest principal tensile component of the primary-plus-
secondary stresses (defined in Appendix A) during the sustained
portions of the loading cycle.

Determine the smaller of the above quantities.

Step 2. Enter the stress from Step 1 into the stress-to-rupture
curves in Figure -3252.3(d) through (h) and Tables =-3252(c) through
(g) and determine the corresponding value of allowable time, Td.

For materials other than Type 304 and 316 stainless steel, the
principal tensile stress should be replaced by 'effective stress'
or 'stress intensity' unless it can be shown by consistent experi-
mental data that principal tensile stress governs creep rupture.

Creep-rupture damage in Equation (1) may also be calculated by
using the integral form

Creep damage e L dt
o) Td
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Table 3252.3(c¢)

Expected Minimum Stress-to-Rupture Values for Type 304S8S, 1000 psi

Tomp.,"F Thr tohe | 30h | 107 [3x30°nr J10°he [3Xx10°0e [90* e [3x10°m | 105w |3X00° W
800 - 57 57 57 57 57 57 57 57 51 £4.3 39
850 56.5 56.5 56.5 56.5 56.5 56.5 50.2 45.4 40 34.7 30.5
900 55.5 §5.5 | 55.5 55.5 51.5 46.9 41.2 36.1 35 27.2 24
950 54.2 542 | 51 481 43 38.0 335 28.8 24.9 21.2 18.3

1000 52,8 50 44.5 398 is 309 26.5 229 19.7 16.6 14.0
1050 50 419 | a7 32.9 20.9 25.0 21.6 18.2 15.5 13.0 11.0
1100 45 5.2 31 27.2 239 20.3 17.3 14.5 123 10.2 8.6
1150 38 29.5 26 225 19.3 16.5 139 11.6 9.6 8.0 6.6
1200 a2 247 | 2s 18.6 159 13.4 111 9.2 7.6 6.2 5.0
1250 27 20.7 17.9 154 13 10.8 89 7.3 6.0 49 4.0
1300 23 17.4 15 12.7 10.5 8.8 7.2 5.8 4.8 la 3.1
1350 19.5 146 | 126 106 a8 7.2 5.8 4.6 3.8 3.0 24
1400 - 16.5 121 10.3 * 88 7.2 58 4.7 3.7 30 23 1.9
1450 14.0 10.2 B8 7.3 5.8 4.6 38 29 2.3 18 14
1500 12.0 8.6 7.2 6.0 4.9 38 3.0 24 1.8 L4 1.1
100 .
s ;JE:_ ‘J;_ TEMPF
N:_:“-ﬁS“*\:M:\\“*— 850
a“‘“:::;———::j_::: e T e00
— P——] y_\-'—‘— -—k_\'—*,_
o e Tione
- 1] — T t—t——J 11100 |
g \\\3:::\\\~MQZ~E“ 1200—
— T
-] 2 hN\““-“‘ﬁh‘"‘-~h“hulﬂ%
N 1400 |
E ~ 50
' 1500 —
]
)
o 5 T @ 1 : 8 . 1 5~ 3 2 3
o 10 o’ 2w ©

Figure 3252.3(d)

MINIMUM TIME TO RUPTURE, HR

Stress-to-Rupture (Minimum)
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Table 3252.3(d)

Expected Minimum Stress-to-Rupture Values for Type 316SS, 1000 psi

10? hr

Temp., °F 1hr 10 hr 30 hr 108 hre | 3%X10% b 3X10* hr | 10° hr | 3X10°hr | 10° hr | 3X10° hr
800 61.5 64.5 64.5 64.5 64.5 64.5 '64.5 615 64.5 64.5 64.5°
850 63.3 63.3 63.3 63.3 63.3 63.3 63.3 63.3 60 36 52
900 62.2 2.2 62.2 62.2 62.1 62 38 34.1 48 42.6 38
930 60 60 60 60 56 5L.6 36.5 42.6 375 324 283
1000 58.5 38.3 55 51.7 47 421 375 33.6 28.8 24.6 21
1050 36 329 47.5 43.4 38.2 314 30.2 26.4 223 188 16
1100 33.5 33.1 10 36.4 322 28.1 23.2 20.8 17.3 14.3 1.7
1150 16.5 38.4 31 30.5 26.6 23.0 19.5 16.4 134 10.9 8.8
1200 40 32.7 29 25.6 22 18.8 . 15.6 129 10.3 8.3 6.7
1250 as 27.8 243 . 21.4 18.1 154 12.7 10.2 8.1 6.3 4.9
1300 30 23.7 20.8 i8.0 15 12.5 10.0 8.0 6.2 4.8 3.7
1350 26 20.0 17.5 i5.0 12.7 10.4 B.2 6.4 4.9 3.6 2.7
1400 22.5 i7.1 14.8 12.4 10.2 8.4 6.6 5.0 38 2.8 2.1
1450 i9.5 146 12.6 10.5 8.6 6.8 5.2 39 29 2.1 1.5
1500 17 125 10.6 8.8 7.2 5.6 1.2 31 23 1.6 1.2
100 v :
-
—— Ses— S {
® i 850 —|
\_' E—— F—— p———y
] — 300
::Et“ﬁ—:\-::‘:\::;h‘_ 950
2T {1000
[ —— [
o e ——— o I%0
= ] —_— 1so |
\\\ [—— [ —
2. “‘-:::::::::EEE;“nhfj::::::‘::::‘":ggg_"
8 \QE‘\:\\:_-\\ 1300
@ \\\ ~~~J]"{13s0
n o2 ~3] 1900 —
[~ 1450
E | [~ 1500
a
2
o1 2 [ 2 5 2 [ 2 8 z2 3
o ot 10* w0t o®

Figure 3252.3(e)

MINIMUM TIME TO RUPTURE, HR

Stress-to~Rupture (Minimum)
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Table 3252.3(e) Ni-Fe-Cr (Alloy 800H), Expected Minimum Stress-to-Rupture Values, ksi

Temp.."F The 3w 10 e 0w 100w ] 300 he | 1000 e 3000 hr 10000 hr 30000 hr 100000 ht | 300000 hre
400 60.7 60.7 60.7 60.7 60.7 60.7 60.7 60.7 60.7 60.7 60.0 35.0
850 60.7 60.7 60.7 60.7 60,7 60.7 60.7 60.7 57.5 53.5 493 45.6
%00 60.7 60.7 60.7 60.7 60.7 60.7 57.9 538 194 458 415 8.0
4950 60.7 60.7 60.7 60.7 59.0 54.7 50.1 46.1 419 3s.2 M4 31.2

1000 - 00.7 60.7 60.7 50.3 51.5 47.2 42.8 39.0 350 3116 20.2 254
1050 60.7 58.5 535 49.0 443 103 36.1 326 29.0 259 229 204
1100 56.1 51.4 46.5 42.2 aze 310 30.1 269 237 21.1 18.4 16.3
1150 49.3 144.7 0.0 36.0 31.8 28.4 249 221 193 17.0 14.7 12.9
1200 429 i85 Il 30.3 26.6 235 20.5 18.0 155 13.6 1.7 10.2
1250 370 129 288 254 221 19.3 16.7 145 12,5 109 93 8.1
1300 316 278 241 210 18.2 15.8 135 1.7 10.0 8.6 74 6.4
1350 26.8 214 20.1 17.5 119 129 10.9 94 0.0 6.9 5.8 5.0
1100 né6 19.6 16.7 14.4 122 10.4 88 735 6.4 5.5 4.6 4.6
100
TEMP °F
: ol
v F—] — ———] ——— ] 18
_‘_;:::~_h———__~_:::—-—u~‘_-_~______-___h_~
g::::::r:::——_::::——*_h_ ] *‘***————::hmg__
] O R R M — 1 11100
o e e iR
— ————l T 11250
1 I T e Sy s S 11
8 °® 1400 |
o
-
w
E 1
o
8
2
1] -
2 -] 2 3
o 2% w2 % e P Y et 10°
TIME (HR)

Figure 3252.3(f)

Stress~to-Rupture (Minimum)--Ni-Fe-Cr (Alloy 800H)

NO[ILVYHOdH0D LNIWdOT3IAIA HITIIHM HI1S04

‘alva
"43d

6,61 Aaenuel

OTTTYY-TH-6
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Table 3252.3(f) 2-1/4%Cr-1%Mo--Expected Minimum Stress—to-Rupture Values, ksi

Temp., °F 0hr 30 hy 10 hr } 3X10° hr [ 10° hr | 3X10° he | 10* hr | 3X 10* hr | 105 hr | 2 X10° he
7 59.0 59.0 59.0 59.0 59.0 3%.0 39.0 39.0 4.0 19.0
750 58.0 57.0 56.0 54.6 53.0 51.2 48.0 43.3 37.5 34.1
800 560 | 555 54.0 8.5 13.0 375 345 30.5 27.0 24.0
830 520 50.5 16.0 10.5 5.0 31.0 27.5 240 21.0 18.5
200 16.0 41.0 36.0 32.0 28.0 25.0 21.6 19.0 16.4 14.1
950 10.0 35.0 30.0 26.0 222 | 195 17.0 146 126 11.0

1000 3t.s 27.5 21.0 2L.0 17.9 15.2 13.1 11.0 9.4 79
1050 26.0 22.5 190 |. 165 140 12.0 10.0 8.3 7.0 5.8
1100 - 21.0 18.0 15.1 13.0 10.8 9.1 7.3 6.2 5.0 11
1150 17.0 14.1 11.8 98 8.0 6.7 54 4.4 35 2.8
1200 135 11.1 9.2 7.6 6.2 3.0 4.0 3.2 25 2.0
100 I '
| ’ | I TEMP *F
50 = — 100
_\“‘-—-— — —--"-—h_____._.
S T —r
= "\_‘__- ""—-\N i—--_.l,________-4 800
@ 10 -.:;\t]\ Q ——— 950 —
———
i) P H-.___\""{ 1000
E . "—:\\‘ [ —] [ ——41050__|
\\ﬁQ\ 1100
] 1150
1200
' -
10 ‘ i0® w* to* 10®  3u0°
TIME (HR)

NOILVHOJHOD LNFWAOTIAIA H3TIIHM HILSOd

:31va
43y

Figure 3252.3(g)

2-1/4%Cr-1%Mo-~100 Percent of the Minimum Stress-to-Rupture

6L6T Aienuer
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Table 3252'.3(g) Ni-Cr-Fe-Cb (Alloy 718) Expected Minimum Stress-to-Rupture Values, ksi

Tamp.,"F | 0br | 30he | 10° b | 3x00°he | 10w | 3x10° 0w | 10° e | Ix 10 he | 10° b | 3% 10 e
800 - - - - - - - - - -
850 - - - - - - 159 151 146 140
900 - - - - 158 151 144 138 130 124
950 - - 158 150 144 136 129 122 114 106
1000 - 150 144 136 130 122 14 106 98 90
1050 146 138 130 124 114 106 98 91 81 4

1000
8
TEMP *F
d — =800
i — -850
100 :-h* —— {900_
950
3 ~
= 5
2
E
0
-]
2
! 3
w' w02 T R 0
TIME (HR)

Figure 3252.3(h) Stress-to-Rupture (Minimum} Ni-Cr~Fe-Cb (Alloy 718), ksi

NOILYHOdHOO LNINJ0T13A3]Q HIT33HM H31S0d
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-3260 BUCKLING INSTABILITY LOADS

-3261 GENERAL REQUIREMERTS

(a)

()

(c)

(d)

(&)

(£)

Scope of Rules -~ The stability limits in Section VIII-Division 1 and 2

pertain only to specific geometrical configurationsg under specific
loading conditions. These limits include the effects of initial geo-
metrical imperfections permitted by fabrication tolerances. The rules
in Paragraphs -3131, and -3132 provide additional limits which are ap~
plicable to general configurations and loading conditions that may
cause buckling or instability.

Load=-Controlled and Strain-Controlled Buckling - For the limits speci-

fied in -3262.2, distinction is made between load-controlled buckling
and strain-controlled buckling. Load-controlled buckling is charac-
terized by continued application of an applied load in the post-buckling
regime leading to fallure, as exemplified by collapse of a tube under
external pressure. Strain-controlled buckling is characterized by the
immediate reduction of load due to strain-induced deformations. Even
though it is self-limiting, strain-controlled buckling should be avoided
to guard against failure by fatigue, excesgive strain, loss of function
due to excessive deformation, and interaction with load-controlled
buckling.

Interaction of Load-Controlled and Strain-Controlled Buckling - For
conditions under which strain-controlled and load-controlled buckling
may interact, as exemplified by elastic follow-up, the higher load
factors applicable to load-controlled buckling shall be used for the
combination of load-controlled and gtrain-controlled loadings.

Effect of Initial Geometry Imperfections - For load-controlled buckling,

the effects of initial geometrical imperfections and tolerances shall
be considered in the time-independent calculations acceording to the re-
quirements of Paragraph -3262.2. In calculating the instability strain
under pure strain-controlled buckling, the effects of geometrical im~
perfections and tolerances, whether initially present or induced by
service, need not be considered.

Strain-Controlled Buckling - The evaluation of strain-controlled buck-

ling is not mandatory. However, the strain-controlled buckling limits
provided in =3262.2 may be used if such evaluation is deemed necessary.

Creep Buckling - The evaluation of time-dependent buckling is not

mandatory.

-3262 BUCKLING LIMITS (Time-Independent)

-3262.1 Buckling limits of Section VIII-Division 1 or Division 2 shall

apply. These rules provide buckling charts which are applicable
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to limited geometrical configurations under specific loading con-
ditions. For general configurations and loading conditions, and
for materials and temperatures for which limits of Section VIII-
Divisions 1.or 2 do not apply, the limits of -3132.2 shall be
used.

-3262.2 For load-controlled buckling, the load factor, and for strain-

controlled buckling, the strain factor, shall equal or exceed the
values given in Table -3262-1.

Table -3262-1 Buckling Limits

Loads Load Factor! Strain Factor's®
Design 3.0% A 1.67
Testing" 2.25 - 1.67
Load (strain) which would cause '
1 -|instant instability at the de- + |Degign or expected load
Load (Strain) sign or actual service tempera- [(strain).

ture !
’Changes in configuration induced by service need not be considered in calcu-
lating the buckling load.
3For thermally-induced strain-controlled buckling, the strain factor is applied
to loads induced by thermal strain. To determine the bueckling strain, it may
be necessary to artificially induce high strains concurrent with the use of
realistic stiffness properties. The use of an "adjusted" thermal expansion
coefficient is one technique for enhancing the applied strains without af-
fecting the associated stiffness characteristics.
“These factors apply to hydrostatic, pneumatic, and leak tests.

~3300 DESIGN RULES (Piping)

-3310 GENERAL

(a) The design of the piping components shall conform to the requirements
of ANSI B31l.l1, Power Piping Code,

tb) For the piping components outside the jurisdiction of ANSI B3l.l1, the
requirements of ANSI B31l.3 shall apply.
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Appendix A

DEFINITIONS

TERMS BELATING TO STRESS ANALYSIS

Stress Intensity 1s the equivalent intensgity of combined stress, i.e.,
the stress intensity is defined as twice the maximum shear stress. In
other words, the stress intensity 18 the difference between the algebrai-
cally largest principal stress and the algebraically smallest principal
stress at a given point. Tensile stresses are congidered positive and
compressive stresses are considered negative.

Primary Stress is any normal stress or a shear stress developed by an
imposed loading which is necessary to satisfy the laws of equilibrium of
external and internal forces and moments, The basic characteristic of a
primary stress is that it is not self-limiting. Primary-membrane stress
is divided into general and local categories. A general primary-membrane
stress is one which is so distributed in the structure that no redistribu-
tion of stress cccurs as a result of yielding. Examples of primary
stresses are:

(a) General membrane stress in a circular, cylindrical or a spherical
shell due to internal presaure or to digtributed live loads;

(b) Bending stress in the central portion of a flat head due to pres-
sure;

(c) Net cross section load forces (normal or shear) arising from thermal
expansion of atructural material.

Secondary Stress is a normal or shear stress developed by the constraint

of adjacent material or by self-constraint of the structure and thus it
is normally associated with a deformation-controlled quantity at elevated
temperatures. The basic characteristic of a secondary stress is that it
is self-limiting. Local yielding and minor distortions can satisfy the
conditions which cause the stress to occur and failure from one applica-
tion of the stress is not expected. Examples of secondary stresses are:

(a) Bending stress at a gross structural discontinuity (see A-1.6).

(b) Bending stress in piping where loads canmnot cause excessive creep
deformation (e.g., buckling or dimpling) in a local region.

(¢) Bending stress due to a linear radical thermal strain (aT) profile
through the thickness of a section.
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(d) Bending stress due to an equivalent linear thermal strain profile
for the actual (nonlinear) strain profile. The equivalence is based
on having the linear profile exert the same net bending moment as
that from the actual profile.

(e) Stress produced by the temperature difference between a nozzle and
the shell to which it is attached.

(f) Stress produced by the temperature difference between a nozzle and
the shell to which it is attached.

Peak Stress is that increment of stress which is additive to the primary-
plus—secondary stresses by reason of local discontinuities or local ther-
mal stress including the effects (if any) of stress concentrations. The
basic characteristic of a peak stress is that it does not cause any no=-
ticeable distortion and is objectionable only as a possible source of a
fatigue crack or brittle fracture, and, at elevated temperatures, as a
possible source of localized rupture or creep-fatigue failure. A stress
which is not highly localized falls into this category if it is of a type
which cannot cause noticeable distortion. Examples of peak stresses are:

(a) The thermal stress in the austenitic steel cladding of a carbon
steel component

(b) Certain thermal stresses which may cause fatigue but not distortion
(¢) The stress at a local structural discontinuity

(d) Surface stresses produced by thermal shock.

Local Structural Digcontinuity is a geometric or material discontinuity
which affects the stress or strain distribution through a fractional part
of the wall thickness. The stress distribution associated with a local
discontinuity causes only very localized types of deformation or strain
and has no significant effect on the shell-type discontinuity deforma-
tion. Examples are small fillet radii, small attachments, and partial
penetration welds,

Gross Structural Discontinuity is a geometric or material discontinuity
which affects the stress or strain distribution through the entire wall
thickness of the pressure-retaining member. Gross~discontinuity-type
stresses are those portions of the actual stress distributions which pro-
duce net bending and membrane force resultants when integrated through
the wall thickness. Examples of gross structural discontinuities are

‘head-to-shell and flange-to-shell junctions, nozzles, and junctions

between shells of different diameters or thicknesses.

Thermal Stress is a self-balancing stresa produced by a nonuniform dis-
tribution of temperature or by differing thermal coefficients of expan—
sion. Thermal stress is developed in a solid body whenever a volume of
material is prevented from assuming the size and shape that it normally
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should after a change in temperature. For the purpose of establishing
allowable stresses, two types of thermal stress are recognized, depending
on the volume or area in which distortion takes place, as described in
the following subparagraphs.

(a) General thermal stress is associated with distortion of the struc-
ture in which it occurs.

(b) Local thermal stress is associated with almost complete suppression
of the differential expansion and thus produces no significant dis-
tortion, Such stresses shall be considered only from the fatigue
standpoint and are therefore classified as peak stresses. Examples
of local thermal stresses are:

(1) The stress in a small hdt spot in a vessel wall

(2) The difference between the actual stress and the equivalent
linear stress resulting from a radial temperature distribution
in a cylindrical shell

(3) The thermal stress in a cladding material which has a coeffi-
cient of expansion different from that of the base metal.

A-2 Elevated Temperature Service is that service where metal temperatures ex-
ceed those for which allowable stress values are given by Section VIII-
Division 2 of the ASME Boiler and Pressure Vessel Code.
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CAST (continued)
N-47
(1592-10)

2752

; . — -
o e - e y i I8 e T ) oy
) Eat & g o 7 Tt am I T -
" - 1 = o) " ut 1 -y T :
o I . o - -
- T Laa ww [
Y - d 5 Ve ot
= - HOT TENSILE TO 10° HQURS I ;
= .2 s T TN I ' v it
- = ) B fepepet - s
. ) " N e I > :
=+ T =t -
1y v it
= - ek
. T =3 s
e 1 T - ok
T prm
m . : ' e
T t
s T o " 1m1
1 1
: e IR 3x105 HOURS
+ b -
T t 1 s T T ra s =
ety 1 T T T .
3 1 T e - .
ho 1 I T 1n - = >
T T re + ; 4
L P - — s L z
D) = e —
-t 1 T T e
e dep I T T 12 i T T I =
- . s r ol iy J S 0 O3 R Ay - -
b4 - 1 v I = ootz I -
i a T T
1 w4 e ro o e I : -
a 4 1 T * .
o) smmi T 'w 1t
o = 3 1 = 1
n - ! remy
" =t t 1 T =ttt
f T T T
+ na i T 1 > ami re
T = "
- T T " L
= T rs + T +
T 1 " 3 e
e -l ) m ¥ T
o ”
b I 1 I 1 n
wy T o -
T T T 4
" =
S 1
: i
[t T T )
s e
[ - s -
w u -
- + :
3 i
H T
! T
t
1
1
i :
-
b
H
i
' -
X
T
T
"
"
>
1
ne - -
B S
T :
. uam MATERIAL — 304 SS ==
-
TEMPERATURE — 800 F =
- e
naas
TITT s s T
T 020w T e
- s T T
T T ey -
L 1=

0.4

0.6 08 10 1.2 14 18 1.8
STRAIN, %
Fig. T~1800-A-1 Average lsochronous stress-strain curves

T-1

20 2.2



CASE (continued)
N-47

(] 592-10) CASES OF ASME BOILER AND PRESSURE VESSEL CODE

30 y
"
— v :
t t :
T K I
0% HOURS = ‘
1 N e
- oo T :
= I - .
- —— - — - : : =
28 ‘ = : : = _— s ; : 3:104HOURS
- : e 1 - = :
. o - : e - : 105
gy -~ - v - - =femtempemus 5
——t - - e " - \3,‘10
24 - . T :
S . - = e
— . - — e e e . e
= T ¥ ey . v y =
+= T e f e =
2 o e ; - T
7 r ——— ¥y : T - -
— T : - ¥ Y
— — - "
: ; o e = T n + T
s b | > 4 :. il 3 - —tedl - - - s L L. i -
; T e o i v e e . e na
- 1 — — — ; : =
s — — - L 3 LI 8 - il | T
- :
e ks re L3 e ™ . . = e 1 - L) FRCR S
i s 1T - e o iy T
I & 4 = 1 1 - ) 3 i - - -
;o .
4 = " T re 1 =t T e 455 W o
1 Al - o e rn 1 L 1 4 5 ol i L LN | -
” > < —
a - I T 3 -
T pugr il ') Ly ) 1 n 13 1 1 —— 1% b
P G e 1 1 d s by 3 1 L
—H by - = : ; e tr o
T
16 ~ - =
4 — . * 3 + s =rrrt - -
- b - > pealimirl - - — L3 I
. - + v + : - s
: = - :
- . - — ; ;
I o Tae o, T e vme ey a - : - :
] R e T R B e T . - s
- it v Mo T 7 s : - s
< 14 ¥ x T
. e T ———— ot e ma—p 2 nt + =
o » - T T 3 et T e e =T e
= o —— Tn S E SRS Aua S A e Tty < : —
: - e : . v =
x et fripimm T = e T ?
. i s T : et [ e L T
—— T = * = = L i m = —it
12 =
iy — r . . bt Tt
RIS e e 1 T I um—a—— e o e .
¥ e .. n : e : o o e .
e M AR e B o o ? =t . Praterrrri
5 R W ; e o o : Tt T e i A
et - I o o =+ ; wam e
10 - . T .
—t 1T o — : T T
- - r : T . yman: I
oL y " re LAy W o) Il =
- » T x
T T T - T - e ma i T -
v t b = e : ;
T T > r : - . : hir
T
s e e i : T
el g T o m— n :
e o e J . o -+ HtT
ram— t =ttt t . s - ,
. T
-y | T 13 1 N
Y L - - = H-H T : H
- , + ~+ - o $ 2
8 - x " y
: - ran e = =t : HTTT
$ = + : > -t - m——
Tt - t o . e+ e e
: - + .
. e — .
r—p e e et - ity -
et Jei el : = T o = -+
T - ¥ It I T :
4 - - - - - - - - ™ : =
it . . : e — + T ot
- e—— : o = it : -
= . —— o — o - —
s = - - e e — TERIAL ~ 304 SS ==
s e = : = Tr——— MA | - —
2 —
—— e e T+ " TEMPER
: = o e - : -
'y : Al o 2 1 N e
: e ™ - Tore et vt v el vt s e ey
R M T 8 ey — name e e A e ~
, T r—— 1 : 1 f—rt ——

002z 04 08 08 10 1.2 14 18 18 20 22
STRAIN, %

Fig. T—1800-A-2 Awverage isochronous stress-strain curve



CASE (continued)

N-47
(1592-10)

RE VESSEL CODE

Ssu

CASES OF ASME BOILER AND PRE

3x102 HOURS

103

3x103

104
3x104

2.2

STRAIN, %

Fig. T=1800-A-3 Average isochronous stress-strain curves

T T LT EH B ..- _“:_w:—m._mﬂ S
T I L LR T i 1 |}
i 1L Sadfannadpndd i HARad bRiadeds g |4 m
C O] y T A s SEENERERQE H A . w0 I

1 % 1 iy oy pledqaRiihastrlnnnl bidundis 1 THITH @ @

4+ + - H - -L 4 SESae - . m _ |

THH ! A H1 1 HIt i w i
sdlisials & R e e 1 H 1_.._..H HIE
H s u__ 3 +] HE TR 4 3 s r [ | m i s

ks ] i 5 HH U HEH R i -

HHTHH adqipanpieeh i CH Y : < <« HiH

O 0 n " TTER ] ] TTHTRETTE - [ .

= +1F . L s 2 L1 4 mER -4 o vy
i HY i HiE R BT w W o
1 THNH] T HH THIHE R T )~
H TR FH T HEH AR i H M - H
- - | = s T as
HH 4 . L1 HH HHHH HH I Ll ] B P (11
U g FH AEH R HE a3 1 B =
. us 11 T THTH H -
Il » B ,_. Aspds S L L H ; ]
=B R - L” £ - 1 1 o SEEERE B = = = 4 =
= H 7 i 11 U Y B U HH S 14 HH 1
H I ? H{HH HHHH TH 3 I
TH] Y HHE Eispds EeRbEaadfiagldiandnden angd¥n
HHl — HBEIHE it EHHEEH FEE HTEH A E
i o B T 1H TR 1 HiHHIE e
" - NREREE Euy wug e " 1] ERgn 5 = -—

] W HE 1 ,.uw kbss R B P T H

[ -um ||h - " 5 LG TR H T g A ]

T Edpd m R kuy EHHI Ealspds . s 1] snfls " (5]

H & T : T T =
- 1 Eed mExdfnjugfus Felunadd uns
S H TN Hi b i
- T . - H : e B 4 +44 41 = L. ]
41 =1=E3 o 3 = | 4
HH m Ll an L3 M—. ne H1E R u .-} -~ T j
sy THHH 3 L EAH T T H RS T T 1 o
senshfadutyspsls s fdsdddaae 3 dgersnl y=fpidak LT HE
4+ ] SEIpaEEE AN AR -] s
it HHE TR FHNRN 1IN TH A EE EEH EFEEH i <
! SEH B R IELE) RN R S R R s I s R B =
FESARED fhmay puen) N5 RSN ERE ! 5 T
HHHI TR A IR T A H LR
HU A el by fuge ud (Fdaa fasadcadfisid
H R H R EHH T et H HEH | H
JHHNI L EE R gy i it H
aqoy e bRyl agids pladd fivad fube] | .wx 38 Il e T L HH

1
m -] w < o~ o -] [~
— -— -

— —

1sdQool ‘SS3IUILS




CASE (eenflnuod)
N-47

('| 592-1 0) CASES OF ASME BOILER AND PRESSURE VESSEL CODE

30

28 -
—+ HOT TENSILE TO 10 HOURSE—H—— =
= Sl e et 30 HOURS
28 =F _ e e 102
= —= = e 3x102
24 : = - —= - : 3 103
== s = 3x103
== ';;'L e T — . ' 1 - 104
2 : e : e e ax104
.'. 3 = .- .— : = = '. ; 1 ;_r 2 105
+ i rlv--.-_ o ;‘ - — - o = - - .‘. . ._. y ﬂ‘ x1
nE=E= _ : e ] 208
e S o — i s
. X 1 ""# = . . Iy S— = l: : ™
g = o : ; : : e
7] =, 2= T —— — z
& 14 AR - = - =
’- e L - r I "’ T L) ' - Arl.lj - e
L7 ] i y 7 == T I I i " I T
12___‘ .l.: Lr'r; A 1 i l'_'_ — ll = L
1o e ‘
8 i : l‘ d " m =w I Ll r! : 1 ) ! f'_L |- -I :
e IIL_. Ij_r I'l_' - .I:_‘I rll : r rJI I + III: ‘I 1
aF . - . " —
. i MATERIAL - 304 SS =
TEMPERATURE - 950 F E
0 -= - - T 1?+t }—- 1: i“':
0 02 0.4

0.6 0.8 1.0 1.2 1.4 1.6 1.8
STRAIN, %

N
o
»
n

Fig. T=1800-A-4 Average isochronous stress-strain curves



STRESS, 1000psi

CASES OF ASME BOILER AND PRESSURE YESSEL CODE

CASE (continued)

N-47

(1592-10)

'
L T -
I -y I
1 I 1 N i
1 T
T T i
T v It T s
T 1L T T 1 T ')
2 I = :
T T - e -
I . =13 1
T s Y T
I d 1 i I =
T L I
' 1
" T T I I
1 x T I rerm: '
' T e
¥ " : T
X o
— 18 I n
T T T
. "
¥ 1
) 4 L 1 - =T
I T 1 T
I y 3 :
24 :
T
T T
1
+ '
I
n
22 T
n 1
I v
1 o
n *
Tt T T
20 —
Lt
v
3 = i T 3
' T o I - -
I 1 1 1 b
1 L u. *
=) =
I o 'y I
: (s Y nEy pRn B L LN
' sy > 1o I T
= 1
IT s 1 ey T
i + T T e H 1
sen > s I I T r
L wsmmw tr I
- e -
16 =1 =
TET T T T
st
L 3 L (8 - . 5
- = T
= T " i
:: T | r - =
w : T, 1 I ;
': e T T ni
. I I T I
14§ -
1 I
3
. 1 1
I
1T
an =
= 1
1 1
1 1
0 :
1 I
. L
8 - :
1 1
- 1 I
1 I
I
I '
T ' '
¥ ’: 1
4 T
'. T . 1
. L X . . It
1 it 1 - T
1
T
1 MATERIAL - 304 SS
2 :
: - TEMPERATURE — 1000 F
I " I
1 1 4
T X I Ll
- .
T : T 1
| us I 1 1 1 1
0Lk ' '

0.4

"
0.6 08 1.0 1.2 1.4 1.8 1.8
STRAIN, %
Fig. T=1800-A-58 Aversge iscchronous stress-strain curve

T=5

2.0

2.2

HOT TENSILE
1 HOUR
10

30

02
3::102
103
3x103
104
3x10%
3x1058
105



CASE (conﬁnuod)
N-47

(] 592-1 0) CASES OF ASME BOILER AND PRESSURE VESSEL CODE

30

28—

- = - ' 252 : HOT_TEN:
= SE==—=———1= =l
- 10

- i = . —= : = 10
- - 102

e 3x102
e e 10°

SR =i . == ax103

24

22 = —

o - 1 T #'r -
ik o v e [, o o Pt * - o <y ._...__..J;ﬂ‘lo“
e p— - = = ro— + ittt =r_ ——
- L7 : - I - 3 - E -[ : . -
- T = + + - w T
v ol e =] . - —r—t — r 3*104
— RS —— 11 el
d s . 8 L 1 T
15 T a T T 1
.? 1L L i S i ;b 1 1 :_[-LJ
i —f= == = } f =
£ — = f‘_'__ - I T 15 —t + - s = - - 105
g — e - meal s Tl - ¥ I = .
1 -
= 18¢ T ! ! =
- " il o — & -t L - - s = ——
— r 4 1 r rs
a = =z : : T - : T S raaa & = 3x105
= 14 S .
. s
; — T 4 i t
— XL b
+ :
+
- - . < —
s L RS W
8 L 3 L s L
12 = -
) o— - — s e . - = - n -
L e s L 3 rury .
'I L L3 e s -
-+ e T e
v - ] rrm I I i ru m e I 1 1
.l ‘I_ "I — - L W A W rm o r—— ' W n I
10 > e - : T : : =
- :
e T L A re s X 3 1
| — 1
— ; : o marwe - Saman R T
n | L 1 1 1 L I Tl amm '} 1 1
- + o B -t t t — -
8 . . i
L 3 X LLLX I 5 o t 8 L -
Iy 1 —t iy s 1 < s ke 1 e | -
L e s gy ol o y— 3 - n- . L
& | e L8 r =
bt 5 5 el 2 1§ L s s e bl L L — s .
rt W i X & 1 - L 11 i 3 Loded 1 3 gl I . A
e + = —TH T : .
B X T
S l_ll. h L 'y - : b e i ;. b i + e t * i
L o y - L2 ¥ 3 - ' e 2 - - b T - el i 'S I
7 it s SR t i ey : I
b i T —t =
e X 1 + - Lo 18 1 1 2 i 1
- =+ : s = - :
rs L by N re T~ '
4
- T
- 1
- & s . r recs
- T : ; MATERIAL — 304 SS ==
- - —— e ]
2 e = F———+ TEMPERATURE - 1050 F
rs - . ll}_
= e ]
0 'S H

0 1)} 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 2.2
STRAIN, %

Fig. T=1800-A-§ Average isochronous stress-strain curves

T-6



CASE (eon!lnuad)
N-47

CASES OF ASME BOILER AND PRESSURE YESSEL CODE (l 592 o 1 0)

30

26

24

E e PR P HOT  TENSILE
- " ||‘. ”I ll{! . I HOUR
| 11111 ¥ : : 10
T 1 t ; 14 . v 30
: 102

3x102

- 5 : 103

-
@

—
S

STRESS, 1000psi

10

= =i r}"'. o i . : - : 3x103

mpms u
L8 wn T
Tt : . n =
: T - A
s 1
1 e u s -
i e e PRV
o bt E - Lo
- it } : .
T W T 1 1 T
T e trt _.":_ i T o
28 + e T e e e ot
= = T rmaanan Tt 'I':i‘ = __‘311
= r=a et T T T T T 13w rm
| 1 T j 1: = T
v r e 5
i EHT 410
s TR :
$ =1t -
1 t
: . —
1 1 1 et ' T
- T e e e 31107
-+ Tt * ~+ -m.,' +
T m. + T e
+ uEERERAE ¥ 1 mm
T
Tt 1 s I
Tt 1 1 T 1 T t
It
t '
1
: e
TTTt '
i mmm v
1 T
T
S
T T -
vor T
$ T { 1
1 ' > 1t T
s . T
1
T
T 1
T 1
T
T 111 et i - b
1t 1T Tt 1 mo o
L Tt T T mm o ey A
I .
: HT : MATERIAL — 304 SS =
T I s
TEMPERATURE — 1100 F ==
=
- : 'u r s
1 t 1i 1T + ThTT T

04 08 08 10 1.2 14 18 1.8 20 2.2
STRAIN, % :

Fig. T—-1800-A-7 Average isochronous stress-strain curve

T=7



CASE (ennﬂnucd)
N-47

('I 592-1 O) CASES OF ASME BOILER AND PRESSURE VESSEL GODE

30 :
za — . ‘ : -l " 3 -I‘ l-‘—‘:j’ - I- - l:
26 S is = Sy e
= ——1 T HOT TENSILE
24 e ——————— = === | HOUR
' S hmon g e 10
22 p— _ —— e : ~ —— fe— = 30
(e 1y L ey e . L = - : et 1 : - = 102

= et — T e e LT T i 3x102

18 e e e 10°

-4

-::—-q.' ——i-l — " - :., * - a—r - i == ; f' I T 3!103
16 oA : '

-

STRESS, 1000psi
I

14 =~ = : : ; : 'rm
0 3x104
- e 108
10 - -
e £ 3x10%

8k —=

N == :

af ==

= MATERIAL - 30455 =
2 TEMPERATURE — 1150 F
0 - == == 2 =
0

6 08 1.0 1.2 14 16 1.8 20 2.2
STRAIN, %

Fig. T=1800-A-8 Aversge isochronous strass-strain curve



CASE (continued)

N-47
(1592-10)

CASES OF ASME RBOILER AND PRESSURE VESSEL CODE

HOT TENSILE

130

1.6

2.2

20

1.8

06 08 10 1.2 1.4

0.4

T F ITE ] TR um un ]
1 $150 e T 1H Edpall 'Raadsdd |aaass Eida Bas
1 Hr - HE HEEE gals HHA T i
T R HH R T i w HHH
4 141 |- - +HAH - H - - ae o HiH]
: SHHE T AV RV R H B TR R < HHE
s . - L H w s
: R H R HH i v T HHE
- | H 1 H -4 o - sesl I5RRe ]
i HEFTH L THY HRHRH H HHH R HRHH S o
il ] HNAHH Baghlsadges HERE ® W
H HHE TN i HHHHE IS5
E s 4 § -4 - ._unv e - T
L L) +H 1 a L] i s
1 ihjdnd HH HHUHH H HHF M <
T i i HHT HHE R H A HH | z T
il i 13 s : i bW
' I 1ey w iy s diyspn \alfaaak] fued pid geun of dmn = sh
o 1k ] ] aabiaad 1ies aduakl iaudia o < o
i3 : i HINEHHE sxaak Ega gk siasl Bai = + HiH
h L 8 SER H Supualfgnuns ]
1 H seafdal ES1RRER 1Eacad 4 .
HH H1H HITLN 1t 1 L FH R iz
1 TR daag 1 HH : mada dl ik
[t i 1 ]
. - B3 44 1 |rl -4 o 11 -1 im
H H 5 wep : H Eum HH H
. | + 4 HH sls SR N = {4 | | - -
s iy R TN : HHEN L HHH T -
i N §ad T HE |
HITFHEYH HF H suy mumn H ]
- . udydans H 1] HHE HH BaRE ‘a8 HH
H ada=BRSE asmal cRES S BeasivaddasiBasl
1 - | . = -+ { o 4=t A=
i k Hibd . : T Ans s
ughd pun ¥ . T = 1
H i i
sfigan] fEiad ] T H AR R o
Ean 11 iy 1 " pes wu L 1
[ =
HitE HH darelYIERds1aabas 'ias H
sdedidaaiiseaaladiayibunlbiankACitiiadaidansianie dadl tAadigaial ddlas dhaaw Basssi dan
5k Samalunn
H o b Vi Y BpEsy ww
& —
-+ 1+ Htt -+
3 seanghn i kug ] 5 bxsgspunas
= ] Eagas ]
i sl 44 EEEH 311t
3 " s 1 -} - | 4=
5 (1] o = Enisa we s H
HHEE
.“u e H 1 T
H H
H T
1T pajuspuigs HH —u:—n— ] =
:l f fiiasisn:i i
= @ o < (] e [ ) = o~ o ] o~ (=4
Ly (] ™ ™~ ™~ - - - - -

STRAIN, %

Fig. T-1800-A-9 Average isochronous stress-strain curve

T~9



STRESS, 1000psi

CASE (eenﬁuucd)
N-47

( 1592-1 0) CASES OF ASME BOILER AND PRESSL RE VESSEL CODE

30

28

26

24

22

(-]

-
L]

-
o

—
ry

—
[N ]

10

mn I
i
— -
+ |I 1
1 1
- e —r —
pr— . —— o - e - T
1
— : — HOT TENSILE
Tl 1 I
o e €1 + = e R s L e
e v e z : = - : . 1 HOUR
i Cut -y 3 - T+ I $ ry
Pere I — ;
r T —+
- .. rl_‘I - b £
Eiet e P I
- o
= = m———
h .
— 1 —— - : =t 2
R 7 SImEs e 10
v 1 : L : 1 i
- = - - L A r =¥ T . 1 .
R = == - g Eeer 3x102
=l !
| ﬂ < v — T — ru s T:_’Yi i = T .
= .1 71 - I - I
— ;l IE 7 L - T H = - 103
i : S e na =
! = == Tt
F .
== e —43x103
e ! e e S
L L1
=1 ! - _l"T . 3 |i ~ 104
= o : Thr—br ey
- P " } 1= } : ll.-! il 3*10‘4
- o e : e e
et e s A i e
IRl Bt St e :
P e e 108
¥ i 1 " ‘= 1 - |
. - 3 — 3x10°
- o LA L L
= e e L
— L - o
- _Il ) . L "['1 .
===t = =Ff MATERIAL-304SS =
: ==
; = = TEMPERATURE - 1250 F
: i S —
+ = -

a2 0.4 0.6 o8 1.0 1.2 1.4 1.6 1.8 20 2.2
STRAIN, %

Fig. T=1800-A-10 Average isochronous stress-strain curve

T-10



CASE (continued)

N-47
(1592-10)

CASES OF ASME BOILER AND PRESSURE VESSEL CODE

HOT TENSILE

10
d 30
102

2.2

0.8 08 1.0 1.2 1.4 1.6 1.8 20

0.4

1
&
] 1 ElSs | Ealp Rafasscl FRenkkas |NARRAERA IRRRaRE |RESTL] | 1 4 ]
1 E 1] 11 HHH 1 HEY T R hodabid [EXdaay (Racege|aspyn (§ L HAH
i 158 EHHELH - R R R TEH T HHlH nand & w [THH
s HH T 1H1 S Y seiyd leduntan| REdedi RRdaey poade & hid m
1 N i . I ay pie 1 T1TIL 1 i | » y ] 7
disapadal fn 11 1 yend flRedaiia § fpdnnidfaaaikikay) 1 el H T
HitH THE i 1HH N N HHHHH { HHHH 8 — HHi
i e A 1| 153 1 H1 FHAEHT paall feiBRbad |NRaacd (Raad HERHHE T p:4 I
s i Sl H HHIRIHL HHU LR LH A w [HH
; Ns L] L =k msns |Buna! Ruan 8 vwns LR
HH sEfsIRRRR= et FRasERASE| IEES HHNH [HHH ST O HR SR ] ' o B
LHE i ! A R R B o &
' HH FHTH ] ] THENHTTH AR < <
HH ] i ey 1 sanulhuna A HH = @
L . igEs HEphE Asug ] i (1 u i o w
: : : T H HTHETE W o
5 ] HHINTHE 1 AR R - s HH
1 i3 i e T 1 ST < 5
= A
1H HH TN N {HER R = -
£ 3 : o 1l izas sinl Bapaiil SRRaRE achan Snund |Wpad puay|yans
dfemsayquabefiis HHH T s dskd *zi jaialqadis |itas Bigl|fats
T = H SRR EEEAEa REREEE REEE T
HH LA THEFHAH adl Buana ki B8 aebs Bdadatiacad facd) bRas
1 ey EEEEY ‘EEE H & ap BEE semnipEms|wEs
3 H it kaaf Vs H Elssd pyund HH | -
= 2 g & i sos ddnesiasuslisadds
aeon punn H : spas yavaa: : EEa yEuEy pema pa H
FaRAy ] Hdd awnalpuni 1 Hud wauchalgdun use thand (wa
| i - e R
hds wied |Baies lannk 2dad 'nd
H T H BRI tR A D Eeaid "elads RRiRed IGaaat 'ARAEE BUaE Fadq 2d
H 5 i 1H saud ‘Kess FHH
ian = nanshlbne EE R HH
ishs i salEuldgnvupdd s RankhiWns s susd ipwann imnkqrhand iy
FHH = i N H R A mn“ Eiden
ak BEE GSEih GhEk mE
HH I H ~HH A :
wgd TH -..'#u a4 +H
&6 'aasa
T EpE EREE| Eenms gEumins
H L TR :
H H sk
i H akihdal Bis
s 1 I 8
H i
Aup i Nignk &
B HHH H HHNH i H
EHH T H il = apen HHH
Ersyans . HH HH H
siplesh gax RS
117 i ) -uv HH 1 =y l“. ..“-
I EE y mw b f iR "
11T
H1 1 g nmul.u sanlh X 1“:
= mewsleneds LA TR

30

26

245

22

w0
-—

o it

-~ -

1sdoooL 'ss3uis

™
-

STRAIN, %

Fig. T=1800-A-11 Average isochronous strass-strain curve

T-11



CASE (continued)
N-47

(] 592' 1 0) CASES OF ASME ROILER AND PRESSURE VESSEL CODE

STRESS, 1000psi

30

28

26

24

22F

18

16

14

12

10

T
: = t = '
- T
— T —u ot =
v o ——Tt
. s + T I
R T
$ + .. - T T
o ™ o o - :
=1 o T T : T : I
TITLT -
1 z .
— v I T s T
- I
— i r =1 i ~
T T T I o
4 - e - T L2 ——
o ; + T 1 s
z ek AR R 1 T I
v un s T i
e - :
v s T o
T o g o S & i § T 1 s e ax HOT TENSILE
oo o s maar o= e o — = 1
T ma b .y o L I . 1
— - " L . :
- 1TIT 1 cure e 1 . : >
b i_fi"' i R - ey - -
I % I s grwng Tttt = == S . o e -
R - WA s i -

T z -
= = e S e e : i : :
T T = — T i =

= —- I = : -
SR == == 1 HOUR
i = T 4 sy s —--
" w1
— T rm s
5. T I
T et tr — > I L
= T
i T i I -
?’ - it el - L e b m10
— —— I . -
z - =T
(Raam rm e —
= £33 et T = : 30
- —-— =
I
’ 5 — —= . v 1 + I — L :
o L1 e w  p— e s e I T -
2 I 1
: Plies et o et —— =k 102
i I ' T ¢ s
— = ™ I:T
oo 1
r
~rT
= s T
T T
- 1
r o
7 T
T rd ——
- — T T
T
YIT T T
I =
3
—
+ T
'
= .= T " 1T T
i =ttt MATERIAL-304ss =
—
— , - =+ TEMPERATURE -~ 1350 F
e o L s
—
T T .- z I 1 T
TT . —1 1 T - =
= e — —~r

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20
STRAIN, %

Fig. T=1800-A-12 Average isochranous stress-strain curve

T-12

2.2



CASE (continued)

N-47
(1592-10)

CASES OF ASME BOILER AND PRESSURE VESSEL CODE

{1 HOUR

103

3x103
104

3x104
=105

= 3x105

i HOT TENSILE

g i THH T 3 HEN R PE I REfEE| ERERY  sEdual fEadd s ]
: : ¥ 1H L FHH TR T E H QEuial Faskh geigaaia (aRalk |398 1ads [4] |ER5 1
suud luwin jak
5 w [H i 1 11 3 +H siliguuddigy gRax 1 gaau |ghad el in 4
1 H afdfhas T sadphnsfpnn Beafjuig ghun mgud eakng |sisug pusd Gad |a§ snd
L] e e - L]
. : xS FESEIBEEY pEE FEEEY RESEEE (WIEEE GEEEE EEGE BEE RN H 1
L W ' T Hitir AR ._ x A IEHHE 1 wpnd; faanp fusy By ¥ oE =
14H 8 ~ K E HM ! 3 alaRadiiashi Rezls hEaaldafad SRR ddd Bi 1
msn 1 HH f . = H H EgdssEguBRY| Gunyguan (gannny|guARSE AEpus(gAwas paus) g2 @ *
i ssadfi O B Hilt HH YA EEE S R EHE H
w L LI THEE BaEy L EERE EgEs unE 1 L1 [ H ang
(1 o L L{ EpEEL IEEEE n
| . apliEpndyudak adddedyayaniy ) HHTTH danak axigad |
2 AR AL BB N ] EaiED jEadt e i
L) A A 4=l s o ¥ ] ¥l L -+ |14 - H4 I””» |n L L4 ._*
| = e adyx 1 T slug Buzz rH
HH & w T P YA BRTE pRR3E BSEE3EEy SRR
1] = W gugalins glasgiRRaaiiatadii s hig 1Baa m FHT | (puznimsnmg Baag Exmlagi
< W . : : paaz:izany meas) e
= = [ A HHE HHHHHEHHER
i s iss o Ess anan, Buani lans £ H ,
R anpEsgE e EgEpEmn L AEng L1 H I “ L)
iz H T H dab{Riaad dgdenz, fanndl faaa 1 14 :
i HHH FHH i | Riis BERREEE i &
- HH CHHH | §5siEREeE (weng
HHITH ! aad pageagiaanad manhiniafd hand lahy :
sk s ade Ssud Nasn:iEnds wENE 28
H HT H o H HHH HEEHH A S A HR H
L i sasy |aad i sdsdhusud|naned teuekeuns) sal
H . SEuiyamaEs EEasyinEEa| BRAE HEH
31 NjEguipaakyhgaddun aa H i BEEE| SEENS WEEmiENENE |§ES 1] H
L siE EErniennnn ‘sum i
H mnfd ‘meafabmsua imdEn aee H i
i EENE| HAGNN IBEOE HEERI B i
H HH HH VSRuaavasan ‘Siaw dwasliin nd
i H H HHH RN HHE R |
E HHLH EaatEnEs A A
§ T HHYT aaifaane hndiyd
» i e
i k sad gEaaiauad fAE B
' SELfIIRLIND
1 HH E T T =sd 'Euag 'bs
HHH i i audi faaa plRe d 34 1ag
S1El T : o E
az ais 5 E
T L ks 1 R
H
HHHE sadldgbaldban A H aads ani b
EEn " S a ‘ ngs daid -
2 T ] T FEn Tt
£ H
H L R adlfnonh RgripfRncy funas
1 AL 8 wuh b 3 Epady H HH AT H
T ashabisdsy §s ags
9 " FEFRFEER - -+ -} !
1HH L HH RS P i
BREREE a8 L T+ 3 a EYRE
i
EEEEEEEENgREEE nm I
afinds THEH T sydlpad aw sdfiagh ddpbsaginkad bal
11 ESEEEE ﬁ‘ LLLS aRE R 2 | L AL
Iass ENaSE Anand el ahsanandanml H

30 =

28¢

26§

24

22

0 w

— —

15d0001 ‘SSIULS

12

10

08 1.0 1.2 1.4 18 1.8 20 2.2

0.6

0.4

STRAIN, %

Fig. T-1800-A-13 Average isochronous stressstrain curve

T~13



CASE (continued)

N-47
(1592-10)

STRESS, 1000psi

CASES OF ASME BOILER AND PRESSURE VESSEL CODE

30 . -
= ' MATERIAL — 304 SS —
o8 S TEMPERATURE — 1450 F =]
26— — e
24 =t
22— —— ' = ' : .
c T o = aHOT TENSILE
20 :‘I——— == n I i r: - _(l" = = ' S -.'i w1
1a__ ' I ! 1 3 .Ij L\' l:_Y ‘_.J- :'_ _"_!
T __.i..l e J: - romar L ._I..I'
16 e e . : e
==L e e e e ) HOUR
14 A= == : , :
12 . £ . ' — : It I =
10 | ) - Jl.l : :_.
a e 1t ¥ | - :
of =
a4
2
Ul T T T ¥ :_ = = — I -

0.4

0.8 0.8 1.0 1.2 1.4 1.6
STRAIN, %

Fig. T=1800-A-14 Average isochronous strass-sirain curve

T-14

1.8 20 2,2



CASE (continued)

N-47
(1592-10)

CASES OF ASME BOILER AND PRESSLRE VESSEL CODE

HOT TENSILE

1 HOUR

3x102

= 3x103

= 3x10%

2.2

o™ <
o Q o o [=]
— m - — —
n " 1 2 T TTTHITHT ] TN T T T T . "
AL i i i frgay Bunnd oo H i WESpagun| yaud fghanks H‘# B naal fan ELE
dizifls C 1H L i adbpdidi Bang L uf s d
- w g TR R HTELE gaakken wd Bgaliins Aadag |afEx HE HTHHTH
o wawdl bunuad uwswi ddnas inakd ddd lin
2 [ R b L LR T HEH ansldad adg (61 fdan 1s i addd ipull [§5 LT
8 = | x H- A H AL HHH : d HHHEHH R R HH
nus T weg C TR % mEg| W mE BEE
I||H_| m ‘ 4R E H ” 3 1“- |“_ - I.I B (= - { 4 = = -+ | =
T w HH B e B L HHHHH HHH iall lslsdd Qdas) deaf| Bus; Bi sdppiil
3 @ - uy Ay FuEE ; . ] =N (gEEEg| BEEE) uu gl NE
aadd I H Hakiyduks dpusked §u ady [ Bp pads 1 H FHEHEH
L - 4 44 = =9 -4 HH F 4 |n1.. “ i au
Hj S il L R TR SHE JRESH RRRRARARERY (RAAE IREL NN L
- R E b - b= - -1 —II E3L l““ “”- ”“ |} -
1w a Ashid pkn 10 HTHE [ nodd funng mads. Wund onn fapd
Hi = = HHH HE HEHH H §5|05aa8 ‘beand Sakel Nap 5q |S5d HHHHH
= Q] - - snnd mesmn SAEd| hoks Ahd |88
TH{ = 1 -HW i I l (] u- 1pps H B “ lsw u : ”nn num pesgivas u 11 e -
| T TR H l s ang | SIpiann jue i
L T mily » HHE Bl fsasiiass 11 HELHH | I
H snalin ¥ uify e masnbunn pyud (wansu lune LRI Eyppony
M BEEAn u ] C N NEEN] NINSN FESN WEgE . . o
D 4 iy ] bE T gl EEpgs Beds modm juainas T HHHT
uus d =g a i sy b i 1 HE s nE
dipmusiune HIHH R i i in aghlends mue HHH TR i HH
siln s EEss =8 HHH s ] LR EIR R
HH - H HH SRR i i i
- EEm |H —- l“ . [
TH R HE & s s Sizbign s = = u 5u| Gyas -
L ] H =af ppkn ] ] Eipdnn g BNl Guny m ¥
B -
i T ihn THH [ k EpEs pEsiiw EEE
shm un
dffred Al H i I ] - azsym
4 L 1 afin sl i 4 1t Bp IlH_ dn " 111 — - .
o - | -4 - | - . .
] nEgpndny yyEngalis 1] T 1L 1T (31 ] A
[+ R =nsindy hs s E N
shislas masly I aid Nus yu CH Hi mfEganag funsins
is i = HY ixnm
1 =14 H ugw FH -
THEHHEH CHIT R TR AT R BT HHIN HEHTINGE i
1 Lo L pabpanhin HHEHEE S HH RS sl CEEER i
(L1 H I FTHITHE [ FH T+ ga T
1 H w .« - wudl - * = I & Hit 11 1k
o w © - o™ [~ [ © < o™ o o © 3 o~ [=]
™ ™~ ™~ ™~ ™~ ™~ - - - - -

2.0

1.2 1.4 1.6 1.8

1.0

08

0.4

STRAIN, %

Fig. T-1800-A-15 Avaerapge isochronous stress-strain curve

T=15



CASE (contlrwcd)
N-47

(] 592'] 0) CASES OF ASME BOILER AND PRESSURE VESSEL CODE

30

. |
=
1
- r T 1
HQT TENSILE TO
: : : = 5 S
- : —]3x10° HOUR
28 =
T t '
s T I 2y 2w s - -
T = - s s I
T o = s T
1 re -y T
28 F—+= :
Lo o . 1
: =2 1 T T p
T T rus ' T s man T
T n
- - - - - . ' wr
24 - : ¥ T 1 It
= = I L I T T i
I a T T + T -
prep i o - 1 s : ma - - -
y — — r
I £ T Loy T T
— - s T
f—— v — =] —~ ’_ = - 1L S e ag I IT
22 = =
ra 4 oI rre ey -
it 1 T Tt T ™ - -+ - «
S — T " -+ e
= el o it = 1
£ 0 e + ot i iy T
rae) o I T IT +
20 F ===
v 2
— o oy I T i " T T . ot .
T y— L Sy i i =r
et p— L B i .2 s T ) e I 1 r 1
o= - I : -+
e [T i - T T - . o —
T 3 . T 1 T +
13__ ) T T o i T v I I z : I
— - T - v .
) 0 o —r T ¥
’E T L T ‘| I 1 I
z T
- s T T I -
— e I T T I T T =T —— - -
- c L s T y I = .
S 18 , . e
i : I 1 s 4 T —
= I e e 1 T I = ’ - =
T T
o L8 T 7
Ww 1 T w T T
- s n : -
n r= I T . T T :
e = | . i e re 1 a3 1 T
akps =X nm o et ot 8 + -
I T om T v
T - -~
T T T + 1 T : T n r o
3 = o - T e o s = T
L o - s $ ,. T T
12 ——t - :
= s  warers rw an £ s —t
I T I r i o . T . * T
s . 1 W m 1
un
1 - i a3
T T I T T i t
T T - T T : 1 T e T
10 1 =T T IT T 1
T — -
- . n - e = :
T 1 o T T ———
" T ' s . v T T I e '
T I T t e
' T
a ] T T
e rar T 1 : =T T T e
s oo T T = re o 1 T s
=t L T I I . T I T
= Y i I
. -
i = Tt T 1 I - orez I =T (
1 + 1 =u was T ¥ s arm s 1
L Tt I i Tt 8 B
6 : .
-l I o s T
T i '’ 1 1 T T + T T
T 2 1 1 Tt LT Tt ¥ I s
1 T - v - -
T
I r T ot 2 mm s T
s ' T ma ¢ : T : rt vors
ma s man 1 r It n I e 1
4 ms T T o — = . + v
s 1 - T
T T L
T . MATERIAL — 304 SS
”
- : —r = TEMPERATURE — 800 F 5
I T
T T T
T
rm I
0 1 —

s ' * T
0 a2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
STRAIN, %

Fig. T=1800-8-1 Average isochronous stress-strain curves

T-16



CASE (continued)

N-47
(1592-10)

CASES OF ASME BOILER AND PRESSURE VESSEL CODE

20

1.0

2.2

1.4 1.6 1.8

1.2

0.6 0.8

0.4

HHT r. | H HH r HHH i -:.ﬁH” i i
1H HHHHHHY FHHHH i w
] Esgguid 1] i g 1 EA
1 l. - 4 1 - L. l|.| -{ H =+ EEg =11 L] m
FHHHEHHE § HH 1 EHHTA @B =
an T H = HTH] o |
1H H T TH L 111 HHH ] = w
i T L1 = ipe ™
i THIRTHTH A i H 1. 2
§ R R I H HH - =
- A w F > - - - - g <
HHHMH BT o il HIH 111 i E
HWHITHEIH S : i 111 Ew
THHTH © HEHTHIIREE AHHIH HH E g
HTHH I 11 HH i m i
H HHH o - e -
H 2 HHIL © HHH HHH |
F—- 5 U b1 -— E -
it m H & HHHEH H T : H H
(Ts] = L TEA Kas L3
i © ] ; dgignies i
H o BiH T (HIHHIHT HTHTH B H
i T 144 B
HH w HHH HHAT H] I
1 ad ahagh il
Hl @ (HHH § CHTH il
-4 i
E 4 4 1.
— b= aiss
s HH
5 H
b o 1
HIHH ] H HTHEHH [
HH H H= -+ HH H
I HE HTHHH T
] LT HHH ...—._ 8y 0§ # .
Hi P bH S H I HH T

30

26 =

24 £

22

18

o -

— -—

1sdp00l ‘SSIUILS

STRAIN, %

Fig. T-1800-8-2 Average isochronous strass-strain curves i

T=17



CASE (eomlnuod)

N-47

('l 502.1 O) CASES OF ASME BOILER AND PRESSU RE VESSEL CODE
30 el r s T + 1 r 1 I + I L 1
= HOT TENSILE TO 10? HOURS
28 o——
25 -l - — . -
= ' émo‘* HOURS
{105
24 e e i 3x109
e e =
1 Py
g
a
W
E ot - — o e
w = | t
12 =
10
8 :.:_ I 4 LS ' | - - L 18 S st & = =
s —- L i : JI - - " i s LLL L
4 : == - e
MATERIAL - 316 S5 =
2[E : : TEMPERATURE ~ 900 F
0 =4 Tt = - - i— -
0 02 04 06 08 1.0 1.2 14 16 18 20 22
STRAIN, %

Fig. T=1800-B-3 Avarage isochronous stress-strain curves

T-18



STRESS, 1000psi
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Section 4

EXPLANATION

The general philosophy and approach taken in preparing the Interim De-
sign Standard was discussed in Section 2. This section provides a detailed

paragraph-by-paragraph explanation of the Interim Design Standard.

SCOPE: The scope of the Interim Design Standard is limited to pressure vessel
and piping components of the central receiver solar thermal power systems of

the water/steam type. With a few alterations and additions this standard may

be made applicable to distributed systems and advanced solar power systems. De-
sign criteria for nonmet;llic materials such as ceramics would require a major
study and a new design standard. Pressure parts associated with rotating or re-
ciprocating mechanical devices such as pumps, compressors, turbines, generators,
and engines are excluded. Components having an internal pressure not exceeding
15 lbfinzg (103 kPa) or in excess of 3000 1b/in® (30,670 kPa) are also excluded.
These exemptions are consistent with the Section VIII-Division 1 and Section I

approaches.

NUMBERING SYSTEM: The numbering system follows the general pattern of Sec-

tion III and Code Cases 1592 and 1481.

-3100 GENERAL REQUIREMENTS FOR DESIGN. The general pattern of Code

Case 1481 for nuclear Class 2 and 3 components was followed. The
style of presentation used in Section VIII-Division 1 is different

from that of Section VIII-Division 2. Rather than choose either of
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those, the most recently developed and most convenient style of

Code Case 1481 is utilized herein.

Identical to =3111 (c) of Code Case 1481. A general statement of
this type is useful and essential until specific rules to guard

against low energy fracture are adopted.

Similar to -3111 (e) of Code Case 1481, Certificate holders are
those who are authorized by ASME to use Code Symbols for marking
items which have been constructed and inspected in compliance with

the ASME Solar Energy Standard.

DESIGN REPORT AND CERTIFICATION. The design and reporting require-

ments of the Code range from almost none in Section I to the detailed

stress report in Section III. Section VIII-Division 2 procedure re-—

quires a Manufacturer's Design keport (Page 12 in Section VIII=-

Division 2) which includes calculations and drawings necessary to

show Code compliance. Section VIII-Division 1 requires a Manufac-

turer's Data Report (UG-120 and Appendix W). The approach selected

for the Interim Design Standard is:

e Use Section VIII-Division 1 procedures if Division 1 is used for
component design.

e Use Section VIII-Division 2 procedures if Division 2 is used for
component design. Division 2 procedures should also be required

for those components for which explicit computations relating to
fatigue, creep~fatigue, or buckling are made.
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DESIGN RULES (VESSEL). The numbering system parallels that of Sec-

tion III. The components of Section III pertaining to design are:

-3200 Design by Analysis (Vessels)
-3300 Design by Rule (Veasels)
=3400 Valves

-3500 Pumps
-3600 Piping

The Interim Design Standard is mainly concerned with vessels and

piping. Hence the sequence selected is:

-3200 Design Rules (Vessels)
-3300 Piping

BASE DESIGN RULES. Section VIII-Division 1 has been selected as

the basis of design for solar power plant components, Section TII

was not selected because:

e Section III was developed for nuclear power plant components.

@ Class 1 rules are generally very restrictive and expensive to
use.

@ Solar power plant components do not call for such a high level
of reliability as required for Class 1 nuclear components,

e Class 2 or 3 nuclear components may be more similar to solar
power plant components.

@ Subcreep* temperature Class 2 and 3 rules are similar to those
in Section VIII. '

*Subcreep temperature is defined as any temperature value at which the design
stress intensity is given in Section VIII-Division 2 of ASME Boiler and Pres-
sure Vessel Code.
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e Elevated temperature Class 2 and 3 rules are used as a guide to
develop rules for solar components at elevated temperature ser-
vice.,

@ Requirements relating to materials, fabrication, inspection, test-
ing, and pressure-relief devices of Section ITII are very stringent
and may result in heavy economic penalties when used for solar
power plants.

Reasons why Section I was not selected:

® Section I is applicable only for boilers in which steam or other
vapor is generated at a pressure of more than 15 lb/inzg, and
high~temperature water boilers (>250°F; >160 lb/inzg).

@ Technically, Section I may be applicable to the receiver compo-
nents of a solar power plant in which steam is generated directly
within the receiver.

e All components of a Distributed Collector Solar (DCS) system
would fall outside the jurisdiction of Section I. This is so
because the receiver of a DCS system may use fluid (organic oil)
which is not vaporized and may also operate at pressures lower
than 15 1b/in’g.

e The central receiver solar power system in which liquid sodium
or molten salt is heated in the receiver would also be outside
the jurisdiction of Section I.

® Section I is highly dependent on experience with steam and hot
water boilers at the specific conditions covered and thus many
of the specialized rules may not be applicable for solar compo-
nents.

Since the applicability of Sections I and III is limited, a logical

and consistent set of rules for solar components must be based on

Section VIII-Division 1.

-3220 (a) In addition to Section VIII-Division 1 rules, additilonal require-

ments are needed for solar components for which certain failure
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modes, not explicitly considered in Section VIII-Division 1, are
important and may affect the design. These additional requirements

are given separately in =3250.

-3220 (b) Since Section VIII-Division 1 design rules have been judged to be
the most suitable for solar power plant components, it is recom-
mended that the requirements of Section VIII-Division 1 relating to
materials, fabrication, inspection, testing, and pressure relief

devices also apply.

=3220 (¢) Modified from UG-5(c) [Page 11] of Section VIII-Division 1. Ap-
proval for new solar materials should be obtained from the Solar

Code Committee instead of the Section VIII Committee.

-3220 (d) Snow loads, shipping loads, and vibrations are not included in the
list of loads given in Section VIII-Division 1. These are included

in the Interim Design Standard.

-3230 ALTERNATIVE DESIGN RULES. Section VIII-Division 2 is an alternative
.to Division 1 based on 'Design by Analysis' for service at tempera-
tures in the subcreep regime. Division 2 permits a reduction in
the wall thicknesses of many pressure components and hence it is
considered advisable to retain this alternative in the Interim

Design Standard.

-3230 (c) Similar to a statement in A-100 (a) of Section VIII-Division 2.

This is a useful clarification.
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Modified from AM=100 (d) [p. 19] of Section VILI-Division 2. Ap~-
proval for new solar materials should be obtained from the Solar

Code Committee instead of the Section VIII Committee.

ADDITIONAL REQUIREMENTS. Section VIII-Division 1 design rules do

not explicitly guard against the following failure modes which may

be important in the design of some solar power plant components,

® Excessive plastic deformation
e High strain-low cycle fatigue

e Stress rupture/creep deformation (inelastic)

Also, Section VIII-Division 1 rules do not consider the effects of

the following loads adequately.

@ Seismic load
@ Thermal loads (sustained)

e Thermal and mechanical loads (cyclic).

In order to account for these loads and failure modes, a set of

additional rules are prescribed.

FATIGUE EVALUATION (SUBCREEP EVALUATION). An explicit fatigue

evaluation is necessary for some solar power plant components.
This section is contains two parts. The first part lists those
components for which no fatigue evaluation is required and Sec-

tion VIII-Division 1 rules are considered adequate. The second
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part relates to the fatigue evaluation rules which must be met for
the remaining components. Section VIII-Division 2 fatigue rules

are recommended for explicit fatigue evaluation at low temperatures.

FATIGUE EVALUATION NOT REQUIRED. Presently, only those receiver

components not directly exposed to the solar heat flux have been
identified to have small enough cyclic stresses that a fatigue
evaluation may not be required. More components may be added to

the list as more experience with solar components is gained.

This statement allows the owner to reduce the design cost if he has
determined that a particular component would be safe and effective

without fatigue evaluation.

These are repetitions of two significant statements given in AD-160
of Section VILI-Division 2, They are not esgential but extremely
helpful because they list the specific articles and appendices

where the rules are given in Section VIII-Division 2.

CREEP-FATIGUE EVALUATION. For elevated temperature service, solar

components must be protected from time-dependent failure modes. In
Section VIII-Division 1 the pressure stresses are limited to an
allowable stress, S. Thils streas, S, at elevated temperature is

determined from the following time-dependent considerations:

@ 67 percent of average rupture strength at 10° h

e 80 percent of minimum rupture strength at 10° h
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e 100 percent of average stress for a creep rate of 0.1%/1000 h.

This does account for the creep effects caused by steady-state pres-
sure stresses. However, the creep-=fatigue and ratcheting effects
caused by cyclic pressure (or mechanical loads) and thermal stresses
are completely ignored in Section VIII-Division 1. For some solar
components these effects may be very important. Code Case 1592,

for Class 1 nuclear components, requires explicit creep-fatigue and
ratcheting evaluations. Code Case 1481, for Class 2 and 3 nuclear
components, provides exemption rules to the creep-fatigue evalua-

tion. For solar components, the following rules are selected:

a. Explicit ratcheting evaluation is not required.

b. For certain components, explicit creep~fatigue evaluation is
not required.

c. Exemption rules to creep-fatigue evaluation are provided. Use
Code Case 1481 as a guide.

d. An explicit creep-fatigue evaluation is required for any compo-
nent which does not belong to (b) and cannot meet the exemption
in (c).
Ratcheting is a failure mode which causes excessive deformation and
may impair the functional requirement of a component. In solar
components,this is not a very important consideration. The only
major failure that must be guarded against is rupture/leakage.
Creep~fatigue is the corresponding failure mode. Creep-fatigue
limits in the nuclear Code may be too conservative for use in solar

component design because of the higher reliability and safety re-

quirements of nuclear power plant components.
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CREEP=FATIGUE EVALUATION NOT REQUIRED. A component for which the

=-3252,.2

cyclic stresses are low may be exempted from creep fatigue evalua-
tion. Presently, only those receilver components not directly ex-
posed to the solar flux are included in the exemption list. More
components may be added as more experience with solar systems is
gained. A statement providing some flexibility to the owmer is

also provided.

RULES TO DETERMINE NEED FOR CREEP-FATIGUE ANALYSIS. The creep-

fatigue exemption rules are based on Appendix A of Code Case 1481,
This is the only code which contains a set of exemption rules to
creep~fatigue evaluation. The following are the differences between

the Appendix A, Code Case 1481 rules, and the rules in -3252.2:

e Code Case 1481 provides three sets of exemption criteria. The
first is related to analytical evaluation and is used as a basis
for rules in -3252,2, The second set 1s related to experimental
evaluation, These exemption criteria are not directly applicable
to solar applications. Further study is required before a suit-
able experiment base exemption ia developed for solar components.
The third set is already included in -3252.1 (b).

@ The definition of a significant load cycle in Appendix A of Code
Case 1481 is related to the allowable stress values of Code
Case 1592, These are Sy, S, and S;,. However, the base design
rules for solar components use Section VIII-Division 1, in which
the allowable stress, S, is used. Therefore, the definitions in
1.1, Appendix A of Code Case 1481 have been modified so that Sec-
tion VIII-Division 1 may be utilized without adversely affecting
the rules, These details are described as follows:

- Appendix A, 1.1 (a) of Tode Case 1481 congiders a load cycle
significant if "the range of the elastically calculated primary
stress is greater than 125 percent of the maximum allowable
primary stress," i.e., AP, > 1.25Sy, for elevated temperatures
S S Sp. Therefore, Sp can be conservatively changed to S.
This change is adopted in -3252.2 (a).
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Appendix A, 1.1 (b) and (c) of Code Case 1481 consider a load
cycle significant if the range of the elastically calculated
secondary stress is greater than 50 percent of:

(1) 38, when the maximum wall-averaged temperature is equal
to or below the temperature at which S = S¢.

(2) 35,4 when the maximum wall-averaged temperature is above
the temperature which S = S,..

St for the above may be determined either for the specified
service life or 10° h.

For case (1), the condition remains unchanged if 3S is used
instead of 3S; because § = S at those temperatures where this
case applies.

For case (2), 3Supy = 3S;. S, is a time-dependent property
whereas S is determined from time-dependent considerations at
10° h. Logically, S, at 10° h should be equal to S but the
properties listed in Code Case 1592 show that S; at 10° h < 8,
This is because S¢ is determined from minimum properties where-
as S 1s determined from average properties. For solar compo-
nents, S is adequate because it would eliminate the use of
additional properties such as St and Sp., make a more conve-
nient rule, and use a material property (S) which is more
consistent with the reliability and safety requirements of
solar components. Thus, the two statements of 1.1 (b) and (c)
in Appendix A are modified to a single requirement of -3252.2

(b).

Appendix A, 1.1 (d) of Code Cage 1481 considers a load cycle
significant if the range of the elastically calculated peak
stress is greater than twice the allowable stress amplitude
at 10° cycles. The allowable stress amplitude is computed
by multiplying the allowable strain amplitude obtained from
the elastic design fatigue curves of Code Case 1592, (Fig-
ure T-1430-1) by Young's Modulus.

The same statement is made in ~3252.2 (d) except that the
allowable stress amplitudea must be taken from the fatigue
curves attached to the code. These fatigue curves [Fig-

ures -3252.2(a) and -3252,2(b)] are extensions of Section VIII-
Division 2 fatigue curves to elevated temperature range. These
curves were developed by the Working Group on Creep Analysis of
the ASME Boiler and Pressure Vessel Code Committees. The ap~-
proach is more consistent with that of Section VIII-Division 2.
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CREEP-FATIGUE ANALYSIS. For those solar components which cannot meet

the exemption rules, explicit creep-fatigue evaluation must be per-
formed. Code Case 1592 is the only code that provides a set of
creep~-fatigue evaluation rules and hence they are utilized herein
with some modifications. These modifications are explained and jus-

tified below.

® The number of design allowable cycles, N, in Code Case 1592
(T-1411, p. 167) are determined from desggn fatigue curves (Fig-
ures T-1420-1 and T-1430-1). The curves in Figure T-1430-1 in-
clude the effects of slow strain rates and are used for elastic
analysis. For solar components only the design fatigue curves
of Figure T=1420-1 are included and the curves Figure T=-1430-1
are discarded for several reasons. The creep-fatigue evaluation
1s of major importance for components which are subjected to high
thermal stresses, e.g., the receiver components exposed to direct
radiation. In those cases, the computed strain range is approxi-
mately the same whether determined from an elastic analysis or an
inelastic analysis. Furthermore, the large factors of safety in
corporated in the fatigue curves of Figure T-1420-1 are sufficient
to account for any underestimate in the strain ranges if computed
elastically.

e The allowable time, T4, in T-1411 of Code Case 1592 is determined
from stress-to-rupture curves at a stress value equal to the cal-
culated stress (or effective stress) divided by the factor K'
(Table T-1411-1). For the solar components [-3252.3 (a)], this
factor K' is assumed to be 1. This eliminates some of the con-
servatism adopted in Code Case 1592 for nuclear components.

e The procedure to calculate the equivalent strain range as de-
scribed in -3252.3 (b) is technically identical to T-1413 of Code
Case 1592; however, the presentation is modified somewhat for
convenience.

e The following sections of Code Case 1592 have not been included
in -3252| 3!

- T-1430 - Limita Using Elastic Analysis. These limits are too
restrictive and therefore not suitable for solar components.
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T-1432 - Fatigue Damage Evaluation. This section could be
utilized for solar components if studied and evaluated thor-—
oughly. Some modifications may be needed in order to make it
suitable for solar application.

T-1434 - Calculation of Strain-Range for Piping. Not applic-

able.
T-1435 - Alternate Creep-Fatigue Evaluation. Not Applicable.

e The procedure to compute creep damage in T-1433 has been modified
considerably. The main thrust of these modifications is to sim-
plify the creep-damage evaluation and to decrease the level of
conservatism built into the rules for nuclear components.

The loading condition classifications, normal, upset, emer=

gency, and faulted, have been excluded. This is consistent

with the Section VIII-based philosophy of the Interim Design
Standard.

For elastic analysis, 1.25 Sy is used for solar components as
in T-1433 for nuclear components.

For elastic and inelastic analysis, instead of 'stress inten-

sity', the maximum principal tensile stress has been chosen

as the criterion for determining creep damage for Type 304 and
316 stainless steels. This is a significant departure from
Code Case 1592, which assumes that stress intensity or shear
stress governs the creep rupture damage. This assumption would
mean that compressive stresses cause as much creep-rupture
damage as tensile stresses. This is contrary to available
experimental evidence, at least for materials such as Type 316
and 304 stainless steels.?”®

Table 4 shows some test data taken from Reference 1 and pertains to

Type 316. While this data is not conclusive with regard to multi-

axial effects, it does indicate that:

Compressive holds are no more damaging than zero holds.

The creep-rupture criteria of nuclear Code based on stress inten-
sity or effective stress, which in effect treats compression and
tension as equally damaging, is too conservative and hence un-
suitable for solar applications. :
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e | Srein | s il
°F (°C) Runge Jate (min) " Failure

(%) (1/sec)

1202 (650) 1.00 . 0040 0.0 1122
1.02 .0041 1.0T 460
1.00 .0040 1.0C 1690
1.00 .0040 1.08 1020
1.97 . 0040 0.0 459
1.95 .0040 6.0T 86
1.92 . 0040 6.0C 386
1.90 .0040 6.08S 414

1100 (593) 1.00 .0040 0.0 2213
1.00 .0040 0.6T 1170
1.00 .0040 0.6C 2134
1.00 .0040 0.0 2213
1.00 .0040 6.0T 393
1.00 .0040 6.0C 1938

1050 (566) 1.98 .0040 0.0 564
1.96 . 0040 6.0T 163
2.07 .0040 6.0C 665
2,05 .0040 6.0 562

*#Solution annealed.

+T (Tensile hold time)
C (Compressive hold time)
S (Symmetric hold time).
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Similar evidence exists for Type 304 stainless steel. Not enough
test data is available for Incoloy 800 and other materials. The
developers of Code Case 1592 did recognize the validity of the above
arguments, but because of the lack of conclusive evidence regarding
multiaxial effects, they decided to be conservative and treat com-—
pression and tension the same. This may be appropriate for nuclear
applications where safety and high reliability are of paramount im-
portance. For solar systems of the water/steam type, there are no
safety questions of this nature and hence such conservatism is not
warranted. Hence, after considerable thinking, this new criteria
was chosen. Additional tests are needed in order to generate creep
rupture and creep-fatigue data so that this criteria may be refined
and set on firmer footing. For materials other than 304 and 316
stainless steel the Interim Design Standard requires that effective
stress be used for creep-damage evaluation until new material data
and criteria are developed.
e =-3252.3(c) is identical to T-1420(a) of Code Case 1592 (p. 168).
It provides a mathematical procedure to compute cumulative creep

damage during a time period in which the stress may not be con-
stant.

BUCKLING INSTABILITY LOADS. Section VIII-Division 1 buckling limits

are given in UG-23, UG-28, UG-29, UG-33, and Appendix V. Sec-
tion VIII-Division 2 buckling limits are given in Article D=3

(pp. 157-162) and Appendix 2. The limits in both Divisions of
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Section VIII are about the same and apply only to specific geometri-
cal configurations under specific loading conditions. These include:
® Cylindrical shells (with and without stiffening rings) under

external pressure.

e Cylindrical shells (with and without stiffening rings) under
axial compression.

e Spherical shells under external pressure

e Formed heads with pressure on convex side.
Section VIII does not guard against:

e Strain-controlled buckling

e Time-dependent buckling.

Section VIII philosophy is essentially followed for the specific
buckling. rules for solar power system compcﬁents. As in Sec-
tion VIII, strain-controlled and time-dependent buckling are not
mandatory requirements. Section VIII (either Division 1 or Divi-
sion 2) may be used for time-independent load-controlled buckling.
For geometric configuration and loading conditions which are not
treated in Section VIII, the buckling limits are provided. This
makes the rules in the Interim Design Standard more complete and
consistent with Section VIII philosophy. These additional rules
have been taken primarily from Code Case 148l. Although not man-
datory, strain-controlled buckling rules have been included for

convenlence of the potential user.
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Definitions. Identical to =3131.2 of Code Case 148l.

-3261 (b)

=3261 (c)

-3261 (d)

-3261 (e)
and (f)

-3300

Appendix A

Identical to ~3131.3 of Code Case 148l. Provides guidelines for
cases in which interaction between load-controlled and strain-—

controlled buckling may occur.

Condensed version of -3131.4 of Code Case 1481.

Explained previously.

The limits are different from those in Code Case 148l in that the

limits on service loadings have been excluded. This was done simply

to make those rules consistent with the philosophy of Section VIII.

DESIGN RULES (Piping). Solar piping may undergo cyclic loading due

to diurnal variations which solar plants must withstand. Section I
and Section VIII-Division 1 do not give any explicit consideration
to cyclic loads. Therefore, ANSI B3l.1l and B31l.3 are recommended
for the design of solar piping systems. Both ANSI B31l.1 and B31l.3

adequately consider the effect of cyclic loading.

Definitions. Definitions of terms used in the Interim Design

Appendix T

Standard are given. Most are taken from Code Case 1592,

Average Isochronous Strain Curves. These curves are taken from Code

Case 1592.
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TEST AND DEVELOPMENT NEEDS

The Interim Design Standard 1s based on Section VIII of the Boiler and
Pressure Vessel Code. It includes modified portions of other Sections of the
Code in order to prevent failure modes that directly concern solar applications
but not most Section VIII applications. In most cases the modifications were
taken from Sections of the Code governing nuclear comporents. Thus the levels
of reliability are much more stringent than needed for solar applications. An
attempt was made in developing the Interim Design Standard to reach a reasonable
compromise between the lack of adequate requirements of Section VIII and the
overly conservative rules governing nuclear applications to obtain a uniform
level of reliability that is appropriate to solar needs. The major changes
relate to component applications at temperatures where creep is a factor. Some
of the important changes are:

e (Creep Damage. At temperatures for which creep is a factor, there is
now a requirement that creep damage be considered. In the "nuclear
codes" this damage is based on the effective stress or stress inten-—
sity during hold time. In the Interim Design Standard the creep
damage i1s based on the maximum principal tensile stress. The justi-
fication for this is shown in uniaxial data for 304 and 316 stainless
steel., This criterion is much less conservative and simpler to apply
than the nuclear Code criterion and is of great importance to the
practicality of solar component deaign. In addition, an arbitrary
factor of 1.1 on creep damage which appears in the nuclear codes has
been reduced to 1.0.

e Fatigue Damage. The nuclear Code requirement has been eased somewhat

by permitting the general use of the curves for inelastic analysis at
"elevated temperatures.'
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Creep Fatigue Evaluation. Various exemptions have been specified and

the exemption rules in Code Case 1481 have been modified for solar
applications.

Ratcheting and Creep Ratcheting. No additional requirements for

ratcheting or creep ratcheting evaluation have been placed in the
Interim Design Standard. Thus the evaluations that are made in the
nuclear codes are deemed unnecessary. One related area is weld mate-
rial. The nuclear codes deal with this by allowing only one half the
allowable strain limits for weld material as for base material when
calculations use data for base material.

Buckling Instability. Since the rules for buckling in Section VIII

apply only to specific configurations and loading, additional limits
are provided which are applicable to general configurations and load-
ing conditions. The additional requirements of the evaluation of
creep buckling and strain-controlled buckling that appear in the ele-
vated temperature nuclear Code are not mandatory.

The test and development needs are considered to fit into one or more

of three types.

Sl

Type 1 Substantiation of the basig of the Interim Design Standard and/

or the reduction of unnecessary conservatism in the Interim
Design Standard.

Type 2  Simplification of the application of the Interim Design Stan-

dard.

Type 3 Expansion of the coverage of the standard to include additional

materials and applications.

The test and development needs are summarized below.

TESTS RELATED TO CREEP-FATIGUE CRITERIA

Since creep fatigue is an important failure mode in solar components,

tests are needed to verify or modify the creep-fatigue criteria and to generate

design data. The following tests are recommended.
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5.1.1 Elevated Temperature Fatigue Data (Type 3)

» For temperatures in the subc;eep regime, fatigue curves are available
in ASME Code Section VIII-Division 2. However, acceptable fatigue curves at
elevated temperatures are available only for three materials--Type 304 and
316 stainless steels and Incoloy 800H (Code Case 1592). For other candidate
materials such as Incoloy 800, Inconels, and Haynes 188, fatigue data and

design curves at elevated temperatures are needed.

5.1.2 Creep-Rupture Data (Type 3)

Code Case 1592 gives creep rupture times for four materials: Type 304
and 316 stainless steels, Incoloy 800H, and 2-1/4%ZCr-17%Mo. For other candidate

materials such as Incoloy 800, Inconels, and Haynes 188, tensile creep-rupture

‘data are needed.

5.1.3 Cyclic Compressive Hold-Time Tests (Type 1)

The Interim Design Standard chooses the maximum principal tensile stress
as the criterion for creep damage. The use of the maximum principal tensile
stress criteria is generally less conservative than the choice of the stress
intensity or the effective stress that is used In Code Case 1592. The applica-
tions in nuclear systems have not suffered unduly under this rule because most
of their applications exhibit high tensile stresses. However, solar applications

generally exhibit high compressive stresses in critical areas.

There is some justification for the use of this criterion. This justi;
fication is material dependent and has been obtained with uniaxial specimens.

There is a limited amount of data mainly for Type 316 and 304 stainless steels.
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Cyclic compressive as well as tensile hold-time tests are recommended for other

candidate materials.

5.1.4 Multiaxial Creep-Fatigue Tests (Type 1)

Multiaxiality effects on creep-fatigue damage are an important consid-
eration in solar applications. Multiaxial tests are generally complex and ex-
pensive. As a minimum, biaxial creep-fatigue tests are recommended. Argonne
National Laboratory (ANL) is currently conducting such teats on Type 316 stain-
less steel tubes. Multiaxial tests using other candidate materials are neces-

sary.

5.1.5 Structural Tests on Solar Receiver Tubes or Panels (Type 1)

| Tests on solar receiver tubes under nonaxisymmetric f£lux conditions
would be useful for evaluating the validity of the criteria proposed in the In-
terim Design Standard. These tests may be performed in a solar test facility

or under simulated conditions with infrared heating. It may be noted that these
tests would take into account the effects of bending which are excluded from

the ANL tests.

5.2 RATCHETING TESTS (TYPE 1)

The Interim Design Standard does not give any specific requirements to
prevent excessive thermal or creep ratcheting. This is different from the nu-
clear Code, which contains requirements for ratcheting analysis and limiting
the ratcheting strain. The assumption for the Interim Design Standard is that
the requirements to prevent ductile and creep rupture, the 35, limit (if Sec-
tion VIII-Division 2 is used) and the creep fatigue limit will preclude exces-
give ratcheting. This assumption, however, needs to be verified by ratcheting

tests that simulate solar conditions.
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5.3 DEVELOPMENT OF EXEMPTIONS FROM CREEP-FATIGUE ANALYSIS TO MEET THE
REQUIREMENTS OF THE INTERIM DESIGN STANDARD (TYPE 2)

The Interim Design Standard requires that for most components, either a
creep-fatigue evaluation must be made or it must be demonstrated that there are
few enough significant load cycles to make an analysis unnecessary. These rules

for load significance were chosen to be only slightly less conservative than

. similar rules in the elevated-temperature nuclear Code. The following two

studies could be very helpful in reducing the analysis and structural costs.

o Specific cases should be developed for components, lcading conditions,
and materials that can be safely exempt from creep-fatigue analysis.

e The exemption rules based on the significant cycles should be studied
and analyses of many designs should be made. Less congervative rules
can be developed if justified.

5.4 REVIEW OF THERMAL AND CREEP RATCHETING REQUIREMENTS IN THE INTERIM
DESIGN STANDARD (TYPE 1) :

The limits of the validity of the approach taken in the Interim Design
Standard regarding thermal and creep ratcheting should be explored. This may
be done by the analysis of typical and extreme cases on a cylindrical tube.
For the appropriate materials, the results for a possible range of solar load-
ing conditions and pertinent materials properties should be studied. If cases
can be found which meet the ductile rupture and creep-fatigue criteria but still
exhibit excessive thermal or creep ratcheting, the solar standards would have

to be revised.

3.5 DESIGN AND ANALYSIS CURVES (TYPE 2)

There is a need for direction and simplification in the use of solar

standards as well as a need to simplify the process of optimization of solar
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systems in compliance with the solar standards. The most immediate need relates .

to design curves for tubes subjected to radiant solar heating.

5.5.1 Tube Analysis Curves

The solar receiver tubes require complex analyses in order to meet the
solar standard specifications. These tubes frequently operate at elevated
temperatures and are subjected to nonaxisymmetric radiant heating. They are
subjected to a much larger number of significant heating and cooling cycles

than the tubes in nuclear or fossil fuel power systems.

The analyses of these tubes frequently involve very expensive computer
programs. The use of a specialized computer program to develop a series of
design curves is proposed. TFor example, with given tube material, diameter,
thickness, internal pressure, heat flux, bulk temperature, and film coefficient,
one can obtain the maximum metal temperature, thermal gradient, stresses, and

strains,

5.5.2 Design Curves

Another important set of curves can be developed for the use of the
system designer., He sets up a system with appropriate assumptions and would
like to maximize the heat flux. One constraint is the maximum heat flux in a
tube allowed by the solar standards. These limitatioms include prevention of
ductile rupture and creep fatigue., Thus, given the tube material, diameter,
thickness, internal pressure, bulk temperature, film coefficient, and the cri-
teria of the sclar standards, the maximum allowable heat flux would be deter- -

mined.
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5.6 ANALYTICAL AND EXPERIMENTAL STUDIES ON METALLIC SOLAR STRUCTURES
(TYPE 1)

Development of data related to material strength (tensile, yield, creep
rate, fatigue characteristics, etc.) is only one aspect of the problem of con-
structing safe structures. These materials data are obtained from the chosen
working parameters and are usually an arbitrary point of measurement. These
data must then be related to the complex shapes and loading conditions of actual
structures by means of analysis. The allowable materials and dimensions of the
structure are then determined by the limitations imposed by solar standards.
There are many difficult areas concerning solar applications which need more

study. Three specific items are discussed below.

5.6.1 Effects of Material Property Variations on Multiaxial Analysis (Type 1)

Even though there generally exists a large gcatter in materials data,
some definite.value or values are chosen for design and analysis. These are
called "book" values., The material properties of actual structures vary. How-
ever, for the usual design in the elastic range, the important parameters vary

little, It is simple to use an appropriate factor for safe design.

For inelastic {(plastic and creep) behavior, the material data scatter
is large. The effect on safe design of variations in the actual material prop-
erties and dimensions is not intuitively obvious. In some cases, the choice of
a particular value for a parameter would be conservative for one possible fail-
ure mode but not for another. This is particularly true in the two possible
failure modes of creep and fatigue damage which are of great importance in solar

receiver applicationms.
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It is useful to study the effects of the variation of materials para-
meters with typical problems encountered in solar receivers, The effects of
this variation may be related to the limits defined in the solar standards. It
may then be appropriate to assign limits of material properties for use in solar
applications.

5.6.2 The Effects of Weld Material on Elevated Temperature Long-Time Behavior
(Type 1)

Analyses of structures with elastic-plastic-creep behavior require the
entire "stress-strain-time” material property data. The material property values
for weld material and the héat effective zone ag compared to those for base mate-
rial can be very different. This weld material is usually chosen mainly for
its adequacy in terms of ductability and may have some properties that are sub-
stantially different from those of the base material. Central receivers gen—
erally~-and in particular the 10-MWe central receiver--have panel assemblies
that are constructed of tubes placed side by side and joined by full-length
longitudinal-seam welds. At elevated temperature design, many of the properties
of the weld and base materials will determine the adequacy of the design. In

a manufacturer's analysis, only the book values of the base material are used.

It is useful to study basic ténsile and beam specimens of base metal,
weld metal, and combined specimens, under creep. It is also necessary to study
the compatibility of the base and weld metal properties to guard against spe-
cific failure modes (i.e. creep fatigue) that are required by the sclar standard.
In order to do this, tensile and large beam specimens can be used to test hase

metal, weld metal, and combined specimens. Existing large creep-bending machines
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can be used for accurate evaluation of the creep properties. Bending specimens
can then be tested in a large creep-fatigue bending setup to determine creep-
fatigue behavior.

5.6.3 Experimental and Analytical Evaluation of Attachments and Joining
Methods (Type 2)

Failure frequently occurs at joints in which the stress levels are
high. This is especially true of the fatigue and creep fatigue modes of fail-

ure which are of great significance in solar applicatioms.

There are a number of experimental studies that are important. Some of
these are:

e The attachments of tubes to headers under the loads imposed on solar
receivers.

e Lug and hanger attachments to tubes.

® The stresses due to applied thermal loads in welded panels in which
there may be different weld and base metal material properties. The
effect on the ends of adjacent rows of hot and cool tubes and the

effect of the local stresses due to the longitudinal weld may be
studied. ‘

5.7 MONITORING OF METAL BEHAVIOR

Excessive permanent distortion of components of a solar installation is
to be avoided. It is difficult to measure this distortion because of the wiring
and long-term nature of the measurement. It is especially difficult at elevated
temperature because strain gages and similar techniques are very questionable
over the long term. However, there is one effective method of measuring perma-

nent metal growth in which the measurements are made only at ambient temperature
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at periods of shutdown. The method, known as image transfer, requires no for-

eign material on the part of attachment of wires.

It would be of value to develop some laboratory data directed towards
solar applications and to apply the technique to various solar installations.
A comparison with measurements made by means of other techniques would also be

of great value.
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