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ABSTRACT

Stress analysis of safety related piping system in nuclear
power plant was investigated under various loading

conditions to verify safety principles and to show that
catastrophic failure can be excluded.

The effect of boundary conditions on the reliability
of piping was studied. For instance, the presence of
significant deviating constant hanger 1o0ad tatings which
are frequently used for supporting the piping showed
unexpected additional stresses on the piping .Such

deviation was not taken into consideration during the
design phase.

Several examples of piping models were studied to
illustrate such deviat?ﬁg—_zgﬁgzggzwrhanger load rating
cases. According to thege studies, it is recommended to
Teview the state of stress under the actual load rating
of the used constant hangers. For determining such ‘actual
load rating some suggested. fterative methods were'devéloped.

Experimental tests using an. actual - feed water - piping

System of decommissioned reactor (Heissdampfreaktor.
HDR) in Germany ' were performed. )

Parallel to this.. experimental work, theoretical
computations of the stresses were achieved by using
advanced finite element codes such as ASKA and ABAQUS
codes. For validation purposes a comparison of experimental
and theoretical results were performed. Member programme
caculations provideda conservative estimation for piping
behaviour, However, more advanced 3 dimensional analysis
programmes gave more realistic evaluation of highly
stressed components than using simplified analysis as
cited in the American Society of Mechanical Engineering
ASME Code. A coupled experimental theoretical method

was developed to provide more accurate analysis of highly
sStressed components in case of unknown boundary conditions.

Elastic-Plastic behaviour of highly stressed components
could lead to plastic deformation under faulted conditions.
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Thus, experimental investigation for elastic —plastic
behaviour of the simulated elbows of HDR feed water piping
under predominant in-plane bending moment in opening
mode was undertaken. The results showed that the bend
zones were subjected to cross-sectional deformation
(ovalization) as a result of elbow geometry. These results
were also proved to be extended to the adjacent: straight
pipes. This deformation led to high stresses particularly
in the inner surfaces. Also, ©plastic deformation of
such elbows was initiated locally at elbow flank in the
inner surface and then in the outer  surface . It has
been shown that the elbows under in-plane bending moment
in the opening mode are not amenable to collapse under.
practical service conditions. This complies with the
basic safety approach in which a catastrophic failure is
excluded.
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Notation:

F. Constant Hanger Force.
AF Imbalance Force Component
M. The Resultant Bending Moment
SFF Support Force Factor
Az" Vertical Deflection {in Z direction) measured

at constant hanger position n under dead-weight

Dz Vertictal Deflection (in 2 direction) as a
result of piping design <calculations under
dead weight.

pa” Deviated Vertical Deflection (in Z direction)
from the design vertical deflection under dead-
weight.

}2 Yield Strength

Rm Ultimate Strength

AS Réduction of Area at Rupture

Uo Ovalization Percent

D max Major Diameter of Ovalized Elbow !

Dmin Minor Diameter of Ovalized Elbow.:

M test Bending Moment at the Middle of the Tested

Elbow
?LPL Bending Moment for Fully Plasticity of Straight
| Pipe.
R Support Reaction
Do Outside Diameter
g Arc Length of Elbow
R Bend Radius of Elbow
t Wall Thickness
A Additional Thickness
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Area of Cross-Section

Ll,LZ,LFLength of Adjacent Straight Pipe
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Reduction of Area Percentage
Force
Snap Load Case in X Direction

Snap Load Case in Z Direction

Shear Force in X Direction (y Direction)

due to Force Balance of the System

Shear Force in X Direction (y Direction ) due

to Moment Balance of the System
Normal Force

Bending Moment

Bending Moment in X Direction (y direction)

Torsional Moment
Shéar Stress
Strain

Stress

Nab,(Mab)Stress Resultant referred to an

= ‘R \*S\ﬁ o m

where the first suffix gives the

of the stresses and the second
direction of the normal to the plane
(aorb=2X, Y or Z)

Young's Modulus

Modulus of Rigidity

Poisson's Ratio

Circumferential Angle

Arc Angle of Elbow

Bend Radius of the Elbow

arc 1length
direction

gives the

Degree

>

Nm

Nm

Nm

N/m2
=m/m
N/m2

Nm

N/m2

N/m2
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Suffix-equlv.: Lquivalent
Suffix 0 Outside
Suffix T Inside

spfﬁig,uauCircumferential Strain or Stress at OQutside

Surface,

ElffixUi Circumferential Strain or Stress at OQutside

Inside Surface
Sufix L, Longitudinal Strain or Stress at Outside Surface

Skfix L, Longitudinal Strain or Stress at Inside Surface.

0 »

270° - 30°

13¢

Long. Por.

Ly
=P

Angle convention and

* we pyge
Cire. Pox.

single plane ortho-
morphic projection of the bend surface

bbreviation

Material Testing{Cen;re. Stuttgart Univeksit%;cermanyf
German Nuclear SafetyStandards '

French Huclear satety Standards
Non Destructive Testing
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ABSTRACT

Stress analysis of safety related piping system in nuclear
power plant was investigated under various loading

conditions to verify safety principles and to show that
catastrophic failure can be excluded.

The effect of boundary conditions on the reliability
of piping was studied. For instance, the presence of
significant deviating constant hanger 1o0ad tatings which
are frequently used for supporting the piping showed
unexpected additional stresses on the piping .Such

deviation was not taken into consideration during the
design phase.

Several examples of piping models were studied to
illustrate such deviat?ﬁg—_zgﬁgzggzwrhanger load rating
cases. According to thege studies, it is recommended to
Teview the state of stress under the actual load rating
of the used constant hangers. For determining such ‘actual
load rating some suggested. fterative methods were'devéloped.

Experimental tests using an. actual - feed water - piping

System of decommissioned reactor (Heissdampfreaktor.
HDR) in Germany ' were performed. )

Parallel to this.. experimental work, theoretical
computations of the stresses were achieved by using
advanced finite element codes such as ASKA and ABAQUS
codes. For validation purposes a comparison of experimental
and theoretical results were performed. Member programme
caculations provideda conservative estimation for piping
behaviour, However, more advanced 3 dimensional analysis
programmes gave more realistic evaluation of highly
stressed components than using simplified analysis as
cited in the American Society of Mechanical Engineering
ASME Code. A coupled experimental theoretical method

was developed to provide more accurate analysis of highly
sStressed components in case of unknown boundary conditions.

Elastic-Plastic behaviour of highly stressed components
could lead to plastic deformation under faulted conditions.
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Thus, experimental investigation for elastic —plastic
behaviour of the simulated elbows of HDR feed water piping
under predominant in-plane bending moment in opening
mode was undertaken. The results showed that the bend
zones were subjected to cross-sectional deformation
(ovalization) as a result of elbow geometry. These results
were also proved to be extended to the adjacent: straight
pipes. This deformation led to high stresses particularly
in the inner surfaces. Also, ©plastic deformation of
such elbows was initiated locally at elbow flank in the
inner surface and then in the outer  surface . It has
been shown that the elbows under in-plane bending moment
in the opening mode are not amenable to collapse under.
practical service conditions. This complies with the
basic safety approach in which a catastrophic failure is
excluded.
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CHAPTER 1
INTRODUCTION

The most important safety principles applied to nuclear
power plants are (1): quality through production principle,
worst case principle, continuous in-service monitoring
principle and verification and validation codes principle.
Achieving quality through production principle requires
optimizing all processes related to the production of
safety-related components. The worst case principle
as well as verification and validation codes principle
demands investigating and analyzing the safety-related
systems under different conditions such as normal, upset,
emergency and faulted conditions (2-6). )

One of the most important aspects of safety analysis
and assessment in nuclear power plants deals with stress
analysis of piping syétems. Since the pipe; break has
a catastrophic consequence on the nuclear power- plant,

stress analysis is essential to. prove that such occurrence
is wunlikely or only leak before break occurs (7,8).
Stress analysis of safety related piping systems is
generally performed with member programmes based on the
elementary theory of bending providing mostly internal
forces and displacements. The results of such kind of
stress analysis depend on the accuracy of the different
boundary conditions: Stiffness of anchor points, hangers,
snubbers, gabs, friction effect, and misalignment.
Therefore the results of stress analysis are valid only

as long as the boundary conditions are defined apg - kept
unchanged.

The piping boundary conditions should be chosen such

that they can carry the piping mechanical loadings without
restricting their thermal expansion. Constant restricting

hangers are frequently used for supporting the piping.
The main advantage of using constant hangers is keeping
the load rating virtually constant over a certain range
of displacements. Thus, the piping can be allowed to
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expand without unnecessary stressing. However, the loading
rating values of these constant hangers can deviate from
the design or nominal values. Significant deviations
of the constant hanger load ratings can cause unexpected
additional stresses on the piping.

In determining stresseséf’hjghly loaded components such
as pipe bends are evaluated by stress intensity factors
(9) which in some cases do not yield sufficiently accurate
results. Also, changing of boundary conditions of piping
during service 1leads to changes in the state of stress
and deformations.

In this work the effect of boundary conditions on the
piping behaviour was investigated. Secondly, some local
components such as pipe bends or elbows, in which boundary
condition are unknown accurately, were also studied.
Thirdly, the elastic-plastic behaviour of an elbow was
experimentally determined under bending _ nhoment. The
deformation and stress behaviour using finite element
of elbows mounted in piping systers without any influence
of unknown boundary conditions were studied as well. '

In connection to this, experimental investigations were
undertaken at a realistic piping one: the feed water
piping system of the Decommissioned Heissdampf

(Superheated Steam) Reactor - (HDR) in Germany s (3)
(Appendix A).

Two static loading tests were carried out in the scope
of phase II of the HDR safety progrannme, The global
behaviour of the piping system could be determined by
measured values of displacements and strains at several
Cross-sections. Additionally, a detailed strain evaluation
was performed by the measurments of 76 strain gauges
attached in one bend area. Parallel to these tests the
piping behaviour was analysed by finite element

calculations for verification and validation purposes.

The behaviour of the structurally critical components
such as pipe bends and elbows when the elastic range

is exceeded to the elastic-plastic one is also of great
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interest in safety analysis and assessment. Plastic
deformation in highly stressed components could exist
when the piping system is subjected to emergency, upset
or faulted 1loading (10). In connection to this an
experimental work on simulated elbows of HDR feed water
line under in-plane bending moment loading was performed.
About 250 strain gauges were installed on the inner and
the outer surfaces of the studied elbow.

This thesis falls into 6 chapters. The introduction is
given in Chapter 1., Chapter 2 deals with reviewing the
technical safety principles of nuclear power plant
components. It also deals with some examples about
quality through production for one'of structurally critical
components (pipe bends). Chapter 3 deals with the effect
of changing the constant hanger supports on the ﬂﬁiping
behaviour. Experimental and theoretical analyses of
the stresses of the HDR Feed Water Pip_ing' are given in
‘Chapter 4. Also, a new approach is developed to analyse
the highly stressed components in piping such as elbows,
without influencing the global boundary conditions of
piring. Chapter 5 deals with the elastic-plastic behaviour
of an elbow similar to that of investigated elbow of
HDR under in-plane bending moment. General conclusions
of the work are given in Chapter 6. |



CHAPTER 2

TECHNICAL SAFETY PRINCIPLES
FOR NUCLEAR POWER PLANT COMPONENTS

1. INTRODUCTION

Licensing for construction and operation of nuclear power
plant 1is mandatory in all countries. This provision
is necessary for the protection of the public against
any hazard arising from using nuclear energy through
constructing or operating a nuclear installation. The
fundamental 1legal basis for the design, construction
and operation <§f nuclear power plants is generally cited
in a law in most countriés.

As an example in the Fed. Rep. of Germany 'FRG' (11-13),
it must be shown in any licensing procedure that every
necessary precaution has been undertaken according to
the state of the art (existing scientific knowledge and

technology) to prevent damage (14-15).

The main object of this chapter is to review some aspects
of safety-related principles which are applied to achieve
certain level of nuclear safety. Also a comparisonof

the world wide safety related standards is given.
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2.2 SOME TECHNICAL SAFETY PRINCIPLES:
The fundamental safety features of Nuclear Power Plant
(NPP) components depend on the following (16):

- high-quality materials,

a conservative restriction of sStresses,

the prevention of stress peaks through the optimal
design,
- the assurance of the application of optimized

manufacturing and testing technologies, and

- the knowledge and assessment of possible faulty

accident conditions.

- Iff the ébove requirements are complied with, then a-

fundamental _safety 1level will be - achieved that' will

vpréclﬁdQ rahy disastroug -failuge- of a plant componenti
duriﬂg'manufacturing or operation.

- The 1leak before break concept is in close connection

with the principles of the 'fundamental safety' (8-17).

The prerequisite for exclusion of catastrophic failure

or leak before break concept are summarized in the

following (17-18):-

1- quality through production principle; this requires
optimizing the design, material and manufacturing
processes.

2- Worst case principle;

This principle deals with the failure invesitgation
as well as probabilistic assessment. The worst case

is the state below which the condition of the material
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cannot fall. The assessment of this situation
requires ongoing work on failure investigation. Also
probabilistic risk analysis has to be applied.

3- Continuous in-service monitoring and documentation
principle: in-service monitoring Surveilance requires
Non Destructive Testings 'NDT'.

4- Validation principle:

This 1includes verification and validation of codes
and standards that determine the safety margin of

components and systens.

In general the concept of safety margin is given by the
“ratio of the applied load (X) énd the material resistance
or load bearing capacity (R). This concept is illustrated
in Fig. 2.1. If the condition K < R is violated, failure
can occur. Such a case can be caused by: Extensive local
or general deformation including instability, crack
initiation and stable or unstable crack growth (ductile

and brittle fracture).

Regarding the reactor pressure vessel and piping, the
exclusion of <catastrophic fracture is a tantamount to
the requirements of preventing crack initiation right
from the beginning, or in the case of initiation, at

least to assure crack arrest.

This condition K < R <can be fulfilled if all factors
which influence loading and loading capacity are completely
and quantitativly taken into consideration in production

and during service.
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2.3 SOME ASPECTS OF QUALITY THROUGH PRODUCTIO! PRINCIPLE

2.3.1 Design

Optimized design is a part of the basic safety concepts.
The generic features for fracture-safe design could be
summarized! as follows:

1- Using integral design, which 1leads to reduction of

weldments

2- Locating weld beads out of regions of high integral
and local stresses as well as residual stresses.
3- Good access is provided during manufacture and pre-

service and in-service inspection.

4- Achieving 1low nominal and 1local stresses'fby using
simple smooth shapes with minimum discontinuities. _

5- Avoidiné as far as possiﬁle longitudinal - ﬁeldments
through Vuse of forged rings and piping instead of

formed plates.

6- Reducing weld volume (by using narrow-gap technique).

7- Avoiding one side weldments
8- Avoiding fillet welds
9- Locating reinforcements in the vessel or piping wall

instead of in the nozzles.

10-Positioning weldments remote from critical 1locations
with respect to mechanical and thermal 1loading and

irradiation exposure.

Fig. 2.2a gives some examples for advanced design for
weldments in NPP in order to reduce stress intensity.

The main features are associated with adequate
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reinforcement which has to be done in the main body and

relocation of the welds from the disturbed areas to regions

of lower stresses.

Advanced design of weldments also takes into consideration
improvement of defect detectability and defect

interpretation. Fig. 2.2b shows some examples of
improving the accessibility in NDT (18).

Fig. 2.2¢c shows the implementation of these features
in primary circuit components. The optimum design solution
for the pressure vessel is combining the flange and nozzle
parts. into one single, smooth and high reinforced ring
with 1large 1ligaments between the nozzle penetrations =
and set on nozzles. Such design is called integral nozzle

shell design. It is now a feature of water reactor

pressure vessels supplied by vendors (16).
2.3.2 Materials and Manufacturing

The material properties are influenced by chemical
composition, melting technology, manufacturing procedure

as well as heat treatment.

Also an examination has to be made as to whether the
fracture mechanics parameters can be <correlated with
conventional strength and toughness parameters that have

been determined as part of the quality assurance programme.

Table 2.1 shows the requirements for the chemical
composition of reactor pressure vessel steels and
container. . vessels. They are intended to guarantee
deterministically the structural inteérity even with

local defects and cracks (17-18).
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