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In May of 1975, it was determined that certain loads resulting from postulated pipe ruptures
in pressurized water reactors (PWR) had not been quantitatively accounted for in the design

of reactor vessel supports and that inclusion of these loads could have a significant effect
on the ability of the supports to perform their intended function. As a result an evaluation
of the capability of these supports on operating reactors designed and built more than 10
years ago to withstand the hydraulically induced pipe rupture loads was required by the

United States Nuclear Regulatory Commission (NRC) as well as an evaluation of the consequences
of the resulting motion on the other reactor coolant system (RCS) components and piping.

This paper presents the state-of-the-art methods and procedures employed in the ensuing
evaluation of the RCS and examines the adequacy of the original design of the supports.



1. BACKGROUND

Following the determination that the internal asymmetric loads on the Reactor Yessel had
not been specificale accounted for in the design of reactor vessel supports, the NRC
conducted a survey of the effect these Toads have on RCS components and supports, On
January 25, 1978 the NRC required an evaluation of the adequacy of the compenent supports
(reactor vessel (RV), steam generator (SG), and reactor coolant pumps (RCP)) and of the
RCS piping, reactor internals and fuel, control element drive mechanism (CEDM), and
emergency core cooling system (ECCS) piping for operating reactors designed and built more
than 10 years ago. The purpose of these eyaluations was to demonstrate the adequacy of
these systems and their supports to withstand hydraulically induced asymwetric pipe rupture
induced loads and thereby establish the basis to justify continued leng term operation of
these plants.

Evaluations were performed using present day, state-of-the-art methodology.on plants designed
and built in an earlier era. Following a description of the system, a comparison is made

of original design criteria and methodology ys. current design criteria and methodology used
in the evaluation.

1.1 System Description
The system evaluated consists of the major components and piping of a PHR two-~lopp reactor

coolant system (RCS). A typical PWR vessel and internals are shown in Figure 1, Details
of a typical RV support arrangement for this generation of plants are shown in Figure 2.
In this arrangement the vessel is supported on three pads, one welded underneath each of
two RV inlet nozzles of one loop and the third underneath the opposite RY outlet nozzle.
Each pad is supported by a steel structure resting on a reinforced concrete pedestal,

Flat plates at the top of the structure provide surfaces for the low friction bearing
plates at the bottom of each RV pad. These low friction bearing surfaces and tangential
gaps at the horizontal supports allow unrestrained growth during thermal expansion while
resisting horizontal vessel motion during an earthquake and following a pipe rupture. The
pads are not held down to the support. In addition to the RV and RV internals, the system
is comprised of two reactor coolant piping loops, each loop consisting of one RV outlet
leg and SG, two return legs, each with one RCP. System Tayout is shown in Figure 3.
Besides the RV supports the only other support which is significant to the reactor vessel
analysis is a key in the lower SG support which preyents excessiye SG motion away from the
RV if a severance of the RV outlet pipe is postulated. The entire SG support system is
shown in Figure 4.

1.2 Comparison of Original and Current Design Criteria

CE operating plants were designed and analyzed for consequences of guillotine pipe ruptures
using methods which were accepted industry practice at the time, but which are less
sophisticated than those of today. Each pipe rupture was postulated to occur instantaneously
Both circumferential (guillotine) and longjtudinal (slot) ruptures were postulated to occur
one at a time at each component nozzle, Slot ruptures were also postulated at all RCS
elbows. Each-guillotine and slot rupture was also postulated to open to full
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flow instantaneously. The large number of postulated break locations together with
arbitrary non-mechanistic break types and sizes formed very conservative pipe rupture design
criteria.

Using these criteria conservative analytical methods were then employed to verify the
design adequacy of the vessel supports. At the time thermal hydraulics methods were not
able to define precisely the internal and external pressure forces that result from a
postulated pipe rupture, nor was is possible to quantify their effects on the supports,
although these forces were known to exist as a consequence of the arbitrary initiating
event.

Consequently, methods were used which added gross conservatism to compensate for lack of
refined analytical methodology. For each break, the thrust-momentum force was multiplied
by a dynamic load factor of two and the system was analyzed statically. Reactor vessel
supports were designed to behave elastically and a conservative allowable stress of 90% of
yield was imposed as an acceptance criterion.

In the time period between original design and current evaluation, significant advances

have been made in the area of thermal hydraulic analysis such that the internal hydraulic
loadings and subcompartment pressurization are better understood and can be accurately
calculated on a time history basis. Similarly, advances in struetural mechanics make it
possible to calculate the flow area as a function of time and to calculate the RCS response
to the forces generated by the postulated guillotine rupture on a time history basis. These
advances in methods of analysis, along with further understanding of material behavior and
advances in finite element methods, enabled the new evaluation to utilize a much more
realistic approach in examining the ability of the support to accommodate the imposed load.

1.3 Evaluation Philosophy

The advances described above allow various levels of sophistication -in performing structural
evaluation. The approach taken in this evaluation was to begin with the simplest, most
conservative time history analysis which could be predicted to yield acceptable results.
Further it was determined that the three plants evaluated are sufficiently similar to be
analyzed using a single generic model.

The results of this analysis would then be used either to demonstrate support acceptability
for each plant or to determine that a higher Tevel of sophistication was needed to show
acceptability in a specific case.

1.4 Evaluation Criteria

RV support stiffness and load carrying capability were established for each plant by
three-dimensional elastic-plastic finite element analyses of the nozzle-support reg{on.
(See Figure 5) The horizontal support load-deflection curves resulting from these analyses
were coupled with foundation load-deflection data to develop total horizontal support
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load-~deflection curves for each support. These load deflection curves are shown in Figure
6. They provide non-linear stiffness characteristics of the support for the dynamic
structural model as well as establishing ultimate load carrying capability of each support.
The chosen acceptance criterion was that the maximum calculated horizontal support loads
should not exceed 70% of that ultimate load carrying capability. This criterion is based
on ASME Boiler and Pressure Vessel Code Section III, Division 1, Appendix F, Article
F1324(1). Vertical load-deflection curves were conservatively established to be elastic-
perfectly plastic with load capability at yield. The support Toad calculation was also
based on the assumption that moments at reactor coolant pipe elbows and terminal ends would
not exceed ASME Appendix F elastic Timits.

These initial acceptance criteria form a simple and conservative "first-pass" in keeping
with the evaluation philsophy. As is shown later in this paper, further refinement of
acceptance criteria was performed when necessary to remove conservatism.

From a comparison of curves in Figure 6 it is evident that foundation stiffnesses for

two of the three plants are similar while the third is considerably less stiff. In order
to maximize the calculated RV support loads, the higher support stiffnesses were chosen
for the analysis of the generic model. Evaluations of each plant would then be made
using the generic results. The lower capabi]ity'indicated by the Plant No. 3 curves
shown in Figure 6 is addressed later in Evaluation Results.

2. ANALYSIS

2.1 Loading Conditions

RV supports were reevaluated for postulated circumferential pipe breaks at the RV inlet

and outlet nozzles. The RV asymmetric loads that are developed following either of these
breaks are due to RV internal decompression, vertical drag through the core, pressurization
of the RV cavity, pipe tension release and jet impingement at the postulated pipe break
location(2). Loads are summarized pictorially in Figure 7.

Internal and external asymmetric loads were developed by thermal hydraulic analyses and
were based on mechanistically determined break opening size and break opening time for each
postulated guillotine. The break opening size and rise time were determined using non-
Tinear time history dynamic analysis to measure the movement of each end of the severed
pipe. Results for the generic model are shown in Table 1. In all cases there are no
restraints to limit motion of the broken pipe. The RV inlet nozzle break develops: full
flow but the outlet break is Timited by the inherent strength of the outlet pipe and by

the stop at the base of the steam generator. Both of these factors keep the severed ends
of the outlet bipe from moving away from each other to develop break flow area.

2.2 Initial Evaluation

A single detailed structural model representing the entire RCS in three-dimensions was
assembled and was used as a basis for analyzing each postulated break. For each break,
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the model was modified to emphasize mass, stiffnesses, and pressure node details for that
break as well as all significant system geometric non-]ineérities._'A detailed representation
of the reactor internals (Figure 8) was coupled to the model of the RV in order to account
for the effects of the internals on RV motion. The model takes into account the three-
dimensional non-Tinearities such as gaps, holddown springs, and preloads at interfaces within
and between subsystems sUch as the fuel assemblies, core shroud, core support barrel (CSB),
upper guide structure (UGS), and RV as well as the hydrodynamic coupling effects between

the CSB and RV and the CSB and shroud. The model also allows relative motion between the

RV, CSB and UGS flanges. Lumped mass parameters of the RV shell and both steam generators
were included, and the non-1inearities of the RV supports and lower SG stops were also
modelled. For each break location, complete pipe discontinuity was modelled and pipe mass
was included at the break location.

Each model also contained the load-deflection characteristics of the foundations of the RCS
major components. The RCS model used as a basis for each break is shown in Figure 9,

2.3 Method of Analysis

For each break, physical definition of the structure was supplied to the STRUDL(3) computer
code, which generated a condensed stiffness matrix and vessel support influence coefficients.
Using the stiffness matrix, the mass matrix with hydrodynamic coupling, definition of
nonlinearities, and digitized three-dimensional time histories of the asymmetric loads as
discussed previously, a dynamic time history analysis was performed using the DAGS

and DFORCE(5) codes. DAGS produces dynamic degree of freedom (DDOF) response on a time
history basis, including reactions of gapped supports. DFORCE uses an influence

coefficient method to determine reactions, pipe loads and deflections throughout the RCS.

3. RESULTS AND EVALUATIONS

The results of this analysis are presented in Tables 2 and 3. Each table shows a comparison
of calculated loads to plant specific load capability. RV support loads results are compared
graphically with acceptance criteria in Figure 10. For the postulated RV outlet nozzle
guillotine, all RV support loads satisfied the initial acceptance criteria for plants 1

and 2. Therefore, no further investigation of plants 1 and 2 RV supports was required for
this break. For the RV inlet nozzle guillotine however, the RV support loads exceeded the
criteria by 5% for plants 1 and 2. An examination of the resulting calculated loads and
load-deflection curves for hot and cold leg supports (Figure 10) shows that although the

70% ultimate Toad criteria was exceeded slightly, there was, in each case, a considerable
amount of strain capability remaining. - Reactor coolant piping moments shown in Table 3
satisfied the initial acceptance criteria with the exception that for the RV inlet break

the reactor coolant pump discharge nozzle exceeded its criterion by 2%. Because of the
conservatism associated with the acceptance criterion, this was considered to be

insignificant.
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3.1 Evaluation of Plant No. 3

A comparison of the calculated RV support loads from the generic model analysis to the
asseciated load carrying capability for plant No. 3, (Figure 6), shows that the initial
acceptance criteria would not be met using the results of the generic model analysis. This
is because of the lower capacity of the RV supports of plant No. 3 cohpared to plants

1 and 2. Therefore, a further refinement to reduce conservatism was necessary to show

the acceptability of the supports for plant No. 3. The refinement consisted of an expansion
of the RCS model to include the Tower stiffness of plant No. 3 vessel supports, the elastic-
plastic load carrying capability of the reactor coolant pump supports which, for this plant,
are substantial and therefore should not be neglected, and a plant specific model of the SG
Tower supports, which are considerably stiffer than the generic plant model. The model is
shown in Figure 11. This additional modeling was done in expectation of obtaining relief

on RV support loads due to load transfer to the pump and SG supports after some initial
deformation of the softer RV supports. Applied internal loads were also unchanged but
because of major differences in the reactor cavity configurations for plant No. 3 and that
used for the generic model, plant specific reactor cavity subcompartment pressure loads

were used. Analytical methods and acceptance criteria remained the same as for the first
analysis. The results of this plant specific analysis are shown in Tables 4, 5 and 6.

The results demonstrate that the expected load transfer did indeed take place and that
once the additional load carrying capacity of the overall system (i.e., intact leg pump
supports and increased Tower SG support capability) was properly accounted for, the RV
support loads for this plant were also shown to meet the conservative acceptance criteria.

4. SUMMARY

The evaluation of the reactor vessel support load capability to withstand asymmetric loads
for currently operating plants used present day methods and criteria including state-of-the-
art advances in thermal hydraulics and structural mechanics. The hydraulic effects of the
arbitrary initiating event, instantaneous pipe severance at RV inlet and outlet nozzles,
were determined on a time history basis and applied to an RCS model of suitable detail.
Using appropriately sophisticated techniques, effects of these hydraulic loads on the

RV supports were evaluated. With this approach, it was demonstrated that RV supports for
the examined CE operating plants were originally designed with adequate load carrying
capability to withstand the imposition of the consequences of an arbitrarily severe
postulated pipe rupture.

5. CONCLUSION
Design of support systems for operating plants built a decade ago included consideration
for the consequences of an arbitrary pipe rupture. Conservative techniques were used
to account for the resulting thermal hydraulic loads which at the time, could not be
precisely defined.

2. Using present day thermal hydraulics methods more precise calculation of RV asymmetric
loads following a postulated pipe rupture can be made. Similarly, advances in structural
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mechanics allow more precise calculation of the response of the RCS structural system
to these loads. It is possible to use various levels of sophistication to remove
conservatisms in calculating these loads and responses and in evaluating these
structural systems.

3. Despite the continued imposition of an instantaneous guillotine rupture of the pipe
together with its mechanistic consequences, the features of the original design
provide adequate load carrying capability for the operating plants analyzed.

4. There is a need for a more realistic initiating event as the design basis, such
as a mechanistic circumferential pipe rupture. This type of design basis would be
more consistent with state-of-the-art advances in thermal hydraulics and structural
mechanics, and it would lead to a more reasonable approach in RCS support design.
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TABLE I
PIPE BREAK AND BREAK OPENING TIMES

GENERIC MODEL

T R BREAK FLOW AR RISE TIME
POSTULATED RUPTURE it A sl kol
REACTOR VESSEL 14| 4 23
INLET GUILLOTINE i :
REACTOR VESSEL 135 20
OUTLET GUILLOTINE :
TABLE IT
GENERIC MODEL REACTOR VESSEL SUPPORT LOADS
LoADS (UNITS-KIPS)
SUPPORT LOCATION RVOUTLET RV INLET LOAD BASIS FOR
AND DIRECTION NOZZLE NoZZLE CAPABILITY LOAD CAPABILITY
GUILLOTINE GUILLOTINE |- -
#1A COLD HORIZONTAL  2998. 2192, (AT 10% OF ULTIMATE LOAD
LEG NOZZLE VERTICAL \55T. 4164. ©000. LOAD TO YIELD
*18 coLp HORIZONTAL 3005. G452, @\GO. 10% OF LLTIMATE LOAD
NoZZLE| VERTICAL 1584, 4642. [Aceel LOAD TO YIELD
HOT LEG HCRIZONTAL o. 1891. 1100. 107 OF ULTIMATE LOAD
NOZZLE VERTICAL 3281\. 4612, 1500. LOAD To YIELD
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TABLE TIL

GENERIC MODEL REACTOR VESSEL AND REACTOR COOLANT PUMP

NOZZLE | 0ADS
RSS MOMENTS (IN-KIPS)
RVOUTLET | RV luLEJé e WAD Y BAS\S FOR
COMPONENT NOZZLE NozZZ APARILIT ' T
GUILLOTINE | GUILLOTINE | MomENT | LOAD CAPABILITY
REACTOR.
VESSEL ASME CODE SECTION IIL
INLET NOZZLE 217,340. 56, 040. 78,965. FAULTED ELASTIC LIMIT
foR. PIPE ELBOW
REACTOR
VESSEL ASME CODE SECTION IIT
OUTLET NOZZLE 28,6170. 144, 200. 279,340. | FAULTED ELASTIC LIMIT
FOR. PIPE
REACTOR.
COOLANT PUMP ASME CODE SECTION 1O
DISCHARGE. NOZZLE 43,730. 98,790. 36,810. | FAULTED ELASTIC LIMIT
FOR PIPE
REACTOR
COOLANMT PUMP ASME CODE SECTION T
SUCTION NOZZLE 23,370, 47,300 78,95, FAULTED ELASTIC LIMIT
FOR PIPE ELBoW
TABLE I
PLANT NO.3 REACTOR VESSEL SUPPORT LOADS
LoADS (UNILTS - KIPS)
SuUPPORT LPCATlDN RV INLE.T LoAD BASIS FOR
AND CIRECTION NOZZLE CAPABILITY LOAD CAPABILITY
GUILLOTINE
#¥1A COLD HORIZOMTAL 1312, 5130. 0% OF ULTIMATE LOAD
LEG NOZZLE VERTICAL 3820. 6840, LOADTO YIELD
#1g COLD HORIZONTAL 1123. 5180. 0% OF ULTIMATE \OAD
LEG NOZZLE VERTICAL 5110. 6340. LOAD TO YIELD
HOT LEG HORVZOMNTAL 29170. 32198, 107 OF ULTIMATE LOAD
NozzZLE YERTICAL 5268. \1890. LOAD TO YIELD
TABLEX
PLANT NO.3 REACTOR COOLANT PUMP SUPPORT LOADS
LOADS (FORCES - KIPS, MOMENTS - IN.~KIPS)
SUPPORT LOCATION RUPTURE CASE-~ LOAD BASIS' FOR
AND FORCE COMPONENT RV 1A INLET CAPABILITY LOAD
NOZZLE GUILL, FORCES CAPABILIT
Pume AXIAL 31G. 1686. DESIGN LOAD
LG %1 SHEAR 1259, 2800. DESIGN LOAD
PumMmpP AXIAL 265. 1686 DESIGN LOAD
LUG * 2 SHEAR VT, 2800. DESIGN LOAD
PUMP AXIAL 302, 1686 DESIGN LOAD
LUG*3 SHEAR 1516. 2616. LOAD To YIELD
PuMP AXIAL 25). 16B6. DESIGN LOAD
LUG#4 SHEAR 106!, 2800. DESIGN_LOAD
—_8 —
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TABLE WX

PLANT MO, 3 REACTOR VESSEL AND REACTOR COOLANT PUMP
NoZ: s

RSS MOMENT (IN-KIPS)
RV mLeT l BASIS FOR. LOAD
GuLoTing MomENT APABILITY
REACTOR VESSEL. ASME (o0E SECTION IX
INLET NoRZLE a3 22,49 FAULTED ELASTIC LIMIT FOR PIPE
ELBow
REACIOR VESSEL ASME CODE. SECTION IX
OuTLET NozzLE 184440 210637 | PAULTED ELASTIC LIMIT FOR PIPE
REACTOR
CoOLANT PuMe ASME. coDE sECTION XL
DISCHARGE NOTZLE L2654 192,245 |FAULTED ELASTIC LIMIT FOR PIPE
REACTOR
COOLANT PUMP ASME CODE SECTION X
SUCTION NOZZLE 15,19 12463 | FAULTED ELASTIC LIMIT FOR.
PIPE EvBow
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