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ABSTRACT

This paper deseribes the develomment of computer methods and analytical
procedures necessary to satisfy regquirements for anslysis of Class 1 nuclesr
piping systems in ascecordance with the ASME Section III Code {Code). Topics
covered include formulation of & gimplified method for thermal transient analw-
ysisg; selection from avellable sources techniques for piping flexidbility ansgle
ysis; and interpretation of Code requirements in developing procedures for
Class 1 stress analyses., OSpecific discussion is glven to the develorment of &
criterion for the gpacing of lumped masses for dynamic enalysis. A method for
caleulating moments at piping tees for those load cases without proper signs,
and a eriterion for selection of load case combinations to avoid over—
congervatisms in resulting pipe stresses are slso presented. And finally, dis-
cusgion is given to computer progrem verificetion and control needed to ensure
quality control standards and conformance to the Code.

INTRODUCTION

Three basic conditions must be satisfied in order to qualify Class 1
auclear piping systems to the reguirements of the ASKE Section III Code. Pri-
mary stresses, which include internal pressure, deadweighi, earthquake inertia
forces and applied forces, are limited to the "design yield stress" of the
material. Design yield stress ranges fras the actual yield stress for carbon
and lov alloy steels to about 135% yield stress for austenitic steels and some
non-ferrous materials. Primary plus secondary stresses, which additionally
ineludes thermal expansion and thermsel transient loads, are allowed to reach
200% of the material design yield stress due to their self-limiting nature.
Feak stress, which include effects of loeal stress concentrations and discon-
tinuities, are limited by empirically derived {ode fatigue curves.

An exact determination of these stresses, in terms of today's caleula-
tional technigues, would require detailed finite element modeling of locallzed
regions of each component in the piping system, ineluding coupled trensient
heat transfer and mechanical/thermal loadings. However, the size, number and
complexity of piping systems in a typlcel nuclear plant makes such detailed
modeling of all components impractiesl. Instead, the oversll piping stresses
are caleulated at discrete points {of maximum stress) using comparstively
gimple beam type finite element models. Loceal stress concentrations due to
non~uniformity in the piping cross-sections sre accounted for through use of
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stregs Intensiiy fectors. Siresses in the pipe wall due to fluid temperature
trensients are calculsted in separate heat transfer analyses. And finally,

the contlinuum of the stress state in the piping with respect to time is approx-
imated by analysis charscterizing leoad conditions at criticel time polints.

Even using these methods to simplify the analysis, careful attention must
be peid to the orgenlzation and efficiency of the procedures. The authors have
varticipated in development of two coamputer codes now belng used for perfoming
thig analysis. 'The TRHEAT program celculates linesr and nonlinesr wall tem—
perature gradients and discontinuity temperature differences in & pipe subject
to & temperaturs transient in the contained fluid, The results from TRHEAT
form a portion of the input to NUPIPE, a program which performs the piping
. Tlexivility analysis and evaluaies resulisnt siresses in accordance with the
gspecific requirements of Section III of the ASME Code. A description of the
essumptlons and methodolegy employved in each of these programs and the proge-

dures for thelr use in the analyses of nuclear piping 1is given in the following
sections.
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PIPING RESPONSE ANALYSIS
Introduction

_ To demonstrate conformence of Class 1 piping systems to the requirement of
the Code, piping system response to the following loads must be determined:

{a} Thermal expension of the piping

(b} Deadweight of the piping and its content

{¢] Relative anchor and support movements

{d}) Externally applied static forces and moments

(¢) Externally applied dynesmic forces and momenis

{f) PFarthquake motions

Response to loadings (a}, {b), {c) and (d) are determined from statiec analyses.
Those of (e} and {f) are determined using dynamic analyses.

Static Analyses
In the development of gbtructural mechanics, analyses of piping systens may

pave been the Tirst sublect for which the synthesis method was used. The ays-
tematic snalysis of a piping structure using elbows and straight_pipe sectlions
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as bullding blocks was developed long before the birth of the commercial elec-
tronle dlgitel computer. Following the commerciel introduction of the digltal
computer in the 195C%s, many general matrix methods have been developed., Broock
and Chen {6) and {7) present two typical methods for use in the piping ares.
The sclution methods have novw been fully developed and can be grouped into two
categories; the flexibility method and the stiffness method.

The Flexibility Method

The flexivility method can be expressed In matrix form ag:
[c] {F} = (B} {7

in which [¢] is the flexidility matrix, and {F} and {D} are the force and dis-
plecement vectors, respectively. By using a normalized coordinate system, =
piping system can be reduced so that the mssembled flexibility matrix [} will
have a dimension only egual to the number of degrees of freedom constrained by
anchors and supports. The displacement vector {D} is initially caleulated at
all the constrained points assuming the constraints are removed. The cone
straint resctions are then calculeted by solving eguation (7) for the forces
and monents reguired to bring the unconstrained displacements back to thelr
constrained positions. The effeqt of exterpally applied leadings and dend-
welght of the piping is treated by sdding sn equivalent displacement term 1n
vector {D}. These procedures are described more fully in Reference {(8). Since
the size of the flexibiilty matrix [¢] is relatively smnll, this method is
esperially suitable for small computers. Most of the pipe stress compubter pro-
grams developed in early 1960's (9), {10) and (11) used the flexibility method.
Unfortunately, there are many topological end bookkeeping provlems inherent in
the .application of the flexibility method. TFor example, the loglc used iIn
handling muti~-connected loops is very complicated.

The S5tifiness Method

The stiffness method as expressed in equation (B) is generally referred
to as the direct stiffness method (not to be confused with the method of Chen

(1))
[xl {p} = ({F} (8)

In equation (8), [K} is the stiffness mabtrix of the piping system; and
{D} and {F} are the displacement and force vectors, respectively. This method
has long been developed for solutions to general structural mechanles problems,
and its formulstion can be fournd in any text bock on matrix methods of struc-
turel analysis (12) and (13). As opposed to the flexibility method, the stiff-
ness method calculetes the force vector {F} for each load case and solves equa-
ticn (&) for the unknown displacement vector {D}. Thermel effects, deadweight
and suppori displacement lowds sre converted %o an eguivelent force vector in
{F}. Interns)l pipe forces and stregses are then colculated by epplying ihe
displacement vector (D} to the indilvidusl element stiffness matrices., This
method has a simple straight forward logle for even complex systems., Multi-
neated loops are handled Jjust like ordinsry branched eystems, One disadvantage
of this methed is the size of stiffness matrix; generally equal to six times
the pmumber of nodes in the system. This ig almost an order of magnitude higher
than the sige of the [C] matrix used in the flexibility method. With this many
simultanecug equations to sclve, even if the band width of the stiffness matrix
15 optimized snd only the banded elements ere stored, the computer core storage
reguired is considersbly higher than that regquired in the flexibllity method.
The final stiffness size can be reduced somevhat, however, by use of the trans-
fer matrix method. Recent advences in computer central core and auwxiliiary
memoyy capabilities have lessened this disadvaniage such that most recent de-
velopments in computationsl structursl mechanies are ba:.- L on the stiffness
method, As & result, most of the pipe stress programs developed recently,
(1Y, (15) and (36), use this method.
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Selmmic Analyses
For the seismic analyses, the eguilibrium equation is written us:
(4] (D} + [C] {D} + [K] {D} = ~[M] {0}

in which [M] is the mass matrix
[C] is the viscous damping metrix
[E] 1s the stiffness matrix
{5} is the acceleration vector
{D} is the velocity vector
{D] iz the displacément vector

{Dg} is the ground ascceleration vector

This equation Is used to caleulate the reaction forces and inertis forces for
the flexibility method, or to calculate the sodsl displacements for the stiff-
ness method. Internal pipe forces and stresses are then caleuwlaeted using the
static equations (7) or {8).

Equation {§} can be solved using one of three methods; namely direct intew
gration, mods) integration, or the response spectra method {wI) The diffi-
culties and additional costs associated with specifying a ground motion-aceel-
eration time history and subsegquently debtermining the system response using
either the direct integration or modal integretion method has lead to the re-
sponse spectra method becoming more or less an indugtry standard.

The response spectra method usesn the modal syperposition assunption that
the reaponse st esch point in 8 system, 8t & glven time, equals the sum of the
response of each nomal mode oscillation at that point at that time. The re-
sponse spectra method removes the time dependent factor and only the maximum
response of each normal mode is caleculated. Technigues for modeling a piping
system for dynamic anaelyses and determination of the resulting response using
the method of modal combinations are dlscussged in the following subsections.

System Modeling Using the Lumped Mags Method

A uniform pipe theoretically has an infinite number of degrees of freedom
which allow it to move in an infinite number of ways. Since certain patierns
of motion do not cause any macrosgcopie gtructural effect, the pipe can be
ideslized into & finite nusmber of degrees of freedom by lumping its mass into
certaln concentrated mass polints. In order to minimize computer run time it
is advantagecous to lump the system inte as few mass points as possible. Care
must be taken, however, to ensure that the location of and spacing between
mess polnts does not exelude some of the significant patterns of pipe moiion.

In seismlc anslyses, it hnes been recognized that the normal mode oscilla-
tions with very high fregquency contribute little to the overall system re-
sponse. The highest frequency of oscillation that must be included is termed
the cut-off frequency, which is about 25 c¢psg to 35 e¢ps depending on the type
of the supporting structures. Once the cut-off frequency is defined, the mass
rust be lumped in such a way that a&ll the normal mode oscillations with free
guercles lower than the cut-off frequency be determined within an scceptable
tolerance. This can be asccomplished by limiting the distance helween msass
points, To establish this limiting distance, it is necessary to first
visualize the half wave idealization of & natural mode shape.
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Figure 6 Half Wave Ideanlivsticon

As shown in Figure 6, by using Rayleigh's method (18), the natural fre-
quencies of the two idealizations sre celeulated and compared with the exmct
frequency. It 1s clear that if two or more lumped masses are located in =
half wave, the simulated frequency differs from the exact fredquency by only
0.7%, which is considered acceptable for this type of analysis. The following
method can thus be used to check the meximum allowsble distance between itwo
lunped masses. - :

Assuming @ 1g the gut-off frequency in cycles per second, then the half
wave length of thig oseillation is

b8 ()"
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f

where = agceleration of gravity

£

E = modulus of elasticity

I = bending moment of inertis
W = plpe weight per unit lengih

Zince two masses are reguired in each half wave length, the meximum ellowable
mass point spacing is

{Mass Point ép&cing} = 1/’2(%)35 (E%}:.) % {11}

In sddition to the shove general criterion, &t least one mass has Lo be lumped
in each pipe run or branch In order to correctly simulate the inertis force
distribution.

Model Combination

Using the response spectra method, the calculated response of each normal
mode of oscillation is the maximum value encountered during the time of exci-
tation, As ithe maximum responses of all the normel oscillating modes do not
occuwr at the same time, s statistical combination method is used to obialn the
c¢ombined regponse, A generally accepted method is to take the square root of
the sum of the sgquare {SRSS) of all the gquantities involved. For example, for
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each pormal oscillating mode, gystem response results from earthguake motions
in three orthogoral directions, nemely vertical and the two horizoptal direc-
tions. Using 3RRS method, the response in each mode due to each direction of
earthquake loading is calculated independently with the response cambined as
follows:

L] L]
R. :’JR‘ “4+m S+ ° {(12)
ix iy iz

where Ri is the combined résponsa of the ith narmal mode, and Rix’ Riy and Riz
are the response ol the ith normal mode due to earthquake motions in X, ¥, and

%4 dirgetions respectively. Pipe deflections corresponding to Ri are determined

at this stage such that pipe forces and moments can be caleulated properly. It
shouid be noted that if the pipe forces and moments are not calculated at this
stage, but rather calculated later using the combined deflections Trom all the
normal modes, the calculated pipe internal Torces and moments will not always
be correct. This is becsuse the signs of the deflections heve been lost during
the combination process and the deflected shape gannot be determined uniquely.
After the response in each mode is calculated, the combined system response is
given by:

(13)

Where R 18 the combined sysiem response due to n normal oscillating modes.

Hecently there have been scme discussions regarding the adeguacy ol egus~
tion (13}. It has been suggested that responses of normal modes having essen-
tially the same natural frequencies will reach their meximum value at aebout
the same time and should be combined direetly. Therefore, in some design spe-
cifications, equation {13} has been revised as follows:

R = i(i [Ril) 2 (14)

in vhich M 1is the number of the cscillating groups and L is the number of the
normal modes with closely spaced natural fregquencies in esch oseillating group.
¥ormal modes with frequency differences less than 10% are generally considered
being ¢losely spaced.

It naes been found that equation (14) will not be sdequate for some special
cases. This happens when the piping system . is over supported. As shown in the
typical response spectira curve of Figure 7, 1f & system is designed very sgtiff
it can be approximated as a rigid body during an earthquake., Total system re-
sponse will then be equivalent to the response caused by a constant accelera-
tion A. However, even if many normal oscilleting modes have been included
in the response spectre analyais the constant accelerstion effect cannct be
reached. Therefore, it may be advisable to revise equation {1h) to read as:

H T "
R = Rgg ¥ Z(Z iRi!) (15)

Where Rg is the response to rigid body motion, Rg can be caleulated by apply-

ing the constant acceleration 4 at each mass point.



response acceleration, G

period =
, Figure 7 Typical Seismic Response Spectra
Dynamic Force Analysis

One of the more troublesome areas encountered in piping siress analysis
is that associated with dynemic force analysis such as loadings resulting from
safety or relief valve blowdown. For this event, steam or waler traveling
through a piping system will result in a foree application to the pipe wherever
the direction of fiuid Tlow is altered (i.e, at elbovs, tees, etc.). Typical
shapes of these fluld forces are shown in Figure 8. 'The dynamic load factor?
for this type of loading will generelly vary from zerc to two depending on the
rise time and duration of the excitation force. Therefore, It is very diffi-
cult to justify a static eguivalent anelysis unless & conservative dynamic
load factdr of two 15 used., For this resson dynamic time-~history analyses
using either the direct integration or the modal integration method is gen-

erally required.

@ ]
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time o time o
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Figure 8 Typical Safety or Relief Valve Blowdown Forces

2Ty, this context the dynsmic load fector is defined &s the ratic of the equiv-
alent static force producing the pesk pipe response to the maximum fluid exci-

tation force.
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One of the difficulties encountered in the anelysis of gafety or relief
vaelve blowdown occurs when s restraint 1s positicned et a location vhere the
force 1s to be applied {elsc see Pigure 8). If the restraint is very stiff and
directly opposes the epplied foree, the localized response will be of high fre-
quency. Consequently sdditionsl care must be teken when gdevelobing the mathe-
matical model of the sysiem in specifying mess point locations; calculating
the high frequency modes of pipe vibration; and specifying a sufficlently small
integretion time step to correctly integrate equations of motion for the high
frequency modal vibrations. Artificislly reducing the restrsint spring con-
gtant can someiimes be used to minimize the shove problems. However, when
using this methoed, analysis results should be carefylly examined to ensure
thelr validity.

PIPING STRESS ANALYSIS
Introduction

In performing Class 1 piping stress snalysis, ASME Section IIT allows the
use of one of three methods: simplified elastic-plastic anelysis, deteiled
snalysis or experimentsl analysis.

The simplified elasstic-plastic analysls is fully described in Section III,
Subarticle NB-3600. In this method, a set of stress indices are developed so
that pipe stress can be caleulsted easily and conservatively. The sztress ori-
entations are ignored and only ithe resultent moment Iis used in thé stress cal-
culation. The ASME sample enelysis ()} demonstrates the use of this method,

For those pipe components which do not satisfy the simplified elastic-
plastic enalysis, detailed stress analyses can be employed. The procedure to
be used Tor & detailed snalysis is specified in Subarticle NB-3200, In this
type of analysis all the stress orientations are considered with resulting
stress values based on actual component dimensions. Outgide of elbow compo-
nents remote from welds whose stress indices are specified by Subarticle
Ni~3600, almost all the component stresses must be determined by detailed fin-
ite element anslysls or by experimentel anslysis, Therefore, it hag genersally
been found thet it is more economical to replace or modify a piping component
which does not meet the simplified elastic-plastic analysis than it is to per-
form the detalled anelysis, OSince the simplified elastie-plastic analysis 1s
the only method which is practical for large volume production snelyses, the
following discussions will be limited to this method.

Load Cases

As discussed in the section on thermal transient anslysis, it is necessary
to define and calculate the stress and stress range that & piping component will
be sublected to &8 a piping system responds to transition between various oper—
ating conditions {states). Section IIT requires thét all combinations of oper-
ating varisbles, such as temperature and pressure, from one operating state to
ancther operating state have to be considered in the anslysis. The method gen-
erally used computes the response from the zero state (i.e., cold shutdown} to
the various cperating states. Each siate ia defined as one load case and the
stress ranges are caleculated by taking the differences in stresses between any
two load cases forming a pair. Although other approaches may also be accept-
able, this one appesrs to be the most straightforward and can be easily adopted
to compuler analyses.

To iliustrate this method, let's assume a particular piping system exper-
iences the transient history shown in Figure 9. T¢ determine the stress range
between stetes C and D, the stress associsted with & trans..ion from zero
state to state C is defined as one load case, while the transition from zero
gtate to gtate D ig defined as & second losd case, The stress range between
C and D is then the difference between the maximum (at state C) and the mini-
mm (at state D) stresses. Thus, for example, if a piping system will exper-
ience 20 different coperating conditions, 20 load cases will be defined.
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Figure 9 Typical Tempersture Transient History

~¥When utilizing this method one caution showld be mentloned, If we have
an operating condition at E which is assoclated with a very low level of stress,
the pairing of load ceses C or D with E would artificially create many tran-
sients of high stress range that do not exist. Thus the following guldelines
in defining load cases should be employed:

{a} Tor esch plant transient, two load cases must be defined. One load
case will be associated with the maximum values of temperature/pressure en-
countered in the transient {the up condltion), while the second load case will
ve agsociated with minimum values of pressure/temperature in the transient
(the down condition). The number of opersting cycles for each load case will
be equal.

{(b) SBince most piping systems have very high number of cycles of fluctu-
ation near the steady state condition, 1% should be recognized that it is
Important to correctly define the number of operating cycles for the zero case
{plant shutdown). The pumber of operating cycles for the zero case should be
made equel to the nuwber of normal end abnormal plant shutdowns.

{c) It there are a large number of operating cycles which exist at a
very low response level {i.e. area P of Figure 9} these operating cycles can
be either neglected or upgraded by superimposing them with pipe response at the
normal operating condifion.

Seismie Stress Range

Tn the ABME ssmple snalysis (i}, positive values of piping response re-
sulting from the seismic event were gombined with the normal operaiing condi-
tion to form a load cmse. Likewise negative seismic response was combined
with the normal operating cendition to form & second load cise, These two
artificially created load cates repressni the upper and lower envelope of the
response when an earthquske takes rlace during the normel operating condition,
The fatigue anBlysis then can proceed congidering these ftwo load cases the same
es any other load cases.

If the esrthquske cccurs during other than normal opersting condition, the
response has to be combined with the worst load c¢ase palr. Half range of the
seismic response is added to the maximum palr response range., If the resulting
stress range ig less than the seismic regponse range, the seismic response
range is used. In the event that the number of earthquake cycles is greater
than the number of cycles for the worst losd case palr, the additional number
of cycles iz carried ever to the second worst load case pair and the seismic
event ig sgain superimposed on thils transient: This process is repested until
all the earthguake cycles are used up.
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Tee Moment Calculabion

At branch connections, the combined effect due to both run noment and
branch moment must be used in the (lass 1 stress evaluation. 7The branch moment
is well defined in the ASME Section III Code as shown ip Figure 10, However,
the deflinition of the run moment Mr is often misunderstocd. From ASME Section

T1¢ Subarticle NB~3600 and ANSI B31.7, 1971, the run moment can be considered
&5 the moment that exists in the run pipe that is not produced to balance the
branch moment,. According to NB-3600 the components Mxr‘ Myr’ and Mzr of the

run are determined as follows:

ir Mil and M19 have the same algebraic sign then Mir = ¢
ir Mil and MJQ have different algebraie signs, then Mir ig the smaller
of Mil or M123 where 1 = ¥, ¥, Z

The procedure outlined works perfectly for the static load cases. However, if
the selsmic unalyses are performed using the response spectrs method, the rule
can only be used when the stresses are evaluated st the level of the individusal
normal mode, If the stresses are evaluated at the level of the fingl combined
result, the rule does not apply as the signs of the moment components are lost
alter the cowbination. A procedure to overcome this difficuity is described
as follows:

For each direction, the maximum run moment component that is not used to
halance the branch moment is,

Gy = Dy s gl - el (16)

It is alsoc apparent that the run moment component that is not used to balance
Lhe branch moment should be balanced by the moment at the other end of the run,
Therefore, the maximum run moment component that is not used to belance the
brench moment should be less than or egual %o the moment at either end of the
run., That is,

(M, ), = Minimun of [Mili or imizl {17}

Since equations {16) and (17) represent the maximum possible conditions, the
actual run moment component should be the minimum of the twe. Hence,



Mir © = Minimum of (Mir)A or’(Mir)B (18)

The above procedure has bheen utllized in the NUPIPE 1T computer program (lﬁ)
developed by the asuthors for all load cases, including static load cases, .
which have no clear sign relations.

Program Verification

Verification of the NUPIPE II computer program was made Tty comparison
with resulis obiained using other matrix structursl enelysis programs with
Tench merk cases provided by the ASME (&E) and with hand cslculated solutions.

CLOBURE

In secordance both with sound engineering practice and the guality sssur-
ance commonly applied in the nuclesr industry, the development of computer pro-
grams and procedures for analysis must be accompanied by adeguste documentation
and verification of the accuraey of results, The procedures used for verifics-
tion of results from computer programs TRHEAT and RBUPIPE I were discussed in
the previous sections, Adequate documentation for esch program has heen
carried out by the compilation of three documents: {8} & program users manual,
describing procedures for performing the snalysis snd input requirements; (b}
a programmer’'s menual, which progresses from general organizetion of the pro-
grams into overlays and subroutines through definition of wvariables and de-
tailed Tlow charting of each subroutine; and {c¢) the program verification
manual. A design control procedure is used tc regulsate changes in either the
documentation or the programs themselves.

A number of gpportunities have transpired for comparison of calculeted
rezults with those measured for piping in the operating condition. In genersl,
1% has been found that calcwlated and measured thermal deflections sgreed
closely. However, the accurecy of prediction of piping response to dynamic
loads, such as steam hammer, weter harmer, and for vibratory moticn has besen
found highly sensitive to the accuracy in modeling the piping support condi-
tions. The effects of stiffrness variations in nonlinesr piping restraints
inherent in some types of piping supports may be substantial.
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