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This paper presents the recent experience of a designer/fabricator
of nuclear heat transport components in the area of elastic-plastic-creep
analysis of shell-like structures. A brief historical perspective is
first given to highlight the evolution leading to the present industry
practice. The ASME elevated temperature design criteria will the be
discussed followed by examples of actual computations performed to sup-
port the design/analysis and fabrication of a breeder reactor component
in which a substantial amount of elastic-plastic-creep analysis was per-
formed. Mathematical challenges encountered by the design analyst in
these problems will be highlighted. Developmental needs and future
trends will then be given.
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ELASTIC-PLASTIC-CREEP ANALYSIS OF SHELLS

INTRODUCTION

The purpose of this paper is to highlight some of the current computa-
tional methodology in the elastic-plastic-creep analysis of shell type struc-
tures with particular application to the analysis and design of Liquid Metal
Fast Breeder Reactor (LMFBR) and High Temperature Gas-Cooled Reactor (HTGR)
Systems.

In order to describe the current approaches to the elastic-plastic-
creep analysis and design of structures, a brief account of the historical
development in plastic design will first be given. The current ASME design
criteria for elevated temperature design will then be discussed. Some of the
more popular computational approaches used to analyze and qualify actual
hardware will be described by means of illustrative examples. In these ex-
amples, the mathematical challenges and their relation to practical design
will be highlighted. This paper will conclude with a discussion of future
trends including developmental needs in the areas of computational methods,
material behavior modelling, and design criteria simplification.

HISTORICAL PERSPECTIVE

The traditional approach in plates and shells design for Mechanical
Engineering applications, as exemplified by Section VIII, Division 1, of the
ASME Boiler and Pressure Vessel Code, is based primarily on the theory of
elasticity using a "design manual" approach. Section VIII of the ASME Code
is intended primarily for the chemical and non-nuclear power industries.
Since the 1950's, structural engineers have developed practical approaches
to the plastic analysis of frame type of structures for civil engineering
applications. This field of research has led successfully to design guides
which are now incorporated in the AISC handbooks and other design documents. 'z

In support of the development of Pressurized Hater Reactor Systems for
the U. S. Navy, the structural design basis for pressure containing members
had to be carefully evolved due to safety and reliability requirements. To
support this criteria development, much experimental stress analyses were
performed backed up by material testing. What emerged from this body of
design experience is a philosophy of "design by analysis". This "design by
analysis" approach had, as its sound foundation, the knowledge that good
material selection and quality assurance enables the designer to count on the
material ductility and verify structural integrity by analysis. It was found
that for the types of materials selected for the reactor and heat transport
components (e.g., low alloy steels), some plastic behavior of the material
is not only permissible, but also beneficial. An outstanding example of the
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advantage taken of the plastic behavior of the material is the selection of
a design stress .illovafale in which the outer fiber stresses of a menber in
bending is allowed to exceed the nominal yield stress of the naterial. In
fact, for rectangular cross-sactional members, the stress range can be as
high as tvice the yield stress oi the material.3 Thus, we had the first
major application of plasticity theory in the design of Mechanical Engineer-
ing structures of the shell and plate type.

The Naval Nuclear Structural design basis became the precursor of the
current Section III, Division 1 of the ASME Code. - Since it was intended
primarily for Light Water Reactors (LWR's), which operate below 700F, there
was no incentive to address elevated temperature operations in which creep
behavior of the material could be significant. With the advent of Liquid
Metal Fast Breeder Reactors (LMFBR's) and High Temperature Gas-Cooled Reac-
tors (HTGR's), design guides had to be formulated to take care of elevated
temperature operations. Currently, ASME Code, Code Case 1592* is intended
to fulfill this need. It is still an evolving document and thus is not yet
suitable for inclusion in Section III of the Code. A brief resume of the
principal features of the Code Case 1592 criteria will be given in the follow-
ing section.

ASME DESIGN CRITERIA FOR ELASTIC-PLASTIC-CREEP BEHAVIOR

Section III, Division 1 of the ASME Code is based on the use of
Tresca's (maximum shear stress) criteria. Advantage is taken of residual
stresses due to prior application of loading to stabilize subsequent struc-
tural behavior. It assumes that the favorable state of residual stress so
built-up is not affected during operation, This was a perfectly viable
approach for LWR components since creep did not enter into the design con-
sideration.

Additional precautions must be taken when the equipment operates in
the creep range of the material. The two overriding characteristics of
creep are: (1) Its tendency to cause time-dependent deformations; and (2)
Its deleterious effect on the ductility of the material leading to potential
failure modes such as creep rupture and creep-fatigue. Thus, Code Case 1592
and RDT F9-4T and F9-5"'5 were published to provide guidelines for design
of structures in the creep regime.

The principal features of the current Code Case 1592 criteria are
characterized by the requirement to evaluate the various failure modes
quantitatively. For completeness and for later reference, these failure
modes will now be listed and briefly discussed:

(1) Creep Damage. The classical creep rupture experiment illustrates
one form of creep damage wherain the uniaxial tensile specimen
falls under a constant load and temperature over a period of
time. However, it is known that materials also fail (experience
creep damage) under both the steady and cyclic application of
loads where the primary loads cause creep damage (rupture) in
a manner similar to the uniaxial experiment and the relaxation of
residual or secondary stresses can cause failure by itself or

* As of this writing, Code Case 1592 has been redesignated as Code Case N-&7.
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combine wich the primary Hads to accelerate the failure process.
Such damage must be limited to certain quantified fraction.

(2) Fatigue and Creep-Fatigue Damage. In the design of VMS. components,
It was found necessary to develop design curves for low cycle
fatigue.3 The rate of loading was found to affect the fatigue life
of structures. The addition of elevated temperature operations
during which creep (stress relaxation) takes place in between
fatigue cycles was found to have a nore adverse effect on fatigue
resistance of metals. Thus, the interacting creep-tatigue failure
mode nust be assessed and the resulting damage is then limited to
a conservative bi-linearized design envelope as shown in Figure 1.

(3) Strain Accumulation. In the presence of creep, the tendency for
structures to accumulate inelastic (irreversible) strain is en-
hanced. There is a substantial body of evidence in the literature6

to indicate that many welded structures fail during elevated temp-
erature service after e:cperiencing relatively small inelastic
strains. Many failure sites are at the welds or in the heat
affected zones. Thus, there is incentive to linit these irrever-
sible strains to some conservative value to assure that the duc-
tility of the material is not exhausted. It is recognized that
there are complicating factors such as the rate of strain, the
stress/strain field (whether the loading is uniaxial or multi-
axial) geometric (stress concentrations, notch effects) and metal-
lurgical (e.g., bi-metallic velds) considerations, etc. which
combine to affect the failure mechanism. At present, our under-
standing of these factors are insufficient for us to segregate
each individual effect. Thus, a conservative overall limit is
placed on these inelastic (irreversible) strains. Distinctions
are made for the type of strain, such as:

(i) "Membrane" strain, such as the average hoop strain in a
cylindrical shell under internal pressure.

<"ii) "Sending" strain, such as those existing in the outer fiber
of a beam in bending.

(iii) "Peak" strain, such as those existing near lo^al discon-
tinuities.

A 1% limit is placed on membrane strains, a 2% limit is placed on
bending strains, and a 5% limit is placed on peak strains. For
welds and heat-affected zones, these limits are halved.

(4) Structural Stability. The resistance of a structure to buckling
can be significantly affected by creep deformations. Therefore,
more refined criteria had to be formulated to help assess the
potential for structural instability. Code Case 1592 takes full
cognizance of this fact and has developed a set of buckling rules
which distinguishes load-controlled versus deflection-controlled
behavior. Safety factors are then assigned accordingly.
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A detailed discussion of Che background to the elevated
temperature design criteria can be found in reference 7.

COMPUTATIONAL METHODS

The structural analysis of LWR components has evolved from "hand" com-
putations using classical plates and shells "discontinuity" type of analysis
approach to sophisticated methods using general purpose computer programs.
The elastic-plastic-creep analysis of shells is a further refinement of that
evolution. In order to give the reader an overview of the analytical pro-
cedure, some highlights of recent analyses of an LMFBR component will be
given.

Figure 2 shows a schematic of the Intermediate Heat Exchanger (IHX) for
the Clinch River Breeder Reactor Plant (CS.BRP). Its primary function is to
transfer heat from the radioactive primary sodium coming out of the,- reactor
to the non-radioactive intermediate sodium which heats the steam/generator.
For the CRBRP, there is an IHX for each of the three loops and,-each unit is
rated at 325 MWt. The cooled intermediate sodium from the s,£eam generator
enters the IHX via a central downcomer to the bottom head.'reverses its flow
upwards through 2850 parallel straight tubes. The heated primary sodium for
the reactor enters the shell through the primary inlet' nozzle, moves up the
annular distribution plenum and enters the tube burble through the distribu-
tion shroud. As the primary sodium flows downward on the shell side of the
bundle, it experiences an axial/cross flow cesioination as a result of the
overlapped, perforated baffles which also serve as structural support of the
heat transfer tubes. This arrangement enables heat transfer to take place
efficiently in a counter-flow manner. The cooled primary sodium exits the
bundle through the lower distribution shroud and leaves the IHX through the
primary outlet nozzle and returns to the reactor. The heated Intermediate
sodium collects in the upper heat plenum and exists through the intermediate
outlet nozzle and then to the steam generators. The unit employs a straight
tube concept which results in simple assembly. The tubes are front face
welded to the tubesheets and kinetically expanded into the tube holes to
minimize crevices and give added support. The tubes connect the upper and
lower tubesheets which are otherwise "decoupled" by means of an expansion
bellows which absorbs the gross temperature differential between the tube
bundle and the upper tubesheet and shell complex. To mitigate the effects of
individual tube temperature variations due to flow multidistribution and
plugged tube effects, the baffles are staggered and perforated to promote
mixing.

For LMFBR'components, because of the good heat transfer properties of
liquid metal, plant transients tend to create high thermal stresses in struc-
tures. For an IHX, which sees both streams (primary and intermediate) of
sodium, these high thermal stress conditions are further aggravated. Figures
3 and 4 illustrate two worst case transients postulated for the CRBRP plant.
It can be seen that both the range and rate of temperature change 3re signi-
ficant. Under these severe thermal transients, even relatively thin struc-
tural members are expected to undergo plastic deformation. Upon recovery to
steady-state operations, the residual stresses locked in during the transient
will relax and in so doing, may cause creep-enhanced deformations (ratchet-
ting) and accumulate creep-fatigue damage. In order to assess the various
effects, elastic-plastic-creep analyses have to be performed.
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Figure 5 shows a flow chart of the analysis procedure used for the
IHX analysis. The end product of this analysis is a sat of time-dependent
stresses and deformations of the critical locations of the unit. These
time-dependent stresses and deformations (strains) are then used to compare
to the design criteria. Therefore, it is very important to assure that the
thermal/hydraulic parameters are properly selected since the stress/strain
results are only as accurate as the metal temperature history calculations
which in turn depend on the thermal/hydraulic analysis results. Thus, we
started with the hydraulic (flow) information based on actual scaled model
and full-size sector tests3 which formed the basis of our thermal/hydraulic
analysis. The program VARR-II9 , a hydrodynamic code for reactor mixing
problems, modified to accommodate IHX tube bundle geometry, was used for the
flow field analysis after benchmarking against tests. The program THTD
was used to calculate the IHX transient response. These results provide
the thermal boundary conditions for detailed metal temperature computations
needed for elastic-plastic-creep analysis. Elastic analysis can be per-
formed using a number of general purpose finite element programs, most of
which are commercially available. The number of general purpose programs
which are convenient for plastic and creep analyses is more limited. At
Foster Wheeler our preference is towards the AMSYS11 program for thermal-
elastic analysis and the MARC12 program for plastic-creep analysis. For
those who are not familiar with the finite element method, references 13 and
14 give a good foundation for the theory and practice in finite element
analyses.

The finite element method has enabled the structural analyst to model
the response of structures in ever increasing detail and accuracy. To date,
the method is widely used in the nuclear industry for design verification.

SOME RECENT EXAMPLES

NOZZLE ANALYSIS

The primary inlet nozzle of the CRBRP-IHX, as identified on Figure 2,
is subjected to severe transients such as that given on Figures 3 and 4,
Thennal stresses induced by the severe transients were found to be suffi-
ciently high to cause yielding (plastic flow) in certain areas of the nozzle.
The yielding of the material in turn creates residual stresses. Upon return
to steady-state operations, these residual stresses relax, setting into
motion the several mechanisms for damage described previously under design
criteria. For example, creep damage is being experienced by the nozzle as
a result of steady-state loads at temperature combined with stress relaxation
when the unit returns to steady-state operation. Fatigue damage is caused
by the repeated loads as a result of the various transients. Since these
fatigue cycles are imposed while the unit is sustaining high temperature
operations, the damage mechanisms of creep and fatigue interact which gives
rise to creep-fatigue interaction. In addition, as the nozzle undergoes
plastic flow as a result of the severe transients and subsequently experi-
ences relaxation of the resulting residual stresses, plastic strains may
accumulate. That is, irrecoverable deformations may occur as a result of
the plastic (ratchet) strains, as well as creep-enhanced deformations due to
stress relaxation.

6-40



In order Co quantify the aforementioned damaae mechanisms so as to
compare to the ASJtE Code Case 1592 allowables, a finite element analysis is
performed. Figures 6 and 7 illustrate the finite element models used for
the thermal and elastic-plastic-creep analysis of the nozzle. Figure 6,
the finer mesh model, was used for 'he thermal analysis using the ANSYS
program. These are two degree of freedom per node elements used to calcu-
late the temperature distribution in the nozzle as a function of time. The
resulting temperature versus time distributions were then input into the
MARC program using a coarser grid as shown in Figure 7. This coarser grid
model utilizes the MARC program bi-quadratic element 28 wh^ch contains nine
integration points per element. Thus, in realityv this is equivalent to
having 12 instead of four layers of elements through the thickness. It re-
quires very little set-up time and is, in general, more efficient than the
lower order elements. Figure 8 presents the plastic increment per cycle for
the inner surface of cross section AA. From such plastic strain data, one
can determine accumulated plastic strain.

Figure 9 shows a typical stress versus strain plot of interior ele-
ments of Section AA as it is subjected to the cyclic loading. The strain
range computed can then be used in conjunction vith a design fatigue curve
(Figure 10) to calculate fatigue damage. Such a stress versus strain plot
also aids the analyst in his understanding of the structural behavior.

Figure 11 illustrates the stress history of a critical element as it
is subjected to repeated transients. It is seen that each time a severe
transient occurs, the peak, stresses in the element undergoes a maximum.
Upon recovery to steady state, these peak stresses relax until the next tran-
sient when the process is repeated. In accordance with the current under-
standing of the creep damage phenomenon, the stress at time and temperature
are the critical parameters which determine creep damage. The damage fraction
is computed as the summation of st.ess at time and temperature, using a creep
design curve as shown on Figure 10. The individual creep and fatigue damage
fractions so calculated could then be used to enter the bi-linear creep-
fatigue interaction curve as shown on Figure 1.

From a non-linear analysis such as the one just described, one can
gain certain insights with regard to the configuration of the component and
the material selection. For example, in the analysis just presented, the
controlling failure mode turned out to be creep-damage. Fatigue and plastic
deformation (ratchetting) were found to have given very low damage fractions.
Thus, the analysis results vindicated ou.r selection of SS 316 instead of f
304 material since SS 316 has higher creep strength at the temperature of
interest (1015F). The analysis also enabled us to arrive at an optimum
shape so that ample design margin exists-against all failure modes.

TUBESHEET ANALYSIS

The tubesheets of the IHX experience transients from both the pri-
mary and the secondary streams. The upper; tubesheet operates at elevated
temperatures so that creep effects are sig*nifleant. In addition, the
perforated regions of the tubesheet require special analytical treatment.
The analytical approach to the elastic behavior of perforated plate has been
previously treated.ls Pai and Hsu17 extended the "equivalent plate" approach
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used in elastic analysis to examine the behavior of perforated plate sub-
jected to plastic and creep loading. It is essentially a two-step procedure
involving:

(1) The characterization of the elastic-plastic-creep behavior
of the perforated region by performing "analytical experiments"
on typical liganent. Figure 13 shows a finite element model of
the upper tubesheet. Figure 14 depicts a typical perforation
pattern along '.nth a representative piece of a typical ligament.
Figure 15 represents the stress versus strain behavior of a
typical ligament. Figure 16 illustrates Ehe creep (strain versus
time) behavior of the ligaments. Figures 17 and 18 illustrate
the stress and strain concentration effects of the tube holes.
Thus, by a suitable set of basic "analytical experiments" de-
scribed above, one can characterize the elastic-plastic-creep
behavior of the perforated region of the f-ibeshooc.

(2) The gross deformation behavior of the tubesheet can then be
obtained using the model shown on Figure 13 in which the proper-
ties of the perforated region are those generated in step one.
To obtain local stress and strain concentration effects, the
nominal stress/strain values obtained herein are then used to
enter the curves such as those given in Figures 17 and 18.

MATHEMATICAL CHALLENGES

One major common characteristic which challenges the analyst in the
elastic-plastic-creep analysis of shells is the proper modelling of the
plastic (non-linear) and creep (time-dependent) behavior of the materials.
In the modelling of elastic behavior of metals, Hooke's law has, by and
large, been an accurate model. Time-independent plasticity has been modelled
with reasonable success, so has steady-state creep. However, when plastic
and creep effects interact, as in actual design situations for LHF3R compo-
nents, the materials modelling become more complicated. For the CRBRP_com-
ponents, a conservative and uniform set of constitutive relationships1'
were adopted so that there is consistency in the structural evaluation of
the various plant components. It was recognized from the outset that much
research and development remained to be accomplished in order to refine the
analytical predictions or structural response under elevated temperature
operations. In fact, the Oak Ridge National Laboratory is currently direct-
ing a major on-going effort in the area of elevated temperature design tech-
nology" which addresses both materials behavior (constitutive relationships)
as well as analytical refinements. Experiments ranging from tests on simple
tensile specimens to complicated three-dimensional structural components
are being conducted under simulated conditions in order to benchmark against
analytical tools.

From a standpoint of computational complexity, the plastic behavior
of material enters a non-linearity in the stress-strain relationships.
Thus, care must be taken in the proper selection of load increments. Too
large a load step may result in numerical instability and too small a load
step makes the computation more expensive. In an analogous manner, when
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creep behavior has to be accounted for, the selection of the time steps in
the iterative proces.J is important. The computer program can be used to
self-regulate the load and time steps as long as criteria can be given for
the step size selection. However, because of the variety of situations
which can be encountered in a non-linear, path-dependent analysis, the use-
fulness of step size selection by the computer is limited.

The tubesheet problem described above is actually a three-dimensional
one. Therefore, if a 3-D analysis were performed, there would have been no
need to develop the multi-stepped approach. However, high computing cost
of the currently available high speed digital computers1provides the chal-
lenge to develop rational procedures such is those used herein. As computers
become more powerful with cost of per computing capacity expected to decrease,
a three-dimensional analysis may yet become practical. Then, we engineers
will be free to look for challenges elsewhere.

A final area which often presents a challenge to the analyst is in
the post-processing of data. The results from a finite element analysis are
often voluminous. To compound the problem, the ASME Zode Section III re-
quires that stresses and strains be categorized in a specific manner (e.g.,
membrane, bending and peak). For standard 2-D or axisyrametric sections, -he
"bookkeeping" of the resulting quantities is fairly straight forward. How-
ever, for complex shapes and particularly for cases wherein the principal
directions rotate during a loading sequence, care must be exercised in the
post-processing and interpretation of results.

DEVELOPMENTAL MEEDS AND FUTURE TRENDS

The LMTBR and HTGR programs have provided the impetus to develop and
refine analytical procedures so that the "design by analysis" approach can
be extended to cover elevated temperature equipment. Much progress has been
made since the Fast Flux Test Facility (FFTF) program. Today, most of the
two-dimensional elastic-plastic-creep analysis of shell-type structures can
be carried out without undue difficulty. However, a number of areas require
further development. These will be briefly discussed below.

MATERIAL BEHAVIOR (CONSTITUTIVE) MODELS

, This is a dual task of material/structural testing coupled with analy-
,; tical model development. The basic nature of coupled elastic-plastic-creep
ij_ behavior is a complex one. Therefore, we expect this to be an on-going
/"•, effort in which we seek incremental refinements as our understanding of the
* problem improves. Here the analyst can make a real contribution by helping
Jt.', the experimenters bound the problem through sensitivity studies using real-
v*-.- istic analytical models.

*, SIMPLIFIED ANALYSIS METHODS DEVELOPMENT

$,.. Even though two-dimensional elastic-plastic-creep analyses of shelis
can now be carried out without undue difficulty, computation cost is still
high. The elapsed time required for a time-dependent analysis of a component
such as a nozzle is also considerable (four to six weeks). Therefore, high

6-43



incentive exists for us to develop .simplified analysis methods and guide-
lines, particularly for preliminary design. These simplified analysis pro-
cedures will also help us screen and identify the more critical components,
so that attention can be focused on fewer critical areas. The simplifica-
tion generally takes the fora of geometry (e.g., one-dimensional models),
loading (e.g., simplified loading histogram), or materials modelling (e.g.,
use of bounding theorems, etc.). Much work is underway.'°sl 8Again, we see
this to be an on-going effort which should be accelerated since the poten-
tial for pay-off is high.

DESIGN CRITERIA REFINEMENT

Just as materials modelling is important to describe structural re-
sponse, failure mechanism is important to the designer to aid him in setting
design criteria. At present, our understanding of the interacting effects
of plastic/creep deformation and fatigue is insufficiently thorough so that
we have attached conservative quantitative limits to both the allowable in-
elastic strains as well as time at stress and temperature. It may be
possible to rely upon inelastic strains alone in order to characterize failure
mode. If so, the analytical task could be significantly simplified. In
order for us to achieve such criteria stream-lining, more fundamental re-
search on elevated temperature failure mechanisms must be carried out.

SUPPORTING COMPUTATION DEVELOPMENT

All of the above development needs require parallel efforts on the
part of the analyst for support. In addition, general purpose computer
programs require constant upgrading, particularly in the areas of providing
user-oriented features (e.g., input/output conveniences, interactive graphics,
etc.), as well as improved solution efficiency. This is particularly true
when a 3-D analysis is required. Another major area of challenge lies in
the ASME Code requirement to categorize the stress/strain quantities in
specific ways. Properly designed post-processing schemes will go a long way
towards relieving the analyst of much drudgery.

FUTURE TRENDS

Looking into the future, one can sunnize at the following likely trends
in this area of computational mechanics. The most obvious one to this
writer is the fast development of the "MINI" computers. This hardware de-
velopment is already beginning to make itself felt on a commercial scale
since the more advanced models have computing capabilities equal to
medium size main-frame computers. These "MINI" computer are usually very
cheap in price, either on a lease or out right purchase basis. Since market-
ing competition is keen, we can anticipate further reduction in price per
computing resource. This development will remove some of the inhibitions
in elastic-plastic-creep anal>sis as one major constraint, that of cost, is
being relaxed.

The software development is likely to follow the classic trend obser-
ved in the development of Linear elastic structural mechanics programs.
That is, the current trend towards a proliferation of programs will even-
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tu.illy shakedown to a select few genov.nl purpose programs supported by user
groups and/or commercial organizations.

As the hardware capabilities increase, the restraints faced by today's
analysts will be gradually lifted. Therefore, we can expect 3-D analysis to
be commonplace for the foreseeable future. However, this advancement in
computational sophistication will, in all likelihood, be tempered by the
slower and more difficult advancement in materials modeling and failure me-
chanism characterization.

CONCLUDING REMARKS

In this paper I have attempted to give a status report on the elastic-
plastic-creep analysis of shells from the viewpoint of a design analyst.
The "design by analysis" approach has been developed sufficiently to support
hardware fabrication and plant construction. Further developments in mate-
rials behavior modeling, design criteria refinement and analysis methods are
expected to improve this area of nuclear engineering/analysis even further.

The examples used herein are derived from LMFBR experience. However,
the general approach described is applicable to the HTGR and other high tem-
perature components in which material creep is significant.
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Figure 1. Creep-Fatigue Interaction Design Envelop
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Figure 3. IHX ThernaJ response to Transient Event
"Uncontrolled Rod Withdrawal with Trip"
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Figure 5. Analysis Flow Chare
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Figure ". Detailed Inelastic Analysis Model for Primarv Inlet Nozzle
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Figure 3. Linearized Inelastic Surface Strain Growth for Cross Section AA
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Figure 9. Stress Versus Strain Behavior During Cyclic Analysis
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Figure 10. Design Fatigue Strain Range, e , for 304 SS and 316 SS
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Figure 12. Stress-to-?'): ture (Minimum) Design Curve
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Figure 1^. Typical Tubes! ̂et Ligament for Analytical Experiment
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Figure 16. Average Creep Response for 5,500 psi Average Stress
of a Typical Tubesheet Ligament
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Figure 17. Stress Concentration Behavior of Tubeshest Ligament
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Figure 18. Strain Concentration Behavior of Tubesheet Ligament
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