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el. Index Codes
Building/Type: TRA-670 SSCID: ATRPCS Site Area: 533
2. Quality Level: 1

3. Objective/Purpose:
The objective and purpose of this analysis is to perform a seismic evaluation of the Advanced Test Reactor’s Primary
Coolant System piping and components, using updated seismic data.

4. Conclusions/Recommendations:

Evaluation of the three primary coolant system piping models indicates that the piping, components, and supports in
general, meet their acceptance criteria. There are some piping components and supports that have D/C values in excess of 1.0.
Many of these over unity components and supports have been accepted based on previous component evaluation, plastic
analysis, and application of inelastic energy absorption factors. Tables 5 through 11 identify piping components that are
acceptable and others that are qualified by comparison to similar components qualified by plastic analysis. Table 10 identifies
supports that need to be upgraded for the PCS piping to meet the acceptance criteria. Table 11 identifies supports that must be
removed from the piping system. For more information, please refer to the “Conclusions and Recommendations” section.
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Introduction

In-structure response spectra and time history information has been recently updated for the Advanced-
Test Reactor (ATR) to include the latest knowledge of site-specific seismic behavior [2, 17]. This information
will allow the Primary Coolant System (PCS) to be reevaluated using modern methods and reflect the updated
seismic information. The analysis of record for the ATR PCS was originally performed in 1975 [1] and revised
with a final evaluation in 1979 [6].

Purpose and Scope
The purpose of this analysis is to perform a seismic evaluation ATR’s Primary Coolant System piping
using modern methods, data, and applicable codes.

The scope of the analysis is to evaluate the PCS piping and components corresponding to piping
diameters ranging from approximately 4-inches and above. The PCS evaluated piping is terminated and
restrained at the ATR reactor vessel nozzles, and other nozzles for tanks, pumps, and heat exchangers, within
the PCS. Piping models are also terminated at grouted penetrations through concrete walls and floors, and at
branch points from larger piping which meet decoupling criteria. The scope also considers pressure
boundaries on valves and pumps, and extends to the pump anchorage. The scope does not include the
evaluation of the ATR facility (or super structure), PCS reactor vessel, tanks, pumps, heat exchangers, or any
other interfacing equipment items associated with the PCS piping boundaries.

A previous PCS support evaluation [3] was performed that determined the support and anchorage
capacities of the PCS. Within that evaluation, all of the support anchorage capacities were determined, but
only a subset of anticipated highly loaded supports capacities were determined. The support subset was
based on a recent Leak Before Break analysis [4], in which approximately 30% of the PCS supports were
identified as potentially the most highly stressed. Thus, the scope of this PCS seismic evaluation also includes
the determination of the remaining support capacities, which was not included in the previous support capacity
and Leak Before Break analyses [3, 4].

The work of the PCS piping evaluation follows a multi-step approach. The analysis includes the following
subtasks for each of PCS piping model:
Develop piping model
Develop tools to automate piping analysis and organized results
Perform piping analysis
Evaluate piping components and supports within each model
Perform additional analyses for elements not qualified with standard methods (if required)
Recommend modifications that may be required to meet the acceptance criteria.

ok wn =

The tools needed to automate the piping analysis (ltem 2 above) were developed as part of the first (or
pilot) model evaluation and then applied to each of the remaining PCS model evaluations. Tool functions
remained the same in subsequent applications.

Quality Level
The TRA-670 Primary Coolant System (including supports) is identified as a Quality Level 1 system, as
established by the Life Extension Program (LEP).

Natural Phenomena Hazard (NPH) Performance Category
The PCS is evaluated for PC-4 seismic loading, as established by LEP.
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Design Inputs

Pressure and temperature inputs to the PCS piping are defined as the maximum values between 2-pump
and 3-pump normal operation, as found in the ATR PCS piping Design Specification [8, Sect. 7]. Table 1 lists
the resulting pressure and temperature values used in this analysis.

Table 1 — Pressure and temperature ranges for 2 and 3-pump PCS operational conditions.

Piping Sections Pressure (psig) Temperature (°F)
3-Pump | 2-Pump | 3-Pump | 2-Pump
Reactor Vessel Outlet to Heat Exchanger Inlet ~254 ~272 ~167 ~163
Heat Exchanger Outlet to Pump Suction ~246 ~253 ~125 ~125
Pump Discharge to Butterfly Control Valve ~390 ~400 ~125 ~125
Butterfly Control Valve to Reactor Vessel Inlet ~374 ~376 ~125 ~125
Relief Valve Piping — Vessel Nozzle to Pressure Relief Valves and ~350 ~361 ~125 ~125
Drain Valves
Non-running Pump Inlet Lines(s) ~246 ~253 ~80 ~80

As can be seen, 2-pump operation has the largest pressure values while 3-pump operation has the largest
temperature values. These bounding pressure and temperature values are used in the analyses.

Literature Search Results

A thorough review of documentation related to the ATR PCS piping and its components has been
conducted. PCS inspections [5], piping support analysis [3], other piping and equipment drawings, SAR-153
[7], and other related PCS reports, have been reviewed and applied appropriately. Individual document and
drawing references are documented in each respective PCS model Appendix.
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Structural System or Component (SSC) Description
The ATR PCS is a light water, forced flow, closed loop system, which functions to remove reactor

generated heat. Figure 1 shows an isometric view of the majority of the PCS piping. A few of the smaller

auxiliary lines are not shown for clarity.

The piping attached to and in close proximity of the Reactor Vessel is fabricated from 304L stainless

82

purps
M-14, M15)

Figure 1 — Isometric illustration of the ATR Primary Coolant System (PCS).

steel. The remaining piping (away from the reactor vessel) is constructed from 304 stainless steel.

The PCS piping is terminated at the nozzles of the reactor vessel, six pumps (four primary pumps &

two emergency pumps), five heat exchangers, the surge and degassing tanks, and at grouted

penetrations in concrete walls and floors. Smaller piping is also terminated at branch points from larger

piping if decoupling criteria are met.
The PCS piping was initially constructed in 15 to 35-ft segments, where all components associated

with a run of pipe, including pipe components, valves, and other piping features, were fabricated together

and delivered as such. These segments are also called spool pieces. The associated drawings have
been renamed to current INL naming conventions, but are frequently referred to as the spool drawings.
Figure 2 shows an example of a spool drawing.
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Figure 2 — Example of a typical spool drawing that identified piping components within a spool segment.

As shown in Figure 2, a spool drawing identifies materials of construction, fitting types, component
designations, pipe diameters & thickness, and applicable segment and component lengths for each spool
segment. Thus, the initial PCS piping (constructed in the early 1960s) is composed of many spool segments
which have been field welded together and are held in place by many field constructed supports. The majority
of the PCS piping is still as it was originally constructed, but some larger components have been replaced
while others have been reinforced.

The original analysis of record for the ATR PCS [1] provided a framework for its analysis. Hereafter
referred to as Davidson’s analysis, it divided the PCS piping into six individual piping sections. From the six
divisions, six Finite Element (FE) models were created and evaluated individually. Throughout the past years
at the INL, other PCS analyses [4] have followed Davidson’s original six model PCS approach. Figure 3 shows
a schematic overview of the original six models and Figures 4 to 9 are isometric sketches illustrating each of
the six original models. These sketches are meant to show the individual components of the piping system in
a single sketch. This is accomplished by giving up scaling: Longer runs of piping are truncated so that
components can be presented at a larger scale. Note that the sketches include spool piece numbers that can
be used to quickly identify the spool drawings applicable to a particular area of the piping.
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Figure 3 — PCS schematic overview showing various colors to depict each of the original six model divisions.
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Figure 4 — PCS piping, components, and terminations locations are identified for Model |I.
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Figure 5 — PCS piping, components, and terminations locations are identified for Model I1.
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Figure 6 — PCS piping, components, and terminations locations are identified for Model lll.
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Figure 7 — PCS piping, components, and terminations locations are identified for Model IV.
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Figure 8 — PCS piping, components, and terminations locations are identified for Model V.
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Figure 9 — PCS piping, components, and terminations locations are identified for Model VI.

Prior to this seismic analysis, an in-plant walkdown of the PCS system was performed and its results

(containing a large set of digital pictures) are documented in report no. INL/INT-07-12839 [5]. Within the in-
plant walkdown report it was concluded that most of the PCS piping is constructed from “listed” (or standard)

components. “Listed” components have been constructed to ASTM Standards found on a list of Standards in

the ASME Code for which simplified analysis procedures are provided in that Code. The Code provides more

detailed analysis procedures for components not found on the list (“unlisted”). A few of the components were

reinforced or not constructed to Standards listed in the ASME Code, and were therefore identified to be

“unlisted” (or nonstandard). Evaluation of such components is within the scope of this analysis. Figure 10
shows an example of an unlisted component and the finite element model used to determine its elastic force-
deformation characteristics. The models were also used to calculate stress indices for the components, or for

plastic analyses of the components using loading extracted from the linear analyses of the systems containing

them.
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Figure 10 — A picture of a typical unlisted component and accompanying solid and FE models are shown.

Dramatic improvements in computer software and hardware have been made since the time of the original
analyses. This allows the current analysis of much larger models than could have been analyzed at the time of
the original analyses. It made possible the consolidation of the six models used in the original Davidson
analysis to a smaller number. In addition to the computational efficiency associated with fewer computer runs
generating fewer files, it allowed elimination of artificial model terminations with attendant uncertainty and
hence conservatism applied in boundary conditions at those terminations. As part of the consolidation effort, a
study of each of the six original models was performed that identified the number of supports, spring hangers,
elbows, tees, valves, unlisted components, etc. This information was used to logically combine models. A
reduced set of three models was derived, from which a “pilot” model was selected. This model was the first
model evaluated, and hence a showcase for the methods to be used in the analysis. Figure 11 shows a graph
used to determine model combinations and select a pilot model candidate.
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Component Distribution Overview

General Comparison of PCS Models 1-6

Rl S

ha
Model Number
0O # of Supporis | # of Spring Hangers
O # of Elbows o#of Tees
£ # of Valves B Cl ged SuppornsiMPR Discrepency

Figure 11 — Graph indication component features between original six models.

Figure 11 compares the number of piping fittings and components for each of the original six PCS models.
From viewing other PCS piping drawings and the above graph, it is logical to incorporate Model 4 into Model 1,
since it attaches to Model 1. Likewise, Models 5 and 6 are a good fit with Model 2. Thus, the dotted box
surrounding the first three models represents the models that are evaluated in this analysis. The first model
evaluated in this analysis is Model 3, also referred to in this report as the “pilot” model. The pilot model was
selected as being representative of all the models, in that it contained a good selection of component types
(supports, elbows, valves, tees, etc.). From the three PCS models, it also appeared to be the smallest model
and suggested to be a good candidate to help the PCS analysis get started during the creation and refinement
of the automation tools. Figure 12 is a refinement of Figure 3, where the original six models are reduced and
combined into three models. As shown in Figure 12, Model 3 (pilot) is shown in blue, Model 256 (also referred
to as Model 265) is shown in pink, and Model 14 is shown in green.
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Figure 12 — PCS schematic showing original 6 models reduced and combined into 3 models.
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Acceptance Criteria

Piping components and supports are considered acceptable if the demand to capacity (D/C) ratio
calculated, as describe in the following sections, is less than 1.0. In additional cases where piping
components and support D/C ratios are over unity, their acceptance may be based on plastic analysis,
use of inelastic energy absorption factors of 1.25 (per Limit State C), or be bounded by enveloping plastic
analysis of other components.

Capacities

Criteria for capacities are based on DOE-STD-1020-2002 [25], in which guidance from ASCE/SEI 43-05
[13] has been used. Linear elastic piping component capacities were established using ASME 11l NB-3600 [9],
consistent with the provisions of DOE-1020-2002.

In a few cases, demands and capacities of components were established by a plastic analysis as
described in NB-3213.24 of ASME Ill. Component capacities were determined by applying limits upon
inelastically computed stress in accordance with F-1341.2. F-1322.1 was applied in determining if the system
analysis needed adjustment. The effect of component plastic response on system behavior was shown to be
insignificant.

The criteria selected for the pipe support capacities are the strength provisions of the AISC Steel
Construction Manual, 13th Edition [14]. This is also consistent with ASCE/SEI 43-05 and DOE-1020-2002.
Capacities for structural concrete embedments are based on Appendix B of ACI 349 [15]. Snubber capacities
are based on vendor rated loads. Sample support capacities have been previously calculated [3].

Modeling

Moment and force demands are calculated using a nonlinear large displacement implicit ABAQUS [16]
beam analysis. Straight pipe is modeled with B31 beam elements and elbows are modeled with B32 parabolic
beam elements. The beam element material properties are elastic (with no material plasticity). Nonlinearities
associated with gaps, buckling and uplift effects in the supports are modeled using nonlinear springs. This
modeling is described in detail in the PCS model evaluation Appendices. Equipment nozzles are modeled as
anchor points, with the restraint load time histories extracted for follow-on analysis of the equipment and their
supports. An example of a piping beam model (Model 256) is shown in Figure 13.
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Figure 13 — Model 256 piping model is shown as example for typical finite element piping configurations.
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The models of the piping are established using flexibility factors and stress indices from ASME IIl, NB-
3600. Similarity between listed and unlisted components was used to establish factors and indices where
reasonable (e.g., slip-on flanges for lap joint flanges). Factors and indices for the remaining components were
generated using detailed finite element analysis. Pressure stiffening of elbows was included. An example of
an unlisted component within Model 256 is shown in Figure 14.

V-up |
Wireframe showing

restraints & loading

Hidden Lines Removed

g
af
Y/
¥

Figure 14 — Model 256's unlisted elbow component finite element model is shown as an example.

Modeling complied with the provisions of ASME I, Appendix N. Model geometry was based on the
drawings and specifications used in the construction (identified in each respective PCS model Appendix),
corroborated by extensive walkdown of the piping and supports [17]. The models were constructed using the I-
DEAS software [18]. Post-processing of the ABAQUS analysis results was done with the MathCAD software
[19] and Excel spreadsheet software [20].

Mass Distribution

Distributed mass beam elements are used throughout all piping models with lumped-mass elements
accounting for flanges, valves, and other specified piping equipment. Beam elements representing piping
nominal 6-in and less in diameter must be 3-ft long or less, 8-in pipe must be 4-ft long or less, between 10-in
and 14-in must be 5-ft long or less, and larger piping must be 6-ft long or less. These values are based on the
mass point spacing limitations of the NUPIPE-II software [21]. This piping analysis software has been widely
used in the analysis of nuclear piping at INL.
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Damping

A modal damping value of 5% is applicable to this evaluation, as listed in Table 3-2 of ASCE/SEI 43-05
(and in Table N-1230-1 of ASME Section Ill, Appendix N). To accommodate support nonlinearity (gaps and
lift-off), the finite element model runs are performed with direct time integration which does not allow modal
damping to be used. Instead, Rayleigh damping is used. Justification for the Rayleigh damping values used is
provided for each model. This process is documented in Appendix A.

Decoupling Criteria

Branch piping with a moment of inertia at or less than 1/25" that of the run piping may be decoupled and
analyzed in a separate model.

Material Properties

The PCS piping is fabricated from two stainless steel materials. The piping attached to the reactor
vessel nozzles and other piping fittings and components in close proximity to the reactor are fabricated
from 304L stainless steel. The remainder (or most of the PCS piping) is fabricated from 304 stainless
steel. As indicated in Table 1, most of the PCS models have an operational temperature of 125°F. Only
one (or one portion) of the three models has a high temperature of 167°F. Table 2 identifies the stainless
steel material properties at both temperatures, using linear interpolation between known temperature
values.

Table 2 — PCS piping stainless steel material properties at 125°F and 167°F.

SST Grade Symbols Property Values Property Descriptions
(125°F / 167°F)
304 & 304L v 0.30 / same Poisson’s Ratio [9, Sect. NB-3683.1(b)]
304 & 304L E 28.0E+6 psi/ 27.7E+6 psi Modulus of Elasticity [10, Table TM]
304 & 304L p 0.28 Ib/in® / same Mass Density [11, Table A-5]
304 Sy 28.35 ksi / 26.12 ksi Material Yield Strength [10, Table Y-1]
304 &m 56 kel Lsama Maximum allowable Stress Intensity [10,
Table 2A]
304L Sy 23.85 ksi / 22.26 ksi Material Yield Strength [10, Table Y-1]
: Maximum Allowable Stress Intensity [10,
304L Sm 16.7 ksi / same Table 2A]
Other Useful 3 5
Materials pw 62.4 Ib/ft” / same Water Density [12, Table A.6]
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The piping supports are fabricated from carbon steel. Carbon steel material properties are defined in
Appendix B. Appendix B evaluates (among other items) the remaining PCS piping supports not
previously analyzed [3].

Some of the unlisted components require a plastic analysis. Plastic material properties are derived
or referenced in Appendix F.

Loads and Load Combinations

Weight, pressure, thermal, and seismic loads are considered in the analysis. Weight loads include the
weight of the piping, associated flanges and valves, and the weight of the water coolant contained in the
system. Spring hanger loads are applied as constant forces opposing the weight loads. Thermal expansion
loads are applicable only to supports and will only be used in calculating support demands. System pressures
and temperatures associated with Level A operating conditions are used to define the pressure and weight
loads. These are the conditions under which an earthquake is most likely to occur.

Input Motion Selection

Seismic response was defined by application of in-structure time histories taken from a Soil-Structure
Interaction (SSI) analysis of the ATR Substructure [2, 17] to the piping support points. Since SSI motion was
not defined for every pipe support point, a selection process was needed to establish the time histories to be
applied. This process was based on number of factors. Proximity was considered, tempered by the nature of
the structure in the vicinity of the support. In-plane motion defined at the center of a diaphragm is appropriate
for most of the diaphragm, but out-of-plane motion is less and less applicable as the pipe support location is
moved from the center to the edge. Directionality was considered. For instance, only vertical motion was
considered in defining the input motion to long rod hangers. These factors were used to establish sets of time
histories applicable to each piping system. Response spectra were then calculated and compared for each
set. Time histories with bounding spectra were selected to represent groups of time histories with similar
spectra. Table 3 identifies the support point sets selected for each of the three PCS models. Point numbering
is from the Probabilistic Soil-Structure Interaction analyses (PSSI) [2, 17].

Table 3 — Time History support point sets selected for each PCS model, based on SS| analysis [2, 17].

*Model 3 (Pilot) “Model 256 *Model 14
Selected  ["E-W | 319, 552, 1577 E-W | 542 E-W [ 315, 547, 1577
%;?ﬁf;g;’ N-S | 552, 815, 1372 N-S | 552, 815 N-S [ 315, 542, 547, 552, 1340
V| 552, 1577 V[ 552,892,4119 | V | 892, 1577

* Time history point (or PSSI Node) selection basis and justification, is described in Appendix A.2.
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Figure 15 is a drawing section view (running North/South) of the ATR building structure [26] through the
reactor center, and shows the floor levels where much of the PCS piping is installed.
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Figure 15 — This is a North/South cut away side view of ATR building taken through the reactor centerline

Figures 16 through 19 are reprints from PSSI analyses showing corresponding point number locations
within Table 3 or the floors identified in Figure 15. Point set locations are circled with colors corresponding to
those of Figure 12 (i.e., pilot/blue, 256/pink, 14/green) that reflect selection for each of the three models.
Details of the time history selection process are provided for each model in Appendix A.2.
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Figure 16 — Reprint of PSSI point selection locations shown on a planar view of the ground floor.

Figure 16 shows that PSSI point 1340 is selected for Model 14.
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Figure 17 — Reprint of new PSSI 1577 point selections shown on a planar view of the ground floor.

Figure 17 identifies the vicinity in which PSSI points 1577 and 882 are located. Note that the data for
this point was documented in a report [17] published subsequent to that defining data for all the other points.
Point 1577 is located within the Capsule Nozzle Trench area (between ground and 1* basement elevations)
and positioned at the reactor’s anchorage to the ATR building structure. Data for this point defined motion at
the inlet and outlet reactor nozzles in Models 3 and 14. Point 882 is located at the floor elevation above the
Heat Exchanges and provides time history input for vertical restraints of Models 256 and 14.
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Figure 18 — Reprint of PSSI point selection locations shown on a planar view of the first basement.

Figure 18 shows several PSSI point selection locations related to the first basement. As can be seen,
all three models use PSSI point 552 as part of their time history selection sets.



TEM-10200-1
12/11/2007 ENGINEERING CALCULATIONS AND ANALYSIS REPORT
Rev. 01 Page 24 of 48
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.: 0
Title: ATR Primary Coolant System Seismic Evaluation
Performer: D.T.Clark Date: 09/30/2008 Checker: M. J. Russell Date: 09/30/2008
[- — T e s e < et
. » L 8) !
| ' 315 :'".l’ﬂ i
Lo} @ o ; @ @ e .
a 352 T T T 249 275 | |
| SE gl = 3 |
I | ! i L
| sl e, i
y e . T ! e i
: | ' | |
L' @ | i
4014 :
, | - (E1.40) |
| - |
i ; ®
;' ' B
— _.
| : S .
S 78
i 11 '....-. e
1€
i _ . (1 '..‘.: 4
e = 73 - ® -
— 3 (pilot)
nd
2"d Basement Model: — 256 (265)

Figure 19 — Reprint of PSSI point selection locations shown on a planar view of the second basement.

As shown in Figures 16 through 19, PSSI points selected for each of the three PCS piping models are
found on all three floor elevations. All points selected (or circled) correspond to points identified in Table 3.
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Figures 20 through 27 illustrate bounding time history response spectra at the 80% non-exceedence
accordance probability level corresponding to PSSI points selected of each PCS model and orthogonal
direction. Figures 20 through 22 correlate to response spectra for PSSI points selected of the Pilot model in
the E-W, N-S, and Vertical directions. Figures 23 and 24 shows the response spectra of points selected for all
directions to Model 256 and Figures 25 through 27 illustrates response spectra for PSSI points selected for
Model 14. All response spectra shown correlate to PSSI points selected for each PCS model, as listed in
Table 3.

Pilot Model X(E-W)

a(g)

8l —P 552 EW ({ii8
|—P 1577 EW

1 10 100

Fn (Hz)

Figure 20 — Pilot model response spectra for PSSI point selected in E-W direction.
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Figure 21 — Pilot model response spectra for PSSI point selected in N-S direction
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Figure 22 — Pilot model response spectra for PSSI point selected in Vertical direction
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Figure 23 — Model 256 response spectra for PSSI point selected in EW and NS directions.
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Figure 24 — Model 256 response spectra for PSSI point selected in Vertical direction.
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Figure 25 — Model 14 response spectra for PSSI points selected in E-W direction.
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Figure 26 — Model 14 response spectra for PSSI points selected in N-W direction
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Figure 27 — Model 14 response spectra for PSSI points selected in Vertical direction

As indicated in Figure 18 and Table 3, PSSI point 552's time histories are utilized in every model. Point
552 is situated at the first basement elevation of the primary pumps and is also positioned near the main body
of all PCS piping models. The primary pumps are each housed in heavy concrete structures, in which point
552 is located mid-way (East to West) between all four primary pumps. In this area, portions of all piping
models are in close vicinity with each other.
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Input Motion Conditioning

Every time history is re-sampled to a 0.005-sec input interval using a frequency based algorithm and drift
corrected using a least squares approach. Processing of the time histories is detailed in Appendix A. Time
histories are also truncated to a reduced time span. The truncation is based on review of the cumulative
energy curves and the relative amplitude of the acceleration versus time. The cutoff is beyond the shoulder of
the cumulative energy curve (i.e., where it has begun its asymptotic approach to its maximum value). The
cutoff ensures inclusion of times of significant acceleration, velocity and displacement. The cutoff time has
been established for enough of the time histories to be used to corroborate that it varies little among all of the
time histories. This work is described in Appendix A.3.

Maximum demands for each component/support type in the models for each set of time histories is
grouped and sorted, with the 26™ highest value (or the 7" value down from the maximum) taken as the
demand associated with the 80" percentile Non-Exceedence Probability (NEP) input. This demand is used in
calculating the demand to capacity ratio.

Demand caused by seismic anchor motions is inherent in the response of the piping systems to the
various time history motions applied to them. Further consideration of seismic anchor motion is not necessary.

Load Combinations

Load combinations are per DOE-STD-1020-2002 [25]. Nonseismic loads (weight and/or thermal
expansion) are combined directly with seismic loads. This is accomplished in the analysis by applying the
weight load as an initial static step, followed by the dynamic seismic loads.

For piping components, ductility will preferably be addressed, if required, through the limit analysis
provisions of Section Il, Division 1, Appendix F, as discussed under “Capacities” above. Alternatively, F,
values up to Limit State C (Project Direction) may be used. If this is done, the value needed to achieve a
Demand to Capacity of 1.0 will be calculated, and reported with a comparison showing it to be less than the
Limit State C value. A demonstration will be required that the performance of the subject component under
these loads will not compromise the system analysis producing said loads.

Loads applied to the primary and emergency pump anchorage is obtained from each pump’s two nozzle
termination nodes. For example, the primary pumps are serviced by both Models 3 (pilot) and 256. The
discharge pump nozzle serves as a termination point for the Pilot model. The suction pump nozzle serves as a
termination point for Model 256. Each pump is a heavily constructed structure and assumed to be rigid,
allowing each pump's anchorage to be evaluated without evaluating the pump itself. Thus each pump
anchorage loading (forces and moments) is extracted from the two sets of model termination points and
applied to each corresponding pump anchorage.
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Assumptions

1. Unless specifically specified on respective drawings, all PCS piping, fittings, components and
supports, are based on nominal dimensions.

2. All PCS piping, fittings, and components, are modeled with no corrosion effects. Recent and past
piping thickness inspections have indicated that there is insignificant or no corrosion occurring on
the PCS.

3. All fillet weld sizes correspond to the minimum thickness of the base members joined, unless

designated differently on the drawings. This is standard engineering practice.

4. All of the valves in the PCS are manually operated with negligible eccentricities. Therefore, all
valve mass has been modeled at the pipe centerline.

5. Lap joint flange stress indices are approximated to as-welded girth weld stress intensities, as
justified by INL analysis EDF-TRTSB-ATR-061 [23].

6. Dimensions of PCS piping, fittings, components, and supports not supplied by their respective

drawings, were scaled from pictures.

T, All piping tee components not specified as a W-Tee on their respective drawing, were treated and
modeled as pipe branches.

8. PCS Pump heavy structures are considered to be rigid.

Computer Code Validation
Four computer software codes were used throughout the entire PCS piping analysis and four computers
(using all four software codes) were used to complete the PCS piping analysis.

Two software codes were used to create and solve FE models. The IDEAS Simulation software [18] was
used as a FE pre-processor to generate solid models and associated FE piping beam and unlisted component
shell and solid meshes. Associative boundary conditions were applied to these IDEAS meshes and then
transmitted to a text editor for editing of software commands, and then read into ABAQUS Standard, Version
6.7-5 [16]. ABAQUS Standard verified the IDEAS meshes, performed the solution runs, and generated post-
processing results for each PCS model. ABAQUS Standard and Explicit, version 6.7-5 has been verified
following company procedures and documented in ECAR-202 [24]. A scanned image of the verification's
ECAR title and signature page is provided in Appendix A.

Calculations were also done using Microsoft Excel software [20] and the MathSoft Mathcad software [19]
on a variety of platforms. This analysis software can be independently verified by visual inspection or hand
calculation during the checking process. Such inspections and calculations have been done for the software
by the technical checkers of this ECAR.

The four computers utilized in this ECAR are:

1 Dell Precision 690 workstation, which has 4 CPUs, 8 GB RAM, and runs on dual Linex and
Windows platforms.

2. Dell Precision 490 workstation, which has 4 CPUs, 3 GB RAM, and runs on dual Linex and
Windows platforms.
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A Dell Precision T5400, which has 8 CPUs, 8 GB RAM, and runs on dual Linex and Windows
platforms.
4. Dell Precision M20 Laptop, which has 1 CPU, 1 GB RAM, and runs on Windows platform.

Calculations

The work flow of the majority of effort of this ECAR is identified within Table 4. Table 4 lists steps to a
simplified approach for describing how a single PCS model is evaluated. Thus, this approach is repeated until
all of the three PCS models have been evaluated.

Table 4 — Step-by-step iterative approach to evaluate each PCS model (using the Pilot as an example.)

Steps | Description (Notes) ECAR Section
Documentation
1 Select a PCS model to evaluate. The pilot (or Model 3) is evaluated first, Report Main Body
followed by Model 256, and Model 14 last.
2 a. Create a preliminary linear piping beam model (using IDEAS Appendix B
software) utilizing all necessary drawings and point location time :
et : (Pilot Model)
histories for model input.
b. While creating preliminary beam model, identify all unlisted or field-
fabricated piping components.
c. Model preliminary linear beam model’s unlisted and field-fabricated
components with listed (or standard) components within I-DEAS
beam model.
3 Perform following items in parallel with step 2 a: Appendix A
a. ldentify selected model location PSSI point time history sets and (Common ltems)
develop damping curves for selected model application. b: Appendix F
b. Start creation of IDEAS solids and FE meshes of identified unlisted :
and field-fabricated components (Uniisted Components)
a a. Transmit IDEAS piping or beam model to text editor and modify line a & b: Appendix B
g?g:‘?:&ds so that they may be read and solved by ABAQUS (Pilot Model)
b. Perform 32 ABAQUS Standard “preliminary” time history solution c: Appendix F
realizations for selected PCS model. _
c. Complete IDEAS solids and FE meshes of identified unlisted and | (O 'sted Components)
field-fabricated components associated with selected PCS model.
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a.

Transmit ABAQUS preliminary solution results using automated
analysis tools to Mathcad to sort through results to identify the 80"
percentile results.

Using Mathcad and Excel, perform a cursory D/C review to identify
potential piping or support concerns.

Provide preliminary moment reactions from listed components used
to represent unlisted components.

a & b: Appendix B
(Pilot Model)

c: Appendix F

(Unlisted Components)

Perform tasks in conjunction and parallel to step 5.

a.

Apply preliminary moment reactions to IDEAS unlisted and field-
fabricated component FE meshes and prepare for component
characteristic solution runs.

Transmit I-DEAS unlisted and field-fabricated FE meshes, with
preliminary boundary conditions, to text editor and modify line
commands so that they may be read into ABAQUS Standard.

Perform approximately 14 to 20 ABAQUS Standard solution runs
(depending on PCS model) and obtain deflection and maximum
tresca stresses characteristic data for each of the unlisted and field-
fabricated components.

Transmit component results to Mathcad and determine flexibility
factors (FF) and stress indices (Sl) of each component. The FF is
used to determine component ductility by calculating effective
moment of inertias. Sl is used to evaluate the components’
acceptance to code, using linear methods.

1. If D/C ratios are significantly over unity, then plastic material
analysis is performed to evaluate identified component and
determine appropriate characteristic data.

Appendix F
(Unlisted Components)

Adjust IDEAS piping beam model to account for unlisted and field-
fabricated components with true FF and effective moment of
inertias, thus elimination preliminary listed (or standard)
components

Rerun 32 ABAQUS Standard solution realizations and transmit
results to Mathcad for 80" percentile load determination and piping
and support D/C values. (This 2" updated solutions reflect realistic
piping, components and support D/C values, for FF and S| data of
the unlisted components are included in the realizations and reflects
the most realistic condition of the existing piping system
arrangement).

Appendix B
(Pilot Model)
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8 Evaluated 2™ model solutions runs and D/C results to determine next Appendix B
step. (Pilot Model)
If 2" model adheres to acceptance code, the next IDEAS piping beam
model is started. If some items are slightly over unity, refinement
calculations or justifications are determined, while Model 256 |I-DEAS
piping beam model is created.
If selective components significantly exceed unity, the PCS team
scrutinizes the results, proposes a recommended model arrangement
(added reinforcement or removal of selected components, etc.) and a
3rd PCS piping model is rerun on ABAQUS and re-evaluated for
acceptance.
9 . Technically check selected PCS model calculations and results. PCS Report Main

piping conclusions and recommendations, along with D/C results, are Body
documented in appropriate report sections. Appendix B
Repeat steps 2 through 9, till all three PCS models completed. (Pilot Model)

The ECAR report format correlates with the work-flow evaluation of the PCS.

Appendix A defines common items that are used throughout every PCS model evaluation. It includes:

d.

~ 0 a0 o

Analysis plan

PCS model PSSI point selections

Time history and damping curve development
ABAQUS Standard verification

Overview discussion on the D/C ratio calculation
Elbow-element sensitivity calculations.
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Appendix B creates piping beam models and evaluates the PCS pilot model. It includes:
a. Evaluated PCS support capacities that have not been previously determined in past analyses

b. Creates piping beam model
c. Performs solution runs
d. Determines D/C results in which evaluation of the pilot model takes place.

Appendix C creates piping beam models and evaluates the PCS Model 256. Appendix D creates piping
beam models and evaluates the PCS Model 14. Appendixes C and D (Models 256 and 14) follow similar
format of Appendix B.

Appendix E evaluates the anchorage for the PCS pumps and miscellaneous calculations. It includes:

a. Evaluate four primary and two emergency pumps, by combining nozzle reactions from all
interfacing PCS models.

b. Perform miscellaneous calculations and evaluates supports PR-1 and PR-2 and the branch joint
between lines 1-27 and 1-42.

1. Supports PR-1 and PR-2 share the same anchorage and their load input is retrieved from
Models 3 and 14 solution response.

2. Load inputs for piping branch joint between 1-27 and 1-42 lines, are also obtained from Models
3 and 14 solution responses.

Appendix F identifies and evaluates all PCS model’'s unlisted components.

a. Creates break-out FE models of unlisted and field fabrication components for each PCS beam
model

b. Using preliminary (or first set of 32 realization) results, determines flexibility factors (FF) and stress
indices (SI) of unlisted and field-fabricated component for each PCS model. FF and Sl values
applied for 2" set of solution realizations.

c. Evaluates each of the PCS model’s unlisted and field-fabricated components for linear
acceptance. If required, performs and evaluates plastic material analysis of unlisted and field-
fabricated components which do not adhere to traditional acceptance methods and correlates
flexibility factor data back to the linear piping model.

d. Correlation between plastic component analysis results and those of the corresponding portions of
the linear beam model is as follows.

1. The shell model used to determine flexibility factors for the unlisted component includes plastic
material properties and large displacement effects. A corresponding beam model is created by
extracting the portion of the linear elastic system model corresponding to the shell model. Both
models are subjected to rotations consistent with the 80" percentile results, with resulting
rotations compared to determine if acceptable correlation (within 20%) still exists.
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Appendix G identifies the Independent Peer Reviewer's comments on this analysis and the authors’
resolutions.

Conclusions and Recommendations

Evaluation of the three PCS piping models indicate that the majority of the ATR PCS piping and supports
meet their acceptance criteria based on the results of the elastic analysis. D/C ratio’s for the piping
components are generally low, despite a number of unlisted components that appear to be challenged when
analyzed with standard elastic methods. These components are shown to be acceptable with generous
margin when plastically analyzed.

Table 5 below lists bounding D/C ratio’s for the flanges attaching piping to the major PCS components.
The low values are representative of typical piping components.

Table 5 — Results for flanged joints in proximity to the major PCS equipment.

Area PCS Model [ID] Elastic D/C
Reactor Outlet 14 [RV(14L)] 0.61
Heat Exchanger Inlet 14 [FL(1-12)] 0.22
Heat Exchanger Outlet 256 [FL(1-24A)] 0.13
Primary Coolant Pump Inlet 256 [(FL(1-19C)] 0.35
Primary Coolant Pump Qutlet 3 [FL(1-25A)] 0.25
Reactor Inlet 3 [RV(1-28)] 0.27
Emergency Coolant Pump Inlet 256 [(FL(1-30E)] 0.20
Emergency Coolant Pump Outlet 3 [FL(1-33A)] 0.22

Table 6 lists the components which have been plastically analyzed. They generally have the highest
elastic D/C ratios (no accident), but have much lower D/C ratio’s based on the results of the plastic analysis.
Figures 28 through 30 below are plots of the membrane plastic strain field developed during the earthquake for
the components. Note the low magnitude of strain, and the very limited region in which plastic strain occurred.
See Appendix F for details of the plastic analyses.
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Figure 28 -Plastic equivalent strain shown in the 36-in elbow with a 14-in branch located in the pilot

model.
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Figure 29 — Plastic equivalent strain shown in the Wye located in Model 14.
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Figure 30 — Plastic equivalent strain shown in the 10-in by 6-in branch located in Model 256.
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Table 6 — Plastic analysis results

Piping Component PCS Model [ID] DIC Flexibility Factor
Comparison
Elastic | Plastic Beam/Plastic
Model Graphs
24-in X 18-in 45° Branch 14 [FAB_BR(1-2L, -3L)] 1.44 0.23 See page F-425
10-in X 6-in Branch 256 [T(1-47)] 1.94 0.49 See page F-473
36-in Elbow with 14-in Branch 3 [FAB BRANCH(1-27)] 2:15 0.14 See page F-70
16-in Elbow with 10-in Branch 256 [FAB BRANCH(1- 0.93 0.01 See page F-217
30)]

Table 7 identifies the unlisted components lacking explicit plastic analysis, and listed components with D/C
ratios in excess of 1.0 (Note that all of the components with D/C ratios above 1.0 are in piping beyond the
hydraulic boundary). Unlisted components in the Table can not be qualified with the elastic analysis because
they lack the shell analysis necessary to establish Code Stress Indices. The elastic D/C ratio is calculated
using a Demand based on similarity between the unlisted and listed components. This aids in the comparison
to the components qualified by plastic analysis. This comparison involves geometric similarity and significant
bounds on loading.

Table 7 — Components qualified by comparison to those qualified by plastic analysis.

Piping Component PCS Model [ID] Elastic Comments
D/C
30-in X 20-in Branch 14 [T(1-10)] 0.71 Unlisted. Enveloped by the 10-in X
30-in X 20-in Branch 14 [T(1-11)] 0.76 6-in Branch and the 24-in X 18-in
30-in X 20-in Branch 14 [T(1-12)] 0.70 A58,
2-in Termination 14 [(1-37)] 1.25 Pressurizing Pump nozzle
2-in Termination 14 [(1-38)] 1.15
6-in X 4-in Branch 14 [T(1-77)] 110 Unlisted. Enveloped by the 10-in X
6-in Branch.
30-in X 20-in Branch 14 [T(1-9)] 0.73 Unlisted. Enveloped by the 10-in X
6-in Branch and the 24-in X 18-in
45° Branch.
16-in Elbow with 10-in Branch 256 [Fab Branch (1-30)] 0.82 Unlisted. Enveloped by the 36-in
Elbow with 14-in Branch
30-in X 20-in Branch 256 [T(1-13)] 0.42 Unlisted. Enveloped by the 10-in X
30-in X 20-in Branch 256 [T(1-14)] 0.43 6-in Branch and the 24-in X 18-in
30-in X 20-in Branch 256 [T(1-15)] 0.39 45° Branch.
30-in X 20-in Branch 256 [T(1-16)] 0.45
30-in X 24-in Branch 256 [T(1-18)] 0.39
30-in X 24-in Branch 256 [T(1-19)] 0.42
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Piping Component PCS Model [ID] Elastic Comments
D/C
30-in X 24-in Branch 256 [T(1-20)] 0.37
30-in X 24-in Branch 256 [T(1-21)] 0.39
30-in X 16-in Branch 256 [T(1-30)] 0.84
16-in X 16-in Branch 256 [T(1-31)] 0.60 Unlisted. Enveloped by the 10-in X
36-in X 20-in Branch 3 [FAB(1-23)] 0.38 6-in Branch and the 24-in X 18-in
36-in X 20-in Branch 3 [FAB(1-24)] 0.40 45° Branch.

The maximum pump anchorage D/C ratio was 0.59, less than 1.0 (See Appendix E.3).
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Table 8 lists all pipe supports with an elastic D/C ratio greater than 1.0, and identifies their dispositions. Table
9 summarized the application of Inelastic Energy Absorption Factors done per SEI/ASCE 43-05 [13]
provisions.

Table 8 — Disposition of Pipe Supports with elastic D/C ratios > 1.0. .

Support ID Elastic : e
n
[PCS Model] bic H[is tpositio
MS-1 [14] 1.20 Upgrade the support (See Table 10).
PR-2A [14] 1.81 These supports are analyzed in more detail in Appendix E.4,
where loads for upgrade are established (See Table 10). ).
PR-2D[14] 1.78 Upgrade of this support is recommended.
PS-19 [14] 2.13 Upgrade the support (See Table 10).
PS-20A [14] 127 Use Inelastic Energy Absorption Factors (Table 9).
PS-7 [14] [256] 1.1 This support is analyzed in more detail in Appendix E.9, where

loads for upgrade are reported (See Table 10). Upgrade of this
support is recommended.

PS-8H [14] 1.05 This pipe stanchion is 39-in from an HX nozzle (Dwg. 127008).
Transferring 105% of its 14.7 kip capacity (Pg. D.4-9) to the HX
nozzle generates 573 kip-in. Adding this to the 664 kip-in
maximum demand on the nozzle (Pg. D.4-63) raises the D/C ratio
to 0.43, still < 1.0. The support is OK.

RH-21xB [14] 1.14 DC ratio was based on an apportioned anchorage capacity
between supports RH-21xB and RH-26. When the combined
loads were considered, DC = 0.94 (pg. E.8-2). Support is OK.

TB1 [14] 3.0 Upgrade the support (See Table 10).

TB2 [14] 2.55 Upgrade the support (See Table 10).

WTS [14] 2.89 Upgrade the support (See Table 10).

Tunnel Res [14] 2.01 Upgrade the support (See Table 10).

RH-19 [256] 1.97 Upgrade the support (See Table 10).

RH-25B [256] 1.06 Use Inelastic Energy Absorption Factors (Table 9).
U-Bolt North[256] 1.26 Upgrade the support (See Table 10).

PR-1(East) [3] 2.05 These supports are analyzed in more detail in Appendix E.4,

where loads for upgrade are established (See Table 10). Upgrade

PR-1(West) [3] 1.57 of this support is recommended.
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Table 9 — PCS supports qualified by application of Inelastic Energy Absorption Factors.

Support Fu for Ductile Capacity / non ductile | Comments
[Model ID] | DIC=1.0 Capacity
" The ductility factor is close
FEE0AL L = enough to the 1.25 limit that
load redistribution need not be
considered.
RH-25B [14] 1.06 109 Doesn’t meet 1.25 Margin of

ductile Capacity against non
ductile Capacity, but non ductile
capacity exceeds elastic
demand, and overload is slight.

Table 10 identifies supports that need to be upgraded. Design loads are provided for the upgrades. Note
that a positive load is applied to the support in the indicated direction.

Table 10 — Loads for pipe design upgrades.

Support [Model ID] | Line # | Load Direction | Capacity Type | 80th Percentile
Loading (kips)

PR-2A [14] =1L E(2) TEN 5.8

1-1L W(-2) COM 4.4

PR-2D [14] 1-4L E(2) COM 5.4

1-4L W(-2) TEN 5.7

PR-1 (West) [3] 1-28 E (Z) TEN 5

1-28 W (-Z) COM 4.9

PR-1 (East) [3] 1-29 E (2) TEN 6.5

1-29 W (-Z) COM 6.3

MS-1[14] 1-7 Up-South TEN 31.5

1-7 Down-North coMm 36.8

Tunnel Restraint [14] 1-27 W (-Y) NA 16.9

1-27 E (Y) NA 12.6

TB2 [14] 1-39 E(2) COM 1.2

' Loads that drive the upgrade are highlighted.
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Support [Model ID] | Line # | Load Direction | Capacity Type | 80th Percentile
Loading (kips)
1-39 W(-Z) TEN 2.0
1-39 V(Y) FLEXURE 2.5
TB1[14] 1-41 NS(X) FLEXURE 2.8
1-41 E(Z) COM T2
1-41 W(-2) TEN 1.1
PS-19 [14] 1-42 N(X) COM 1.5
1-42 S(-X) TEN 1.4
1-42 V(Y) FLEXURE 1.2
PS-7 [14] 1-41 V(Y) FLEXURE 2.5
1-41 V(-Y) FLEXURE 1.8
1-41 N(X) TEN 12
1-41 S(-X) cCOoM 1.7
PS-7[256] 1-44 V(Y) FLEXURE
1-44 V(-Y) FLEXURE
1-44 N(X) TEN 1.2
1-44 S(-X) cOoM 1.2
WTS [14] 1-77 V(Y) TEN 17

A number of supports were not credited with any load capacity in the analysis. These supports, listed in

Table 11, need to be removed. The hold-down supports (PR-6's, -7 and -8) will not significantly affect the

performance of the piping during an earthquake and may be left installed.
Table 11 — Supports that need to be removed.

Support [Model ID] | Support [Model ID]
MS-4 AlS [256]
MS-5 AIWS [256]
MS-6 RH-22A [256]
MS-7 RH-22B [256]
MS-8 RH-30 [256]
RH-16C [14] RH-32 [256]
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The piping and supports of the ATR PCS will meet the requirements of NB-3600 of Section Ill of the
ASME Code [9], and will maintain an intact pressure boundary during and after a PC-4 earthquake, provided
the listed upgrades are completed.

It should be noted that some of the photographs that are used within this report have the words “Official
Use Only” or “OUQ” printed on them. These photographs were obtained from previous analyses [3 and 5] that
at the time of their issue were OUO. Since that time, they have been down graded such that they are no
longer OUO, but a few still reside in this report. Therefore, all OUO photographs that may be viewed within
this report, are no longer OUO and are acceptable for viewing without changing the stated wording on the
photographs.

PE Stamp

References
Each of the six Appendixes (A through F) have their own independent reference sections,

T TR-570, “ATR Primary Coolant System Seismic Analysis,” Revision 1, July 1975.

2. Carl J. Costantino and Associates, “Probabilistic Soil-Structure Interaction Analysis of TRA-670",
CJC-INC-C-003, Revision 0, November 2007.

3. ECAR EDF-8366, “ATR Primary Coolant System Piping Support and Anchorage Capacity
Evaluation,” Revision 0, September, 2007.

4, MPR Calculation No. 1129-G002-13, “PCS Piping Support Loads due to Loading Conditions
Analyzed in Leak Before Break Analysis,” September, 2007.

5, INL Report INL/INT-07-12839, “ATR Primary Coolant System Walkdown Report,” Revision 0, June,
2007.

6. RE-A-79-011, “ATR Primary Coolant System Piping Design Analysis,” Revision 0, January, 1979.



TEM-10200-1

12/11/2007 ENGINEERING CALCULATIONS AND ANALYSIS REPORT

Rev. 01 Page 47 of 48
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.: 0
Title: ATR Primary Coolant System Seismic Evaluation

Performer: D.T.Clark  Date: 09/30/2008 Checker: M. J. Russell Date: 09/30/2008

i SAR-153, “Primary Coolant System — Upgraded Final Safety Analysis Report for the Advanced
Test Reactor,” Chapter 5, “Primary Coolant System,” Revision 11, December, 2007.

8. S. Fershtut & G. W. Holman, PR-T-78-003, “ATR Primary Coolant System Piping Design
Specification for Modifications,” Rev. 6, May, 1989.

9. 2007 American Society of Mechanic Engineers (ASME) Boiler & Pressure Vessel Code BPVC,
Section Ill, Division 1 — Subsection NB, “Class 1 Components,” ASME International.

10. 2007 ASME Boiler & Pressure Vessel Code, Section Il, Part D, “Materials,” ASME International.

i J. Shigley, C. Mischke, Mechanical Engineering Design, Fifth Edition, Mcaw-Hill Book Company,
New York, NY, 1989.

12: P. Gerhart, R. Gross, Fundamentals of Fluid Mechanics, Addison-Wesley Publishing Company,
Inc., July 1985.

13. ASCE/SEI 43-05, Seismic Design Criteria for Structures, “Systems and Components in Nuclear
Facilities,” American Society of Civil Engineers, 2005.

14. American Institute of Steel Construction (AISC), Inc., “Steel Construction Manual” (LRFD), 13th
ed., Chicago, IL, 2005.

15. ACI 349-01, “Code Requirements for Nuclear Safety Related Concrete Structures (ACI 349-01),”
February 2001.

16. ABAQUS Inc., ABAQUS Standard, Version 6.7-5, Rising Sun Mills, 166 Valley Street, Providence,
RI, 02909-2499, Tel: +1-401-276-4400, email: support@Abaqus.com.

n

17. Carl J. Costantino and Associates, “Additional Hazard Consistent In-Structure Response Spectra,
CJC-INC-C-004, Revision 0 February 25, 2008.

18. I-DEAS Simulation, Electronic Data Systems, Maryland Heights, MO.
19. Parametric Technology Corporation, MATHCAD Calculation software.
20. Microsoft Office Excel 2003 SP3, part of Microsoft Office Professional Edition 2003.

21. The Quadrex Corporation, “NUPIPE-II Piping Analysis Program User Manual,” Version 1.8.1,
Revision 0.

22. American Institute of Steel Construction (AISC), inc., “Steel Construction Manual,” 13" Edition.
23, Edition, Chicago, IL, 2005.

24, EDF-TRTSB-ATR-081, “Stress Analysis of ATR Primary Coolant Pump Discharge Piping,”
Revision 0, September, 1983.



TEM-10200-1

12/11/2007 ENGINEERING CALCULATIONS AND ANALYSIS REPORT
Rev. 01 Page 48 of 48
Project: ATR Life-Time Extension Project ECAR No.: ECAR-184  Rev.: 0
Title: ATR Primary Coolant System Seismic Evaluation
Performer: D.T.Clark Date: 09/30/2008 Checker: M. J. Russell Date: 09/30/2008
2y ECAR-202. “Software Validation Report for the ABAQUS/Sandand and ABAQUS/Explicit Version
6.7-5,” Revision 0, May, 2008.
26. DOE-STD-1020-1002, “Natural Phenomena Hazards Design and Evaluation Criteria for Depart of
Energy Facility,” U.S. Department of Energy, January, 2002.
27 INL drawing 120110, “Reactor Building Section A-A,” Revision 8, October, 1962.



—

| daho National
Laboratory

Document ID: ECAR-194
Revision ID: 0
Effective Date: 9/30/2008

Engineering Calculations and
Analysis Report

ATR Primary Coolant
System Piping Seismic
Evaluation

D. T. Clark

A. L. Crawford
K. D. Ellis

R. E. Spears

Volume 1 of 5

Report Main Body, Appendix A, Appendix G

The INL is a U.S. Department of Energy National Laboratory
operated by Battelle Energy Alliance.



Calculation Sheet
Page A-1 of A-242

Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.: 0

Title: ATR Primary Coolant System Seismic Evaluation

Authors: D.T.Clark Date: 09/30/08 Checker: M. J. Russell Date:  09/30/08
Appendix A

Common Items Applicable to All Piping Models

Contents
Analysis Plan Appendix A.1
PCS Model PSSI Point Selections Appendix A.2
Time History and Model Damping Development Appendix A.3
ABAQUS Standard Validation Appendix A.4
D/C Ratio Calculation Description Appendix A.5
Elbow Element Sensitivity Appendix A.6

Appendix References Appendix A.7



Calculation Sheet
Page A-2 of A-242

Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.: 0

Title: ATR Primary Coolant System Seismic Evaluation

Authors: M. J. Russell Date: 09/30/08 Checker: S.R.Jensen Date: 09/30/08
Appendix A.1

Analysis Plan

Background

The analysis of record for the Advanced Test Reactor (ATR) Primary Coolant System (PCS) is
outdated. It was originally performed in 1975 and revised in 1979 [1]. In-structure response spectra
and time history information has been recently updated for the ATR to include the latest knowledge of
site-specific seismic behavior [2]. This information will allow the PCS to be reevaluated using modern
methods and data.

Task Description
A multi-step approach will be used. The analysis includes the following subtasks:

Develop piping models

Develop tools to automate piping analysis

Perform piping analyses

Evaluate piping components and supports

Perform additional analyses for elements not qualified with standard methods (if required)
Recommend modifications that may be required to meet the acceptance criteria.

Criteria

Piping components and supports are considered acceptable if the demand to capacity ratio as
described below is less than 1.0.

Capacities
Criteria for capacities are based on ASCE/SEI 43-05 [3]. Piping component capacities are
established using ASME Il NB-3600 [18], consistent with the provisions of ASCE/SEI 43-05.

When the elastically calculated D/C > 1.0, the capacities of components may be established by a
plastic analysis as described in NB-3213.24 of ASME Ill. Component capacities will be determined by
applying limits upon inelastically computed stress in accordance with F-1341.2. This approach is
preferred to the application of ductility factors described under “Loads and Load Combinations” below.
F-1322.1 will be applied in determining if the system analysis needs adjustment. It is expected that
component plastic response will typically be localized and will not significantly affect the system
behavior, but this judgment will be made case by case.

The criteria selected for the pipe support capacities are the strength provisions of the AISC Steel
Construction Manual, 13 Edition [4], also consistent with ASCE/SEI 43-05. Capacities for structural
concrete embedments are based on Appendix B of ACI 349 [5]. Snubber capacities are based on
vendor rated loads. Sample support capacities have been previously calculated [6].
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Modeling

Moment and force demands are calculated using a nonlinear large displacement implicit ABAQUS
[7] beam analysis. Straight pipe is modeled with B31 beam elements, elbows with B22 beam. Elastic
material properties are modeled. Nonlinearities associated with gaps, buckling and uplift effects in the
supports are modeled using nonlinear springs. This modeling will be described in detail in the
documentation. Equipment nozzles are modeled as anchor points, with the restraint time histories
extracted for later analysis of the equipment and their supports.

The models of the piping are established using flexibility factors and stress indices from ASME IlI,
NB-3600. Similarity between listed and unlisted components will be used to establish factors and
indices where reasonable (e.g., slip-on flanges for lap joint flanges). Factors and indices for the
remaining components will be generated using finite element analysis. Pressure stiffening of elbows is
included.

Modeling complies to the provisions of ASME lll, Appendix N, consistent with ASCE/SEI 43-05.

Model geometry is based on the drawings and specifications used in their construction (See Tables
A-1.2 and A.1-3), and on an extensive walkdown of the piping and supports [8].

The models are constructed using the |I-Deas software [9]. Post-processing of the ABAQUS
analysis results is done with the MATHCAD software [10].

Computer Code Validation
Computer codes will be validated as required by the INL procedures governing analysis work [15].

Mass Distribution

In order to ensure an adequate mass distribution of the piping models, maximum element lengths
were imposed as listed in Table A.1-1 below. These values are based on the mass point spacing
limitations of the NUPIPE-II software [14], piping analysis software widely used in the analysis of
nuclear piping at INL. The spacing was modified to reflect the beam model used in ABAQUS.

Table A-1.1 Maximum Pipe Lengths

Diameter | Thickness | Length | Diameter | Thickness | Length

(in) (in) (ft) (in) (in) (ft)
2.375 0.154 1.8 18 0.312 4.2
4.500 0.237 24 18 0.375 4.3
6.625 0.280 29 20 0.312 4.4
10.75 0.250 3.4 20 0.375 4.5
12.75 0.250 3.6 24 0.375 4.8
14.00 0.250 3.7 30 0.438 5.3
16.00 0.250 3.9 36 0.500 58
16.00 0.312 4.0 36 0.5625 5.9
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Eccentric Masses

All of the valves in the PCS are manually operated with negligible eccentricities. Therefore, all
valve mass has been modeled at the pipe centerline.

Damping

Material damping consistent with a 5% modal damping is used, as listed in Table 3-2 of ASCE/SEI
43-05 (and in Table N-1230-1 of ASME Section Ill, Appendix N). Rayleigh damping is applied to
ensure that slightly conservative damping is applied in the analysis. Justification for the values used will
be provided in every case, such justification being based on a comparison considering the dynamic
characteristics of the piping and the frequency content of the input excitation. A time history will be
selected from among the 32 in a given population based on its 5% acceleration spectrum being
representative of an 80" percentile Non Exceedence Probability (NEP) for the specta of the population.
This spectrum will be compared to a spectrum calculated using the same time history, but for the
Rayleigh Damping parameters selected. The parameters shall be 2 Hz for the lower bound value, and
no less than 11 Hz for the upper bound value. The average difference between the two spectra,
calculated in a log-normal frequency space ranging from 1.5 to 40 Hz, must show the Rayleigh
damping to be slightly conservative. This process will be documented in the final report.

Decoupling Criteria
Branch piping with a moment of inertia at or less than 1/25™ that of the run piping, may be

decoupled and analyzed in a separate model. Piping extending through three pairs of orthogonal
supports beyond the hydraulic boundary may be terminated.

Material Properties

Material properties for the materials of construction listed on the piping and support drawings are
taken from ASME II. Modulus of Elasticity values are taken at the most likely coincident temperature
(Level A conditions) while maximum allowable stress intensities are taken at design temperatures.

Material behavior for plastic analysis will be modeled in accordance with F-1323.3 of ASME Sec Il
Appendix F. The shape of the true-stress true-strain curve shall be based upon published test data for
the material modeled, with yield and ultimate strength taken from Section II, Part D, Subparts 1 and 2 at
the expected material temperature.

Material properties for the weld filler used in pipe supports are taken from AWS D1.1 [13] for the
matching weld filler.

Loads and Load Combinations

Weight, pressure, thermal expansion, and seismic loads (both inertial and due to anchor motion)
are considered in the analysis.

Weight loads include the weight of the piping, associated flanges and valves, and the weight of the
water contained in the system. Spring hanger loads are applied as constant forces opposing the weight
loads.
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Thermal expansion loads are applicable only to supports and will only be used in calculating
support demands. System pressures and temperatures associated with Level A operating conditions
are used to define the pressure and weight loads. These are the conditions under which an earthquake
is most likely to occur.

Seismic response is established using in-structure time histories provided from a Soil-Structure
Interaction (SSI) analysis of the ATR Substructure [2]. Individual time histories for support points
judged to have the strongest motion applied to each piping model in each coordinate direction are
selected for the analysis, the judgment being based on comparison of the associated response spectra.
Thirty two sets of statistically independent time histories will be used to analyze each model. Each of
the thirty two analyses involves the simultaneous application of three orthogonal input time histories.

Every time history will be repopulated to a 0.005-sec input interval using a frequency based
algorithm. Every time history will be drift corrected using a least squares approach. Modifications to
the time histories will be detailed and justified in the final report. Time histories will also be truncated to
a reduced time span. Such truncation will be based on review of the cumulative energy function, and
acceleration, velocity and displacement functions of the time histories. The cutoff will not be before the
shoulder of the cumulative energy function (e.g. where it has begun its asymptotic approach to its
maximum value). The cutoff will ensure inclusion of times of significant acceleration, velocity and
displacement. The cutoff time will be established for enough of the time histories to be used to
corroborate that it will vary little among all of the time histories. This work will be described in the
analysis documentation.

Fourier phase spectra will be calculated for the input motions to demonstrate that there is sufficient
de-correlation among the time histories for the nonlinear analysis being performed.

Maximum demands for each component/support type in the models for each set of time histories
will be grouped and sorted, with the 26™ highest value (or the 7" value down from the maximum) taken
as the demand associated with the 80" percentile NEP input. This demand will be used in calculating
the demand to capacity ratio.

Demand caused by seismic anchor motions will be calculated and either shown negligible or
combined with the seismic inertial stress intensities by Square-Root-of-the-Sum-of-the-Squares
(SRSS).

Load combinations are per AISC/SEI 43-05. Nonseismic loads (weight and/or thermal expansion)
are combined with seismic loads reduced by an inelastic Energy Absorption Factor (F,). Limit state D
F.'s (1.0) will generally be used for support components, with higher values (ASCE/SEI 43-05 Table 8-
1), applied on an individual basis and justified. The ductility factor needed to achieve a Demand to
Capacity ratio of 1.0 will be calculated, and shown to be less than the Limit State C values.

For piping components, ductility will preferably be addressed, if required, through the limit analysis
provisions of Section Il, Division 1, Appendix F, as discussed under “Capacities” above. Alternatively,
F. values up to Limit State C (Project Direction) may be used. If this is done, the value needed to
achieve a Demand to Capacity of 1.0 will be calculated, and reported with a comparison showing it to
be less than the Limit State C value. A demonstration will be required that the performance of the
subject component under these loads will not compromise the system analysis producing said loads.
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Reports and Interfaces
Results of the analysis will be documented in a checked and peer reviewed Engineering

Calculations and Analysis Report, as required by LWP 10200 [15]. The peer review will be performed
independently of the INL, and will be documented in a separate document.

Specific topics to be included in the final report include:

1. The modeling of nonlinearities in the analyses will be described in detail.

2. Dampings used in the model will be detailed and justified.

3. Modifications to the time histories (Repopulation of 0.005-sec input data, drift corrections, and
truncation) will be detailed and justified in the final report.

4. Locations selected for definition of input time histories will be identified and justified.

Table A-1.2 — Selected ATR Piping Drawings

TR-570
Drawing Rev Model Alternate Id Title

127007 1 Model | LINE 1-10, 1-12 PIPING SPOOL-PRIMARY COOLANT WATER

127064 2 Model | LINE 1-170 PIPING SPOOL-PRIMARY COOLANT WATER

127001 3 Model | LINE 1- PIPING SPOOL-PRIMARY COOLANT WATER
1L,2L,3L,4L SH1O0F2

127002 5 Model | LINE 1- PIPING SPOOL PRIMARY COOLANT WATER
1L,2L,5L,5 SHEET 2 OF 2

127003 5 Model | LINE 1- PIPING SPOOL PRIMARY COOLANT WATER
3L,4L,6L,6 SHEET 2 OF 2

127004 8 Model | LINE 1-7 ATR- PIPING SPOOL-PRIMARY COOLANT WATER
670-P-17

127005 4 Model | LINE 1-8 PIPING SPOOL-PRIMARY COOLANT WATER

127006 1 Model | LINE 1-9, 1-11 PIPING SPOOL-PRIMARY COOLANT WATER

127008 3 Model I LINE 1- PIPING SPOOL-PRIMARY COOLANT WATER
13,14,15,16,17

127065 1 Model 1| LINE 1-171 PIPING SPOOL-PRIMARY COOLANT WATER

127009 1 Model Il LINE 1- PIPING SPOOL-PRIMARY COOLANT WATER
18,19,20,21

127018 2 Model 1| LINE 1-30 PIPING SPOOL-PRIMARY COOLANT WATER

127019 2 Model Il LINE 1-31 PIPING SPOOL-PRIMARY COOLANT WATER

127037 1 Model 1| LINE 1-48 PIPING SPOOL-PRIMARY COOLANT WATER

127839 1 Model Il LINE 8-14 PIPING SPOOL-LOW PRESS DEM WATER

127010 1 Model Il LINE 1-22 PIPING SPOOL-PRIMARY COOLANT WATER

127011 2 Model Il LINE 1-23, 24 PIPING SPOOL-PRIMARY COOLANT WATER

127012 1 Model Il LINE 1-25 PIPING SPOOL-PRIMARY COOLANT WATER

127014 2 Model IlI LINE 1-27 PIPING SPOOL-PRIMARY COOLANT WATER

SH1O0F2
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TR-570
Drawing | Rev Model Alternate Id Title
127015 3 Model Il LINE 1-27 PRIMARY COOLANT WTR SH 2 OF 2
127016 2 Model lli LINE 1-28, 28L PIPING SPOOL-PRIMARY COOLANT WATER
127017 4 Model lll LINE 1-29, 29L PIPING SPOOL-PRIMARY COOLANT WATER
127020 5 Model IlI LINE 1-32 & 33 PCS-PRIMARY COOLANT WATER
127038 1 Model Il LINE 149 PIPING SPOOL-PRIMARY COOLANT WATER
127025 3 Model IV | LINE 1-39 PIPING SPOOL-PRIMARY COOLANT WATER
127026 1 Model IV | LINE 1-40 PIPING SPOOL-PRIMARY COOLANT WATER
127027 2 Model IV | LINE 1-41 PIPING SPOOL-PRIMARY COOLANT WATER
SH10F2
127028 1 Model IV | LINE 1-41 PIPING SPOOL-PRIMARY COOLANT WATER
SH2OF 2
127029 3 Model IV | LINE 1-42 PIPING SPOOL-PRIMARY COOLANT WATER
127052 3 Model IV | LINE 1-77 PIPING SPOOL-PRIMARY COOLANT WATER
127033 1 Model V LINE 1-45 PIPING SPOOL-PRIMARY COOLANT WATER
127030 1 Model VI LINE 143 PIPING SPOOL-PRIMARY COOLANT WATER
127032 1 Model VI LINE 1-44 PIPING SPOOL-PRIMARY COOLANT WATER
SH 2 OF 2
127031 5 Model VI LINE 1-44 1/2 PIPING SPOOL PRIMARY COOLANT WATER
127034 1 Model VI LINE 1-46 PIPING SPOOL-PRIMARY COOLANT WATER
127035 5 Model VI LINE 1-47 PIPING SPOOL-PRIMARY COOLANT WATER
SH10F2

Table A-1.3 Selected ATR Piping Specifications

ATR Specification P-1, “ATR Specification for Piping and Hangers, Primary Coolant System - PCS”,
Revision 12, March 1967.

ATR Specification P-2, “ATR Specification for Valves, Primary Coolant System - PCS”, Revision 13,

April 1967.
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Appendix A.2

PCS Model PSSI Point Selections

The purpose of this section is to select time history input for each of the three PCS models.

Seismic response was defined by application of in-structure time histories taken from a Soil-
Structure Interaction (SSI) analysis of the ATR Substructure [2, 19] to the piping support points. Since
SSI motion was not defined for every pipe support point, a selection process was needed to establish
the time histories for each PCS model application. This process was based on a number of factors.
Proximity was considered, tempered by the nature of the structure in the vicinity of the support. In-
plane motion defined at the center of a diaphragm is appropriate for most of the diaphragm, but out-of-
plane motion is less and less applicable as the pipe support location is moved from the center to the
edge. Directionality was considered. For instance, only vertical motion was considered in defining the
input motion to long rod hangers. These factors were used to establish sets of time histories applicable
to each piping system. Response spectra were then calculated and compared for each set. Time
histories with bounding spectra were selected to represent groups of time histories with similar spectra.
Point numbering is from the Probabilistic Soil-Structure Interaction analyses (PSSI) [2, 19].

The following steps are followed to determine appropriate PSSI point selections for each of the
three PCS models.

o ldentify PSSI point candidates for each orthogonal direction corresponding to the PCS model
under investigation.

o For each PCS model, plot and compare candidate point response spectra curves and apply
bounding curve amplitude and frequency band as basis for PSSI point selection. Follow this
step for each model orthogonal direction

o Along with selected bounding response spectra, consider physical aspects (principal supports,
etc.) of each PCS model. Conservatively envelope point candidates (for each orthogonal
direction) into a reduced selection set of points and provide justification as to why one point
candidate is selected over another.

o lIdentify the bounding set of PSSI points selected for each PCS model.

The following subsections contain information used to select appropriate PSSI points for each of
the three PCS models.

A.2.1  Pilot model PSSI point selections

A2.2 Model 256 PSSI point selections

A.2.3 Model 14 PSSI point selections

A.24 PCS model PSSI point selections summary
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A.2.1 — Pilot Model PSSI Point Selections

The purpose of this section is to select time history input corresponding to PSSI points for the pilot
model (also referred to as Model 3).

The Pilot model addresses pump outlet to reactor vessel inlet piping and its corresponding
supports, as shown in Figure A.2.1-1. The Pilot model is composed of piping diameters ranging from 4-
in up through 36-in (i.e., 4-in, 14-in, 20-in, 24-in, & 36-in). Although shown in Figure A.2.1-1,
preliminary calculations demonstrate that N-S supports MS-5, -7, -8, added too much stiffness to piping
and have been removed (part of Recommendations section in main report) from the Pilot model.
Support PR-11 was shown to exceed its capacity on previous calculations and its failure is
inconsequential to the Pilot model
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Figure A.2.1-1 — Pilot beam model and supports illustrated.
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The Pilot model piping is primarily composed of 304 stainless steel. Piping in the near vicinity of
the reactor vessel is fabricated from 304L stainless steel. The dashed blue line (in Figure A.2.1-1)
shows the boundary between 304 and 304L stainless steels.

Figure A.2.1-2 is a drawing section view (running North/South) of the ATR building structure [20]
through the reactor center, and shows the floor levels where much of the PCS piping is installed.

TiL PR mRLBE Tx BE PR rReRTERST wuRIIIE

GF — ground floor elevation
1st B — first basement elevation
2nd B — second basement elevation

Figure A.2.1-2 — North/South cut-away side view of the ATR reactor and building.

Figures A.2.1-3 through A.2.1-5 are reprints from the analyses [2, 19] showing corresponding PSSI
point locations corresponding to each orthogonal direction within the Pilot model. A set of PSSI point
candidates for each of the three directions (E-W, N-S, Vertical directions) are chosen based on
proximity/direction relative to dominant pipe supports. Pilot model PSSI point candidates are
designated by different shapes corresponding to each of the orthogonal directions, as overlaid on each

ATR floor elevation.
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Figure A.2.1-4 — First basement Pilot model PSSI point candidates.
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Figure A.2.1-5 — Second basement Pilot model PSSI point candidates.
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The Pilot model is distributed between all three floors with some supports attached below the 2™
basement. Table A.2.1-1 lists the Pilot model PSSI point candidates for the East-West (E-W) direction
and provides a physical description corresponding to the location within the Pilot model for each point
candidate.

Table A.2.1-1 — Summary of Pilot Model’'s PSSI point candidates in E-W direction.

Pilot Model PSSI Point Candidates for E-W Direction

E-W Description
Point
Candidates
81 Point 81 is located below the 2nd basement near lateral supports PR-

1 and PR-2. There are four PR-2 supports with a pair located on both
the east and west side of the reactor vessel. There is one PR-1
support located near each PR-2 pair. Support PR-1 is associated
with the Pilot model and PR-2 is associated with Model 14.

319 Point 319 is located on the North side of the tunnel's East wall at the
level of the second basement. It is in the vicinity of the E-W MS-2
snubber. This location is near the E-W center of the 14 model’'s
header.

552 Point 552 is located on the 1 basement floor, centered between the
four primary pumps. This point is central to all Piping models and is a
candidate for all orthogonal directions.

815 Point 815 is located near the center of the North wall of the facility.
Lines 1-43 (10-in piping) and 1-48 (4-in diameter piping) are part of
the 256 model which terminate at grouted penetrations in this wall
This point is a candidate for all orthogonal directions.

1372 Point 1372 is located on the 1% basement floor, close to the two
emergency pumps. This point is a candidate for all orthogonal
directions.

1577 Point 1577 is located within the Capsule Nozzle Trench area

(between ground and 1% basement elevations) and positioned at the
reactor’s anchorage to the ATR building structure. Data for this point
defines motion at the inlet reactor nozzles in the Pilot model. This
point is a candidate for all orthogonal directions.
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As shown in Table A.2.1-1, the Pilot model has six PSSI point candidates in the E-W direction.
Figure A.2.1-6 illustrates the combined response spectra for the E-W point candidates.

Pilot X(E-W)

14

s / —P81EW
© [ / —P319 EW
0.6 : —P552EW |
,__,t-/ ,__.-/ N \ —P1372 EW
e « 1 L —P1577 EW
04 / : ~1 NI~ \ P 815 EW
02 —
0
1 10 100
Fn (Hz)

Figure A.2.1-6 — Pilot model point candidates for E-W direction.

As shown in Figure A.2.1-6, there appears to be three sets (hereafter referring to numbers
within circles of identified figure) of response spectra point candidates that are close to each other in
amplitude and shape. Clearly, point 1577’s response spectra (set 1) dominates all point candidates
and is selected as one point time history input for the Pilot model in the E-W direction. A closer look at
the remaining point candidates (sets 2 & 3) is required to identify other PSSI point selections for the E-
W direction. Figures A.2.1-7 and A.2.1-8 illustrates response spectra curves for set 2 and set 3,
respectively.
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Figure A.2.1-7 — Pilot model set-2 point candidates for E-W direction.

As shown in Figure A.2.1-7, all three point candidates’ response spectra are very similar and
any of the three curves could possibly be justified and selected for time history input. Point 552 (blue
curve) has a slight amplitude increase over 1372 (magenta curve), but 1372 has a slightly wider
frequency band. Point 815 (cyan curve) response spectrum is enveloped by the other two points.
Point 1372 is located at the two emergency pumps towards the outskirts of the Pilot model, whereas
point 552 is positioned midway between the four primary pumps and located in the central section of
the Pilot model’s large sized piping (24-in, 24-in, and 36-in). Thus, based on physical location aspects,
point 552 is another PSSI point selection for the Pilot model in the E-W direction.
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Figure A.2.1-8 — Pilot model set-3 point candidates for E-W direction.

As shown in Figure A.2.1-8, the two point candidates’ response spectra are similar. Both points
81 (brown curve) and 319 (green curve) appear to share the highest amplitude at around 1-Hz with 81
dominating input up to about 7.5 Hz, and 319 dominating beyond. The cumulative effective mass plot
for this model, Figure A.3.3.2-2, indicates that 55% of the models effective mass participates at
frequencies below 7.5 Hz. This slightly favors the Point 81 spectrum. Figure A.2.1-9 shows a reprint of
Figure A.3.3.2-1, with dashed lines reflecting indicating values.
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Figure A.2.1-9 — Reprint of Figure A.3.3.2-2 showing the cumulative effective mass vs
frequency, of the Pilot model set-3 point candidates for E-W direction.

As Figure A.2.1-9 indicates, point 81 has a slight advantage over point 319. Point 81 is located
at the reactor floor near the PR-1 supports and is near the outskirts of Model 3. Point 319 is located
near supports MS-2 (snubber) and floor region on the 2" basement floor, which are principal E-W
supports for the Pilot model’s central large sized piping section. Thus, based on physical location
aspects, point 319 is another PSSI point selection for the Pilot model in the E-W direction.

From the three sets of point candidates’ response spectra curves (shown in Figure A.2.1-6), the
three PSSI points selected for the Pilot model’s E-W direction are points 319, 552, and 1577. Figure
A.2.1-10 shows the response spectra for the three PSSI point selections, which are used for the Pilot
model’s E-W time history input.
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Figure A.2.1-10 — Pilot model's PSSI point selections for the E-W direction.

Point 1577 (red curve) is the response spectrum where the reactor vessel attaches to the ATR
building structure, in which defined motion is applied at the Pilot model’s inlet nozzle. Point 319 (green
curve) is located near two principal supports (MS-2 and Floor Region) that provide E-W restraint to the
Pilot model’s central piping lines near the 2" basement floor. Point 552 (blue curve) is located at the
primary pumps and provides lateral restraint for the Pilot model's central piping system. These three
points (319, 552, and 1577) form bounding time history inputs to the Pilot model.
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Table A.2.1-2 lists the Pilot model PSSI point candidates for the N-S direction and provides a
physical description corresponding to the location within the Pilot model for each point candidate.

Table A.2.1-2 — Summary of Pilot Model's PSSI point candidates in N-S direction.

Pilot Model PSSI Point Candidates for N-S Direction

N-S Description
Point
Candidates
552 Point 552 is located on the 1% basement floor, centered between the four

primary pumps - previously described in Table A.2.1-1.

815 Point 815 is located near the center of the North wall of the facility. Lines
1-43 (10-in piping) and 1-48 (4-in diameter piping) are part of the 256
model which terminate at grouted penetrations in this wall This has
been previously described in Table A.2.2-1.

1372 Point 1372 is located on the 1% basement floor, close to the two
emergency pumps — previously described in Table A.2.1-1.

1677 Point 1577 is located within the Capsule Nozzle Trench area (between
ground and 1% basement elevations) and positioned at the reactor’s
anchorage to the ATR building structure. Data for this point defines
motion at the inlet reactor nozzles in the Pilot model — previously
described in Table A.2.1-1.

As shown in Table A.2.1-2, the Pilot model has four PSSI point candidates in the N-S direction.
Figure A.2.1-11 illustrates the combined response spectra for the N-S point candidates. As previously
described, preliminary calculations demonstrated that N-S supports MS-5, -7, and -8 added too much
stiffness to piping and have been removed (part of Recommendations section in main report) from the
Pilot model evaluation, leaving less PSSI point candidates to choose from in the N-S direction.
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Figure A.2.1-11 — Pilot model point candidates for N-S direction.

As shown in Figure A.2.1-11, there appears to be only two response spectra curves in close
proximity with each other. Point 1577 (magenta) is located within the reactor vessel's anchorage and
point 552 (black) is near the middle of the primary pumps. The curves fall within 6% of each other
under 12 Hz, but the Point 552 spectrum exceeds the point 1577 spectrum by as much as 30% above
12 Hz. The cumulative effective mass plot for this model, Section A.3.3.1, indicates that 30% of the
models effective mass participates at frequencies above 12 Hz. The point 552 data is select based on
this information. Thus, three PSSI points are selected for the Pilot model in the N-S direction. Figure
A.2.1-12 shows the response spectra for the three PSSI point selections, which are used for the Pilot
model’s N-S time history input.
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Figure A.2.1-12 — Pilot model's PSSI point selections for the N-S direction.

Starting at the highest response spectrum amplitude, PSSI point 815 (blue curve) is located on
the building’s north wall and serves as the time history input for line 1-49 (4-in diameter piping) that is
terminated at an interior grouted wall penetration near point 815. Point 552 (black curve) is located at
the primary pumps and provides lateral restraint for the Pilot model’s central piping system. Point 1372
(green curve) is located in the vicinity of the two emergency pumps. These three points (552, 815, and
1372) form bounding time history inputs to the Pilot model in the N-S direction.
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Table A.2.1-3 lists the Pilot model PSSI point candidates for the Vertical direction and provides
a physical description corresponding to the location within the Pilot model for each point candidate.

Table A.2.1-3 — Summary of Pilot Model's PSSI point candidates in Vertical direction.

Pilot Model PSSI Point Candidates for Vertical Direction

Vertical | pescription
Point
Candidates
176 Point 176 is located at the 1% basement elevation, in the vicinity of the

South tunnel end near support RH-23x.

319 Point 319 is located on the 2™ basement floor near the Floor Restraint
support. The floor restraint is modeled as a non-linear spring, for it has a
0.75-in gap before it becomes loaded in the +V (upward) direction.

547 Point 547 is located above the 1% floor elevation near line 1-49 wall
penetration and the RH-24 vertical supports.

552 Point 552 is located on the 1 basement floor, centered between the four
primary pumps - previously described in Table A.2.1-1.

815 Point 815 is located just above the 1% basement floor at the North wall of
the facility, which is beyond the scope of the PCS system. Line 1-49 (4-
in diameter piping) is part of the Pilot model and is terminated at a
grouted wall penetration — previously described in Table A.2.1-1.

1372 Point 1372 is located on the 1 basement floor, close to the two
emergency pumps — previously described in Table A.2.1-1.

16577 Point 1577 is located within the Capsule Nozzle Trench area (between
ground and 1% basement elevations) and positioned at the reactor’s
anchorage to the ATR building structure. Data for this point defines
motion at the inlet reactor nozzles in the Pilot model — previously
described in Table A.2.1-1.
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As shown in Table A.2.1-3, the Pilot model has seven PSSI point candidates in the Vertical
direction. The Pilot model has several rod hangers and various types of vertical supports. Figure
A.2.1-13 illustrates the combined response spectra for the Vertical point candidates.

1 10 00
Fn (Hz)

Figure A.2.1-13 — Pilot model point candidates for Vertical direction.

As shown in Figure A.2.1-13, there appears to be three sets of response spectra point
candidates that are in close proximity to each other in amplitude and shape. Figures A.2.1-14 (set 1)
and A.2.1-15 (sets 2 & 3) are plotted separately and scrutinized more closely.
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Figure A.2.1-14 — Pilot model set 1 point candidates for Vertical direction

As shown in Figure A.2.1-14, Point 1577 (blue curve) envelopes Point 176 (magenta curve) in
the frequency range 0 — 13 Hz, exceeding it by a maximum of 30% near 8 Hz. Point 176 envelopes
above 13 Hz, up to a maximum of 10% at 25 Hz. The cumulative effective mass plot for this model,
Section A.3.3.2, indicates that 55% of the effective mass participates at frequencies under 13 Hz. It
also shows a significant mode (22% of the total mass) at 6 Hz, where the Point 1577 spectrum is 17%
higher, versus modes representing 15% of the total mass in the 22 to 24 Hz range. This favors the
Point 1577 data. Point 176 is located on the 1% basement, in the vicinity of the southern tunnel opening
near support RH-23x. Point 1577 is located between ground and 1% basement elevations and
positioned at the reactor’s anchorage to the ATR building structure and defines motion at the inlet
reactor nozzles in the Pilot model. Actually, support RH-23x is located closer to the elevation of point
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1577, for it resides on the 1% basement elevation. Based on physical location RH-23x (elevation)
aspects and widest frequency band, point 1577 is the first PSSI point selected for the Pilot model in the
Vertical direction.

Pilot Sets 2 & 3 (V)

1 1 100
Fn(Hz)

Figure A.2.1-15 — Pilot model sets 2 & 3 point candidates for Vertical direction

As shown in Figure A.2.1-15, the Point 552 spectrum envelopes all other spectra except for that
of Point 1372 below 6 Hz. However, this lack of envelopment is never more than 1%, so Point 552 data
is a conservative envelope of the suite of spectra. .
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Figure A.2.1-16 — Pilot model's PSSI point selections for the Vertical direction.

These two points (552 and 1577) form bounding time history inputs to the Pilot model in the
Vertical direction. Table A.2.1-4 lists the Pilot model’s the orthogonal direction PSSI points selections.

Table 2.1-4 — Summary of Pilot model PSSI point selections.

Pilot Model PSSI Point Selections

E-W

N-S

Vertical

319, 652, 1577

552, 815, 1372

5§52, 1577
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A.2.2 — Model 256 PSSI Point Selections
The purpose of this section is to select PSSI points corresponding to time history input for Model

256 (also referred to as Model 265).

Model 256 is comprised of three original Davidson’s models, with Model 2 being the primary piping,
Models 5 and 6 attaching to Model 2. Model 256 addresses heat exchanger outlet to pump suction,
with surge piping terminating at the surge tank nozzle (Model 5) and flush piping terminating at wall
penetrations (Model 6), as shown in Figures A.2.2-1 through A.2.2-3. Model 256 is composed of piping

diameters ranging from 4-in up through 30-in (i.e., 4-in, 6-in, 10-in, 20-in, 24-in, & 30-in).
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Figure A.2.2-1 — A portion of Model 256, showing original Model 2 and connections to Models 5
and 6.
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Figure A.2.2-2 — A portion of Model 256, showing original Model 6 beam and connection to
Model 2.
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Figure A.2.2-3 — A portion of Model 256, showing original Model 5 and connection to Model 2.

All of Model 256 is composed of 304 stainless steel and is situated away from the reactor
vessel. Much of its piping is located between the first and second basements positioned under the four
primary pumps.

Figures A.2.2-4 through A.2.2-7 show reprints of the analyses [2, 19] showing PSSI points with
time histories located near the supports of Model 256. A set of PSSI point candidates for each of the
three model coordinate directions (E-W, N-S, Vertical directions) are chosen with respect to dominant
Model 256 supports. PSSI point candidates are designated by different shapes corresponding to each
of the model coordinate directions.
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Figure A.2.2-4 — Ground floor 256 model’s PSSI point candidates.
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Figure A.2.2-5 — Ground floor 256 model’s PSSI point candidates

Note that the data for this point was documented in a report [19] published subsequent to that
defining data for all the other points.
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Figure A.2.2-6 — First basement 256 model's PSSI point candidates.
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Figure A.2.2-7 — Second basement 256 model’s PSSI point candidates.
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Model 256 points are distributed between all three floor elevations. Table A.2.2-1 lists Model 256's
PSSI point candidates for the E-W direction and provides a physical description corresponding to the
location within Model 256 for each point candidate.

Table A.2.2-1 — Summary of 256 Model’s PSSI point candidates in E-W direction.

Model 256 PSSI Point Candidates for E-W Direction

E-W Description
Point
Candidates
319 Point 319 is located at the 2"! basement elevation on the East wall of

the piping tunnel near Grid J. It is the closest node to the supports for
the pressurizer piping and vessel (Model 6).

322 Point 322 is located on the 2nd basement at the West end of the
North outside wall. This point provides input to supports for piping
that branches off of Valve GT-D-1-33.

542 Point 542 is located on an East wall at the tunnel’s North end and is
in the vicinity of the East end Primary Coolant Pump nozzles. This
point is a candidate for all orthogonal directions.

547 Point 547 is located at the 1% basement elevation near line 1-44’s
grouted concrete floor penetration. As an anchor point, this point is a
candidate for all orthogonal directions.

552 Point 552 is located on the 1 basement floor, centered between the
four primary pumps. This point is central to all Piping models and is a
candidate for all orthogonal directions

815 Point 815 is located near the center of the North wall of the facility.
Lines 1-43 (10-in piping) and 1-48 (4-in diameter piping) are part of
the 256 model which terminate at grouted penetrations in this wall
This point is a candidate for all orthogonal directions.

1372 Point 1372 is located on the 1% basement floor, close to the two
emergency pumps. This point is a candidate for all orthogonal
directions.

4119 Point 4119 is located below the 2™ basement floor where the 256

piping connects to and terminates at the heat exchanger’s outlet
nozzles. This point is a candidate for all orthogonal directions.
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As shown in Table A.2.2-1, Model 256 has eight PSSI point candidates in the E-W direction.
Figure A.2.2-8 illustrates the combined response spectra for the E-W point candidates.

Mod 256 X(E-W)
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Figure A.2.2-8 — Model 256’s point candidates for E-W direction.

As shown in Figure A.2.2-8, the Point 542 spectrum (black) envelopes all other spectra. Thus,
542 is the lone PSSI point selection for Model 256 in the E-W direction.
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Table A.2.2-2 lists Model 256 PSSI point candidates for the N-S direction and provides a
physical description corresponding to the location within Model 256 for each point candidate.

Table A.2.2-2 — Summary of 256 Model’s PSSI point candidates in N-S direction.
Model 256 PSSI Point Candidates for N-S Direction

N-S Description
Point
Candidates
319 Point 319 is located at the 2" basement elevation on the East wall of the

piping tunnel near Grid J. It is the closest node to the supports for the
pressurizer piping and vessel (Model 6).

322 Point 322 is located on the 2nd basement at the West end of the North
outside wall. This point provides input to supports for piping that
branches off Valve GT-D-1-33— previously described in Table A.2.2-1.

542 Point 542 is located on an East wall at the tunnel’s North end and is in
the vicinity of the East end Primary Coolant Pump nozzles. This point is a
candidate for all orthogonal directions.

547 Point 547 is located at the 1% basement elevation near line 1-44's
grouted concrete floor penetration. As an anchor point, this point is a
candidate for all orthogonal directions — previously described in Table

A22-1.

552 Point 552 is located on the 1% basement floor, centered between the four
primary pumps — previously described in Table A.2.2-1.

815 Point 815 is located near the center of the North wall of the facility. Lines

1-43 (10-in piping) and 1-48 (4-in diameter piping) are part of the 256
model which terminate at grouted penetrations in this wall. This has
been previously described in Table A.2.2-1.

1340 Point 1340 is located at the ground floor and is near rod hanger supports
RH-15, -24 and -25 that supports both 4-in and 6-in diameter piping.
Point 1340 is on the North-West outskirts of Model 256.

1372 Point 1372 is located on the 1% basement floor, close to the two
emergency pumps — previously described in Table A.2.2-1.
4119 Point 4119 is located below the 2™ basement floor where the 256 piping

connects to and terminates at the heat exchanger’s outlet nozzles —
previously described in Table A.2.2-1..

As shown in Table A.2.2-2, Model 256 has nine PSSI point candidates in the N-S direction.
Figure A.2.2-9 illustrates the combined response spectra for the N-S point candidates. As previously
described, preliminary calculations demonstrated that N-S supports MS-5, -7, and -8 added too much
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stiffness to piping and have been removed (part of Recommendations section in main report) from the
Pilot model evaluation, leaving less PSSI point candidates to choose from in the N-S direction.
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Figure A.2.2-9 — Model 256’s point candidates for N-S direction.

As shown in Figure A.2.2-9 two response spectrum curves envelope all the others. Points 815
(red) and 552 (blue) have strong response. Point 815, is used to apply response to Lines 1-43 (10-in
piping) and 1-48 (4-in diameter piping) that terminate at a North Wall grouted penetration. These lines
are on the outskirts of Model 256. Point 552 is located on the 1% basement floor, centered between the
four primary pumps and is central to Model 256 piping system. It also envelopes other lower response
curves. These two PSSI points are selected for Model 256 in the N-S direction. Figure A.2.2-10 shows
the response spectra for the two PSSI point selections.
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Figure A.2.2-10 — Model 256's PSSI point selections for the N-S direction.
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Table A.2.2-3 lists Model 256 PSSI point candidates for the Vertical direction and provides a
physical description corresponding to the location within Model 256 for each point candidate.

Table A.2.2-3 — Summary of Pilot Model's PSSI point candidates in Vertical direction.

Model 256 PSSI Point Candidates for Vertical Direction

Vertical Description
Point
Candidates
315 Point 315 is located on the 2™ basement floor at an interior West

concrete wall, where tie-back supports TB1 and TB2 are. In this vicinity,
the piping is mostly 6-in diameter. TB1 restrains E-W and N-S directions
and TB2 restrains E-W and Vertical directions.

319 Point 319 is located at the 2™ basement elevation on the East wall of the
piping tunnel near Grid J. It is the closest node to the supports for the
pressurizer piping and vessel (Model 6).

322 Point 322 is located on the 2nd basement at the North outside wall. This
point provides input to supports and piping that branch off into a grouted
brick wall — previously described in Table A.2.2-1.

542 Point 542 is located on an East wall at the tunnel’s North end and is in
the vicinity of the East end Primary Coolant Pump nozzles. This point is a
candidate for all orthogonal directions.

547 Point 547 is located above the 1% floor elevation near line 1-49 grouted
wall penetration — previously described in Table A.2.2-1.

552 Point 552 is located on the 1% basement floor, centered between the four
primary pumps - previously described in Table A.2.2-1.

815 Point 815 is located just above the 1% basement floor at the North wall of

the facility, which supports line 1-49 (4-in diameter piping) that is
terminated at a grouted wall penetration — previously described in Table
A.2.2-1.

892 Point 892 is located on the North wall of the Primary Coolant pump
cubicles some 6-ft below the first floor. It is near rod hangers RH-14A, -
14Aa, -14Ab, -14Ac (Vertical) and PS-20A (Vertical). These are all
supports for 6-in piping.

1340 Point 1340 is located at the ground floor and is near rod hanger supports
RH-15, -24 and -25 that supports both 4-in and 6-in diameter piping.
Point 1340 is on the North-West outskirts of Model 256.

1372 Point 1372 is located on the 1% basement floor, close to the two
emergency pumps — previously described in Table A.2.2-1.
4119 Point 4119 is located below the 2" basement floor where the 256 piping

connects to and terminates at the heat exchanger’s outlet nozzles —
previously described in Table A.2.2-1.
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As shown in Table A.2.2-3, Model 256 has eleven PSSI point candidates in the Vertical
direction. Model 256 has several rod hangers and various types of vertical supports. Figure A.2.2-11
illustrates the combined response spectra for the Vertical point candidates.
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Figure A.2.2-11 — Model 256's point candidates for Vertical direction.

As shown in Figure A.2.2-11, three response spectrum curves (points 892, 552, and 4119)
envelope remaining point candidates, with point 892 (black curve) response spectrum dominating.
Figure A.2.2-12 (set 2, number 2 circled in Figure A.2.2.11) is plotted separately and scrutinized more
closely.
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Figure A.2.2-12 — Model 256 set 2 point candidates for Vertical direction

As shown in Figure A.2.2-12, Point 4119 (blue curve) envelopes Point 552 (red curve) in the
frequency range 4.2 — 10.3 Hz, exceeding it by a maximum of 9% near 9 Hz. Point 552 envelopes
above 10.3 Hz, up to a maximum of 11% at 16 Hz. The cumulative effective mass plot for this model,
Section A.3.3.2, indicates that ~42% of the effective mass participates at frequencies under 10.3 Hz,
leaving most of the remaining cumulative effective mass above 10.3 Hz. This slightly favors Point 552.
Point 4119 is located below the 2™ basement floor at the heat exchanger nozzles (model termination
locations). Point 552 is located on the 1 basement floor, centered between the four primary pumps
and is central to Model 256 piping and most of its vertical supports. Based on physical location
aspects, both points (552 and 4119) in addition to point 892 are the PSSI point selections for Model 256
in the Vertical direction. Figure A.2.2-13 shows the response spectra for these three PSSI point
selections. Table A.2.2-4 lists the orthogonal direction PSSI point selections for Model 256.



Calculation Sheet

Page A-43 of A-242
Project: _ ATR Life-Time Extension Project  ECAR No.: ECAR-194 Rev.: 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: D.T.Clark Date:  09/30/08  Checker: M. J. Russell Date:  09/30/08
Mod 256 Point Selections (V)

—N552V

—N892V

—N4119V

1 w0 100
Fn (Hz)

Figure A.2.2-13 — Model 256 PSSI point selections for Vertical direction
Table 2.1-4 — Summary of Model 356 PSSI point selections.

Model 256 PSSI Point Selections

E-W N-S Vertical

542 552, 815 552, 892, 4119
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A.2.3 —Model 14 PSSI Point Selections

The purpose of this section is to select PSSI points corresponding to time history input for Model
14.

Model 14 is comprised of two original Davidson’s models, with Model 1 being the primary piping
and Model 4 connecting to Model 1. Model 14 addresses reactor vessel outlet to heat exchanger
piping (Model 1) with demineralizer and pressurizing piping (Model 4) connecting to Model 1 and
terminating at various wall and floor penetrations, as shown in Figures A.2.3-1 and A.2.3-2. Model 14
is composed of piping diameters ranging from 6-in up through 36-in (i.e., 6-in, 18-in, 20-in, 24-in, 30-in,
& 36-in). Although shown in Figure A.2.3-1, preliminary calculations demonstrate that E-W support MS-
6 and N-S support MS-4 added too much stiffness to piping and have been removed (part of
Recommendations section in main report) from the Model 14.

7 . Connections SUPPORTS
' wlo model 4

[ ],

Heat exchanger — pser | FRH- j

nozzle connection PO8 " RHRIAT P paiad
Ms-€
B 4 (typ)
- otr nozt © Connect to
connection (typ) ————

PR-2C|* - 209
“~

Figure A.2.3-1 — Piping section of Model 14, showing original 1 beam model and connections.
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Figure A.2.3-2 — Piping section of Model 14, showing original 4 beam model with terminations.

Model 14 piping is primarily composed of 304 stainless steel. Piping in the near vicinity of the
reactor vessel is fabricated from 304L stainless steel. The dashed blue line (in Figure A.2.3-1) shows
the boundary between 304 and 304L stainless steels.

Figures A.2.3-3 through A.2.3-6 are reprints of the analyses [2, 19] showing PSSI points
corresponding to each orthogonal direction within Model 14. A set of PSSI point candidates for each of
the three Model 14 coordinate directions (E-W, N-S, Vertical) are chosen with respect to dominant
supports. Figures A.2.3-3 and A.2.3-4 show different points on the first (or ground floor). Figure A.2.3-
4 is an additional set of points for the ground floor, created at a later date than Figure A.2.3-3. Model
14 PSSI point candidates are designated by different shapes corresponding to each of the orthogonal
directions.
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Figure A.2.3-3 — Ground floor 14 model’'s PSSI point candidates.
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Figure A.2.3-4 — Additional Ground floor 14 model's PSSI point candidates, created at later date.
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Figure A.2.3-5 — First basement 256 model's PSSI point candidates.
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Figure A.2.3-6 — Second basement 14 model’s PSSI point candidates.
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Model 14 points are distributed between all three floor elevations. Table A.2.3-1 lists Model 14’s
PSSI point candidates for the E-W direction and provides a physical description corresponding to the
location within Model 14 for each point candidate.

Table A.2.3-1 — Summary of 14 Model’s PSSI point candidates in E-W direction. (here)

Model 14 PSSI Point Candidates for E-W Direction

E-W Point Description
Candidates

81 Point 81 is located below the 2nd basement near lateral supports PR-
1 and PR-2. There are four PR-2 supports with a pair located on
both the east and west side of the reactor vessel. There is one PR-1
support located near each PR-2 pair. Support PR-1 is associated
with the Pilot model and PR-2 is associated with Model 14.

203 Point 293 is located on the second basement at the South end of the
West wall of the piping tunnel.

315 Point 315 is located on the 2™ basement floor at an interior West
concrete wall, where tie-back supports TB1 and TB2 are. In this
vicinity, the piping is mostly 6-in diameter. TB1 restrains E-W and N-
S directions and TB2 restrains E-W and Vertical directions.

322 Point 322 is located on the 2nd basement at the West end of the
North outside wall. This point provides input to supports for piping
that branches off Valve GT-D-1-33 — previously described in Table
A2.2-1.

547 Point 547 is located at the 1% basement elevation near line 1-49
grouted wall penetration and the PS-14A and -14B vertical supports.

1577 Point 1577 is located within the Capsule Nozzle Trench area
(between ground and 1% basement elevations) and positioned at the
reactor’s anchorage to the ATR building structure. Data for this point
defines motion at the outlet reactor nozzles in Model 14.

4119 Point 4119 is located below the 2" basement floor where the 14
piping connects to the heat exchanger’s inlet nozzles and near
vertical supports PS-8E, -8F, -8G, -8H and -20.
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As shown in Table A.2.3-1, Model 14 has seven PSSI point candidates in the E-W direction.
Figure A.2.3-7 illustrates the combined response spectra for the E-W point candidates.
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Figure A.2.3-7 — Model 14’s point candidates for E-W direction.

As shown in Figure A.2.3-7, there are three sets of response spectra point candidates that are
close to each other in amplitude and shape. Clearly, point 1577’s response spectra (set 1) dominates
all PSSI point candidates and is selected as one point time history input for Model 14 in the E-W
direction. For set 2, point 547’s response spectrum envelopes point 4119 from 0 to 10.6 Hz, which
accounts for 72% of the cumulative effective mass (Section A.3.3.3). Thus, point 547 is selected as a
second point time history input for Model 14’s E-W direction. A closer look at the remaining point
candidates (set 3) is required to identify other PSSI point selections for the E-W direction. Figure
A.2.3-8 illustrates response spectra curves for set 3.
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Figure A.2.3-8 — Model 14’s set 3 point candidates for E-W direction.

As shown in Figure A.2.3-8, Point 315 (magenta) envelopes Points 293 (green) and 322 (blue).
Point 315 envelopes Point 81 in the frequency range 0 — 10.3, exceeding it by a maximum of 11% near
10 Hz. Point 81 envelopes above 10.3 Hz through 11 Hz, up to a maximum of 5% at 20.4 Hz. The
cumulative effective mass plot for this model, Section A.3.3.3, indicates that 72% of the effective mass
participates at frequencies under 10.3 Hz. This favors the Point 315 data. Thus, based on cumulative
effective mass and spectral envelopment, point 315 is the last PSSI point selected for Model 14 in the
E-W direction. Figure A.2.3-9 shows the response spectra for the three PSSI point selections, which
are used for Model 14's E-W time history input.
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Figure A.2.3-9 — Model 14's PSSI point selections for the E-W direction.
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Table A.2.3-2 lists Model 14 PSSI point candidates for the N-S direction and provides a physical
description corresponding to the location within Model 14 for each point candidate.

Table A.2.3-2 — Summary of 14 Model’s PSSI point candidates in N-S direction.

Model 14 PSSI Point Candidates for N-S Direction

N-S Description
Point
Candidates
315 Point 315 is located on the 2™ basement floor at an interior West

concrete wall, where tie-back supports TB1 and TB2 are — previously
described in Table A.2.3-1.

322 Point 322 is located on the 2nd basement at the West end of the North
outside wall. This point provides input to supports for piping that
branches off Valve GT-D-1-33 — previously described in Table A.2.2-1.

542 Point 542 is located on an East wall at the tunnel’s North side and is
close to the N-S support MS-3 snubber. This location is near the center
of the 14 model's larger diameter piping lines.

547 Point 547 is located above the 1% floor elevation near line 1-49 grouted
wall penetration — previously described in Table A.2.3-1.

552 Point 552 is located on the 1 basement floor, centered between the four
primary pumps. This location is central to Model’'s 14 main piping —
previously described in Table A.2.3-1

1340 Point 1340 is located at the ground floor and is near rod hanger supports
RH-14Ad, -14c and-16 and support PS-7. Point 1340 is on the North-
West outskirts of Model 14.

1577 Point 1577 is located within the Capsule Nozzle Trench area (between
ground and 1% basement elevations) and positioned at the reactor’s
anchorage to the ATR building structure. Data for this point defines
motion at the outlet reactor nozzles in Model 14.

4014 Point 4014 is located below the 2nd basement near snubber MS-1, which
restrains the piping at an angle including both N-S and Vertical motion.
4119 Point 4119 is located below the 2™ basement floor where Model 14

piping connects to and terminates at the heat exchanger’s inlets nozzles
— previously described in Table A.2.3-1..

As shown in Table A.2.3-2, Model 14 has nine PSSI point candidates in the N-S direction.
Figure A.2.3-10 illustrates the combined response spectra for the N-S point candidates.



Calculation Sheet

Page A-55 of A-242
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.: 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: D.T.Clark Date: 09/30/08 Checker: M. J. Russell Date:  09/30/08
Mod 14 Point Candidates Y(N-S)
12
, /"‘ \
J
/ //' —P315NS
08 ’ 7 " = —N322NS |
/ —P 542 NS
—P 547 NS
: / P 552 NS
Bos ' —N 1340 NS [
-N 4014 NS
—P 4119 NS
—P 1577 NS
04 \ TR
%
| S
H
e \\L \‘_-
" NES
]
1 10 100
Fn (Hz)

Figure A.2.3-10 — Model 14’s point candidates for N-S direction.

Unlike previous PCS models and directions, Model 14 N-S direction has very few supports.
Thus, physical locations within Model 14 are targeted, more so than enveloping response spectra.
Figure A.2.3-10 shows set 1 that is comprised of two PSSI Points (1577-brown and 552-cyan) which
are similar in amplitude and shape until 10.3 Hz, where there is a distinct change of shape. Point 552
is centered between the four primary pumps located at Model 14’s center and is close to the N-S
support MS-4 snubber. PSSI Point 552 is selected in this case for input based on physical location and
having a wider frequency band than Point 1577.

Other PSSI point response spectrum curves are also selected, targeting specific N-S supports
within Model 14. Point 542 (magenta) is selected because it is close to the N-S MS-3 snubber support.
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Point 547 (black) is selected because it is close to a grouted wall penetration near the pressurizing
pumps, located in the North-West corner of the 1% basement. Point 1340 (dark green) is selected for its
position near a N-S support on the North West outskirts of Model 14. Set 2 point response spectra are
closely spaced and require further scrutiny. Figure A.2.3-11 shows set 2 point candidates.
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Figure A.2.3-11 — Model 14’s set 2 point candidates for N-S direction.

As shown in Figure A.2.3-11, Point 315 (red) envelopes Point 4014 everywhere except for a
negligible excursion (less than 1%) near 17 Hz. It envelopes Point 4117 (blue) everywhere under 32
Hz, except for a short (2%) excursion from 8 to 11 Hz. Point 315 is enveloped by Point 322 under 6
Hz, by 2% at most. It envelopes Point 322 above 6 Hz, by up to 25%. Figure A.3.3-2 indicates that
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around 40% of the modal mass is participating under 6 Hz. All of these factors support the selection of
Point 315 as final Point for input to the model.

Figure A.2.3-12 shows the response spectra for the five PSSI point selections to be used for
Model 14’s N-S time history input.
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Figure A.2.3-12 — Model 14's PSSI point selections for N-S direction.
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Table A.2.3-3 lists Model 14 PSSI point candidates for the Vertical direction and provides a physical
description corresponding to the location within Model 14 for each point candidate.

Table A.2.3-3 — Summary of 14 Model's PSSI point candidates in Vertical direction.
Model 14 PSSI Point Candidates for Vertical Direction

N-S Description
Point
Candidates

176 Point 176 is located on the underside (or ceiling) of the 1** basement, in the
vicinity of the Southern tunnel opening near support RH-23x.

315 Point 315 is located on the 2™ basement floor at an interior West concrete
wall, where tie-back supports TB1 and TB2 are. — previously described in
Table A.2.3-1.

542 Point 542 is located on an East wall at the tunnel’s North side and is close

to the N-S support MS-3 snubber. This location is near the center of the
14 model.’s larger diameter piping lines.

547 Point 547 is located above the 1% floor elevation near line 1-49 grouted
wall penetration — previously described in Table A.2.3-1.

552 Point 552 is located on the 1 basement floor, centered between the four
primary pumps and is close to the N-S support MS-4 snubber. This
location is central to Model's 14 main piping — previously described in
Table A.2.3-1

892 Point 892 is located on the North wall of the Primary Coolant pump
cubicles some 6-ft below the first floor. It is near rod hangers RH-14A, -
14Aa, -14Ab, -14Ac (Vertical) and PS-20A (Vertical). These are all
supports for 6-in piping.

1340 Point 1340 is located at the ground floor and is near rod hanger supports
RH-14Ad, -14c and-16 and support PS-7. Point 1340 is on the North-West
outskirts of Model 14.

1372 Point 1372 is located on the 1% basement floor, close to the two
emergency pumps.

1577 Point 1577 is located within the Capsule Nozzle Trench area and defines
motion at the outlet reactor nozzles in Model 14.

4014 Point 4014 is located below the 2" basement floor and near Vertical
support MS-1 snubber.

4119 Point 4119 is located below the 2" basement floor where Model 14 piping
connects to and terminates at the heat exchanger’s inlets nozzles —
previously described in Table A.2.3-1.




Calculation Sheet

Page A-59 of A-242
Project: __ ATR Life-Time Extension Project  ECAR No.: ECAR-194 Rev.:. 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: D.T.Clark Date: 09/30/08 Checker: M. J. Russell Date:  09/30/08

As shown in Table A.2.3-3, Model 14 has eleven PSSI point candidates in the Vertical direction.
Figure A.2.3-13 illustrates response spectra for the Vertical point candidates.
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Figure A.2.3-13 — Model 14’s PSSI point candidates for the Vertical direction.

Model 14’s Vertical direction has numerous PSSI point input to select from. Most of the vertical
supports are rod-hangers with just a few horizontal supports. Clearly, points 176 (blue), 1577 (black)
and 892 (brown) envelope all remaining response spectra, with point 892 dominating. A closer look at
points 176 and 1577 (set 2 in the Figure) response spectra is merited. This is done in Figure A.2.3-14.
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Figure A.2.3-14 — Model 14’s set 2 PSSI point candidates for the Vertical direction.

Figure A.2.3-14 is a duplicate of Figure A.2.1-14 (Pilot Model Vertical) and has already been
evaluated, demonstrating that PSSI point 1577 (black) governs. The Pilot and Model 14 both terminate
at the reactor vessel's inlet and outlet nozzles and are governed by point 1577 which is located within
the Capsule Nozzle Trench where the vessel is anchored. Both Model piping lines are held by supports
at the South end of the tunnel near point 176 (blue). As previously justified, point 1577 has been
selected based on physical location, stiffened outlet nozzles, widest frequency band, and cumulative
effect mass response at dominating frequencies. Figure A.2.3-15 shows the response spectra for the
two PSSI point selections (892 and 1577), which are used for Model 14’s Vertical time history input.
Table a.2.3-4 summarizes Model 14’s PSSI Point selections.
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Figure A.2.3-15 — Model 14’s PSSI point selections for the Vertical direction
Table A.2.3-4 lists the orthogonal direction PSSI point selections for Model 14.

Table 2.3-4 — Summary of Model 14 PSSI point selections.

Model 14 PSSI Point Selections
E-W

N-S Vertical

315, 542, 1577 315, 542, 547, 552, 1340

892, 1577
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A.2.4 — PCS Model PSSI Point Selections Summary
The purpose of this section is to summarize the PSSI points selected for each model.

Table 2.4-1 identifies all point candidates, how they are restrained in each PCS model’s direction,
and summarizes the PSSI point selections for each of the three models.

Table 2.4-1 — Summary of PSSI point candidates & selections used within PCS models.

Point Model 3 Model 256 Model 14
Candidates
81 X ew X ew
176 X A X \'%
293 X ew
315 X all X all
319 X ew/v X all
322 X all X all
542 X v X all X ns/v
547 X \'4 X all X all
552 X all X all X all
815 X all X all
892 X \'4 X A
1340 X ns/v X ns/v
1372 X all X all X all
1577 X all X all
4014 X ns/v
4119 X all X all
Selected B 31195’_7575 . EW 42
PSSI
Points NS 552, 815, NS 552,815 NS
1372
\% 552, 1577 v ' v
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Appendix A.3

Time History and Model Damping Development

One output of the engineering calculation “Probabilistic Soil-Structure Interaction Analysis of
TRA-670 [2] (called the PSSI from here forward) is acceleration time histories. These time histories
occur at defined locations in the TRA-670 substructure. For each defined location, nine time histories
are output. The nine time histories consist of the motions in three directions output for each of the three
earthquake directions. One purpose of this section of Appendix A is to describe the process used to
convert each set of nine acceleration time histories into a form used as input for each ABAQUS TRA-
670 piping model. The portion of the time history used for ABAQUS evaluation is also established.

As discussed in the body of this ECAR, the desired modal damping value for the TRA-670 piping
models is 5%. However, the TRA-670 piping models are evaluated with direct dynamic time history
analysis which doesn’t provide an option for modal damping. Consequently, Rayleigh damping is used.
Another purpose of this section of Appendix A is to describe the process used to develop appropriate
Rayleigh damping values for each ABAQUS TRA-670 piping model.

The final purpose of this appendix is to validate programs used in this appendix that require
validation.

The following sections (listed below) contain information used to evaluate the time histories and
model damping development.

A.3.1 Time History Conversion Calculation

A3.2  Time History Duration Calculation

A3.3 Rayleigh Damping Constants Calculation
A.3.3.1 Rayleigh Damping Constants for Model 3
A.3.3.2 Rayleigh Damping Constants for Model 265
A.3.3.3 Rayleigh Damping Constants for Model 14
A.3.4 Validation for Response Spectrum Programs
A.3.4.1 ReSpect Validation

A.3.42 ReSpect vardamp Validation

A3.5 Abbreviated Input File Data
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A.3.1 — Time History Conversion Calculation

Conversion of time histories from the PSSI output to a form that can be used as ABAQUS input
occurs in four basic steps. First, the PSSI output data is converted to a form that can be manipulated in
Mathcad. Second, the time step of the data is reduced from 0.01 seconds to 0.005 seconds. Third, the
drift in the velocity and displacement is minimized. Fourth, the acceleration time histories are organized
into the form needed for an ABAQUS input file.

In order to demonstrate the time history conversion process, the complete process will be
documented for the east-west motion for the output from the PSSI node 81. A similar approach is used
on all of the time histories. Because the Mathcad is written to process multiple nodes at once, the
calculation variables contain more data than is plotted to show PSSI node 81 results.

Table A.3.1-1 below shows the format of the PSSI time histories output. For each of the 32
realizations, the PSSI supplied three files named “TimeHistories X.txt, “TimeHistories Y.txt, and
“TimeHistories_Z.txt representing single direction seismic runs for east-west, north-south, and vertical
directions respectively. Each of these files is organized with x-, y-, and z-direction acceleration time
histories output in order for the first output node. This process is then repeated for all of the nodes
output.

Table A.3.1-1 — PSSI format for the output time histories.

Motion input

Dir. 1 - Realization 1 TH
ACCELERATICN RECORD IN THE X-DIRECTION AT NODAL POINT NO. 7
NO. OF POINTS = 4096

0.003865 0.008706 0.011275 0.010047 0.007263 0.004656 0.001224-0.003105 1
-0.005323-0.003733-0.001433-0.002364-0.006320-0.010787-0.015106-0.019430 2
-0.021935-0.021036-0.018790-0.018288-0.018823-0.017362-0.013658-0.010000 £
-0.000427-0.000201 0.000118-0.000074-0.000329-0.000078 0.000227 0.000031 510
-0.000209 0.000028 0.000297 0.000114-0.000078 0.000141 0.000332 0.000150 511

0.000032 0.000215 0.000269 0.000117 0.000182 0.000235-0.000083 0.000528 512
Motion input
Dir. 1 - Realization 1 TH

ACCELERATION RECORD IN THE Y-DIRECTION AT NODAL POINT NO. 7

NO. OF POINTS = 4096

0.000116 0.000017-0.000196-0.000301-0.000143 0.000190 0.000492 0.000601 1
0.000419-0.000057-0.000638-0.001009-0.000967-0.000549 0.000085 0.000734 2

0.001101 0.000897 0.000167-0.000620-0.000969-0.000781-0.000304 0.000193 3

For ease of import into Mathcad, spaces were added in front of “-“ signs and blank line were
removed. The modified files appear as in Table A.3.1-2 below.
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Table A.3.1-2 — Modified format for the output time histories.
Motion input
Dir. 1 - Realization 1 TH
ACCELERATION RECORD IN THE X -DIRECTION AT NODAL POINT NO. 7
NO. OF POINTS = 4096
0.003865 0.008706 0.011275 0.010047 0.007263 0.004656 0.001224 -0.003105 1
-0.005323 -0.003733 -0.001433 -0.002364 -0.006320 -0.010787 -0.015106 -0.019430 2

-0.021935 -0.021036 -0.018790 -0.018288 -0.018823 -0.017362 -0.013658 -0.010000 C

The modified files were named “TimeHistories X mod.txt, “TimeHistories Y mod.txt, and
“TimeHistories_Z_mod.txt and were imported into Mathcad as variables “Accy, “Accy, and “Acc,
respectively. When read into Mathcad, the first seven lines of data appear as shown below.

0 1 2 3 4 5 6 7 8 9 10
0 0 0 0 0 0 0 0 0 0 0 0
1 0 1 0 0 1 0 0 0 0 0 0
Accy = 2 0 0 0 0 0 0 0 0 0 0 7
3 0 0 0 0 4096 0 0 0 0 0 0
4 | 0.00386| 0.00871| 0.01127 | 0.01005 | 0.00726 | 0.00466 | 0.00122 (-0.00311 1 0 0
5 [-0.00532|-0.00373 |-0.00143 |-0.00236 |-0.00632 [-0.01079 |-0.01511 |-0.01943 2 0 0
6 [-0.02193|-0.02104 |-0.01879 |-0.01829 |-0.01882 (-0.01736 |-0.01366 -0.01 3 0 0

In the array above, the first acceleration time history data is in columns 0 — 7 for 512 rows, starting
at row 4. The time step is 0.01 seconds and moving across each successive row represents forward
movement in time. Column 10, row 2 is where the PSSI node number is put and this pattern is
consistent throughout the array. Knowing this, the acceleration data can be gathered and arranged with
simple subroutines. A first subroutine “sw is defined to convert an array containing one acceleration
time history into a vector containing the same acceleration time history.

sWw(A):= |a« 0
for je 0.. rows(A) -1

a¢e stackLa, (AT)(j)J

a

Next, a vector of the desired node output and the time step are defined.
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(81 )
176
315
319
320
322
542
Nd:=| 547 Nodes being output.
552
815
1282
1340
1372
4014
\ 4119 )

Atj:= 0.01 Time step.

(Note: PSSI nodes 892 and 1577 data were gathered from a second set of PSSI files requested at a
later date in Additional Hazard Consistent In-Structure Response Spectra [19]. These files were named
the same name and processing was performed in the same way. Organization was maintained by having
them in different file directories.)

Having these definitions, a second subroutine “acc is defined to gather and organize the
acceleration data for the defined nodes. The first “for loop in “acc is performed to put time values into
column 0. The second “for loop performs the gathering and organization function. Recognizing that
the only nonzero values in column 10 are the PSSI node numbers, the first three variables are defined to
locate the acceleration time histories for a given node number. The “match command is used for this
task. Each “match command produces a vector with three rows that locate the three acceleration arrays
for the given PSSI node. Next, the “subroutine command is used to gather each acceleration time
history. The “Ay, “Ay, and “A, variables are formed by adding the acceleration time history arrays
for a given direction from the “Acc,, “Accy, and “Acc, variables. Finally, the arrays are converted to
vectors with the subroutine “sw and augmented to the output array named “out. Fig. A.3.1-1 shows
the acceleration data for PSSI node 81.
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out

for ic0. 2"
outj « i-At;

for ie 0.. last(Nd)

indy < match(Ndi , Acc,((m))

indy « match(Ndi : Accy(w))

indy « match(Ndi , Accz(m))
Ay submatri;{Accx, indy, + 2, indy_ +513,0, 7)
+ submatrijAccy, indyo +2, indyo +513,0, 7}

+ submatrix{ Accy, indZO +2, indZO +513,0,7

Ay« submatri)(Accx, indy, + 2, indy, +513,0, 7)
+ submatrix Accy, md},1 +2, mf:ly1 +513,0,7) ...
+ submatrix Acc,, indz1 +2, indz1 +513,0,7

Ay submatrl){Accx, mdx2 +2, |ndx2 +513,0, 7)
+ submatniAccy, |ndy2 +2, |ndy2 +513,0, ?}

+ submatrix{ Accy, indZ2 +2, ind22 +513,0,7

out < augment{out, sw(Ay), sw(Ay), sw(Az))

Node 81 Node 176 Node 315 see
H1 H2 Vv H1 H2 Vv H1 H2 Vv

1 2 3 4 5 6 7 8 9

0 0 0 0 0 0 0 0 0

0.01

0.0033 |-0.0007 |-0.0108 | 0.0003 | 0.0007 (-0.0096 | 0.0045 (-0.0052| -0.014

0.02

0.0085 |-0.0065 [-0.0165 | 0.0035 |-0.0017 (-0.0184 | 0.0092 |-0.0079 (-0.0174

0.03

0.0124 |-0.0145|-0.0197 | 0.0091 |-0.0086 (-0.0235( 0.0113 |-0.0114 |-0.0192

0.04

0.0115|-0.0218 |-0.0243 | 0.0131 (-0.0174| -0.027 | 0.0099 |-0.0158 |-0.0232

QlWN=O

0.05

0.0075 |-0.0264 |-0.0313 | 0.0132|-0.0251 (-0.0319 | 0.0082 (-0.0191 [-0.0292
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Fig. A.3.1-1 — PSSI node 81 east-west acceleration time history.

Fig. A.3.1-2 shows the data in Fig. A.3.1-2 converted to units of in/sec’. (which are the units
output to ABAQUS).

ac:cscﬁo) - acd®

Unit conversion definition

accSc' = dCC- in

secz
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Fig. A.3.1-2 — PSSI node 81 east-west acceleration time history with converted units.

The time step for the data in Fig. A.3.1-2 is 0.01 seconds. The desired time step for evaluation is
0.005 seconds. To add data points, four steps are performed. First, the time history is taken into the
frequency domain with a fast Fourier transform. Second, the Nyquist frequency is doubled and zero
amplitude is applied to all of the added frequencies. Third, the amplitudes are scaled with the square
roots of the numbers of data points. Fourth, the data is transformed back to the time domain with an
inverse fast Fourier transform.

In performing the addition of data, the following variables are defined.
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Aty = 0.01 Initial time step.
Noi:= Iast(accsc-(1)) Initial number of data points.
Noi = 4096
favic= ! Initial Nyquist frequency
Nyi-= 2. At :
fnyi = 50
. 1 i : :
lji=0. 5 Noi Initial counting variable.
i Ny - . .
fi = ] Initial frequency plotting variable.
ij
i M
At:=0.005 Modified time step.
No := 2-Nogj Modified number of data points.
No = 8192
fNy = ! Modified Nyquist frequency
NV oAt '
. 1 E . .
[:=0. X No Modified counting variable.
i- fNy
fj:= 1 Modified frequency plotting variable.
2e

Next, two subroutines are defined. The first subroutine “fftyccsc is written to transform the array

of accelerations to the frequency domain using fast Fourier Transforms. The second subroutine “fftccsc
is written to double the Nyquist frequency and apply zero amplitude to all of the added frequencies.

fftagcese 1= | out « f
for ie.. cols(accsc-) -1
ctut<i> <« fft(submatri)(accsc-<i> ,1,Ngi, 0, 0))

out
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fftaccsc 1= | out « fftacesc'

outjast(f),0 < 0
(o

out™ «f

out

Defining and plotting amplitudes yields the results shown in Fig. A.3.1-3.

ftacesct. i= |(fﬁ;a: . :.<1>). ‘ Initial frequency amplitudes.
ij ij
ftaccset. i= |( ccsc(1))-‘ Frequency amplitudes after doubling the Nyquist
I | frequency and zeroing the added frequency amplitudes
Initial Fast Fourier Transform
T T T T
100 -
fflacesc'1
0 ] I ] l
0 20 40 60 80 100
fi
Modified Fast Fourier Transform
T T T T
100 -
fflacesct
0 ] 1 1 i
0 20 40 60 80 100

Fig. A.3.1-3 — Fast Fourier transform showing added frequency amplitudes.
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One additional subroutine “accs; is written to complete the time history modification. This
subroutine first scales the frequency amplitudes with the square roots of the numbers of data points. It
next adds the appropriate time vector to column zero. Finally, it stacks a row zero that is populated with
zeros. This is cosmetic (and it is done to the initial time history also for display). This causes the last
data point to occur at a time equal to the time step times the number of points (AteN, or Ati*N,;). Fig.
.2.1-4 shows the initial and modified time histories.

accge:= | for ie .. cols(ﬂ’taccsc) -1

@) VNo

out'<i> — iﬂ‘t(ﬂ’taccsc
No'

2

for ie 0.. Ng

tj « i-At

OUtHO,ools(fﬁaccsc)—1 «0
out « stack(out", out’)
(o

out™ «t

out
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Fig. A.3.1-4 —Initial (red) and modified (blue) acceleration time histories.

Having added the extra data points, drift correction is performed. The drift is inherent to the PSSI
output data. Drift correction is performed to reduce the relative motion error between PSSI nodes used
for piping model input. This allows multiple PSSI node time histories to be used in a single piping
analysis that spans over a large area. The expectation is that this drift correction will reduce the error
while not adversely affecting the accuracy of the time histories. Acceptability of the drift correction will
be judged based on how significantly the time histories have been changed. Acceptability will also be
judged based on the relative motion time histories being reasonable.

The first step in drift correction is to identify the drift by integrating the acceleration time history

into velocity and displacement time histories. This is performed using the trapezoid rule numerical
integration as shown below.

dv aj + 8j—1 ; B— .
a= m Vi = Vjq+ T-At Velocity numerical integration.
dx Vi + Vi-1 . - .
X = X = X_1+——At Displacement numerical integration

dt 2
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The subroutine “intg is written to perform the trapezoid rule numerical integration. It first defines
column zero as the time and row zero as populated with zeros. Then it performs a trapezoid rule
numerical integration on the rest of the array.

Inte(a) := out(O) — a(O)
OUtrows(a)-1, cols(a)-1 < 0
for ie 1..rows(a) -1

for je 1.. cols(a) —1

aj i+aj_1 i
outj j«outi_q j+ b - iRl W/

out

Using subroutine “intg, velocity and displacement time histories can be defined. Fig. A.3.1-5
shows the result of these integrations.

velgg := IntE(accsc) Velocity time history.

disge := IntE(velsc) Displacement time history
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Fig. A.3.1-5 — Velocity and displacement time histories.

Realistic seismic velocity and displacement traces have to return to near zero (assuming an
arbitrary cut-off at sufficiently low residual values) at the end of the earthquake. These traces have
“drifted off of that expected end point. To establish the acceleration and velocity correction values, a
least squares curve fit is performed on the displacement time history as shown below.
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Start with the (constant acceleration) displacement equation where "u" is displacement at a point
intime "t,"" ug' is initial displacement constant, "v' is initial velocity constant, and "ag'is a

constant acceleration.

= 1 2
u= ug+Vvot+ E-ao-t

Considering: uy(0) = 0 ==> up = 0
Rewriting the equation with constants:
u= Cot+ ('.)1-t2 Curve fit equation.

Where: Velocity constant= Cp and  Acceleration constant= 2.C4

last(t) 2
Minimize: f(t) =0= Z (CO'ti + C1-ti2 = Ui)
i=0

[last (t) | last (t)
2_ Z (Co-ti + C1-ti2 - ui)z‘ = Z 2-ti-(C0-ti + C1-ti2 - ui) =0
aco_izo | i=0

[ last (t) | last (t)
g Z (Co-ti + C1-ti2 - ui)z‘ = Z 2-ti2-(C0-ti - C1-ti2 - ui) = 0
91| (2o ] i=o0
(last(t) last(t) _ ) ( last(t) A

Z ti2 Z ti3 Z Uit
i=0 i=0 {Co 1. | =0
last(t) last(t) Cq ) last(t)
Z ti3 Z ti4 Z ui-ti2
\i=0 i=0 ) \_i=0 g

(last(t) 5 last (t) 3\'1 ( last(t) h
Z tj Z i Z uj-tj
i=0

Co i=0 i=0
\ = ; ' Least squares curve fit to
Cq ) last(t) last(t) last(t) establish the constants.

Yot Z:“O i Y ut?

\ i=0 Y, \ i=0 )
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Recognizing the summation pattern, a curve fit subroutine is written as shown below. The
“Fitaccofr  Subroutine accepts time “t and displacement “u and its output is a vector containing the
optimized constants for velocity and acceleration.

Fitaccoff(t,u) := | for ie 0.. 1
last(t)

B D "p'(tp)i+1
p=0

for je 0..1
last(t) s
+j+
A5 3 (tp)
p=0
A lB

The “Fitacorr  Subroutine is used to define all of the velocity and acceleration constants into the
variable “C, as shown below.

Ca:i= | for je1. cols(dissc) -1

0Ut<j) «— Fltaccoﬂ{dlSsc(w ) diSS(;(j))
out

The velocity and acceleration constants for the PSSI node 81 east-west acceleration time history
are shown below.

ot [-2.921 <1073 )
0.087 )

Having the acceleration and velocity constants, a subroutine “Acc.y is defined to remove the
associated acceleration drift from all of the time histories. Subroutine “intg 1is then used to calculate the
velocity and displacement time histories.
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(@

Accofi(a, u,t, Cg) := |out « a
for je 1.. cols(a) -1

out(i)ea(j)—2-031 j

out
acCgp = Aocoﬂa(aocsc ,disgg, accgcm> - Ca)
velgg := IntE(accao)

disgo:= |ntE(Velao)

Acceleration time history after constant
acceleration adjustment.

Velocity time history after constant
acceleration adjustment.

Displacement time history after
constant acceleration adjustment.

Fig. A.3.1-6 shows the time history curves after constant acceleration adjustment. For this time
history, the necessity of velocity offset is not obvious. There is a significant velocity offset in the
vertical time history of this same PSSI node (and many others), however. For information, Fig. A.3.1-7
shows the time history curves after constant acceleration adjustment for the vertical time histories of

PSSI node 81.
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Fig. A.3.1-6 — Time history curves after constant acceleration adjustment.
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Fig. A.3.1-7 — Adjusted PSSI node 81 vertical time history curves.
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The velocity constant is more difficult to incorporate considering that it must be incorporated with
a modification to the acceleration time history. The incorporation strategy is to adjust the acceleration
time history with a smooth polynomial curve starting and ending near the start of the acceleration time
history. The initial conditions for the polynomial are zero displacement, velocity, acceleration, and jerk.
The end conditions for the polynomial are a displacement equal to the velocity constant multiplied by
the end time, a velocity equal to the velocity constant, an acceleration equal to zero, and a jerk equal to
zero. The initial conditions are enforced by dropping all polynomial terms lower than a constant
multiplied by time to the fourth power. The remaining constants (“Cpo, “Cp1, “Cpz, and “Cy3 ) are
calculated as shown below.

up(t) = Cport’ + Cp1t®+ Cpa®+ Cpat Displacement
polynomial.
du
o) = —2 = 4Cpot’+5Cprt’+6.0pt7+ 7:Cppt? velocity
polynomial.
dv
ap(t) = —= = 12.Cpot?+20-Cpqt2+30-Cppt* + 42.Cpa Acceleration
dt polynomial.
da _
ip(t) —P = 24-Cpo-t + 60- Cp1-t2 +120-Cp2: t3 +210-Cp3: t4 Jerk polynomial.

dt

attime t4 ==> Up(t1) = vq-tq vp(t1) = v ap(t1) =0 jp(t1) = 0

Substituting and solving for the constants:

vyt = Cpo-t14 - Cp1-t15 + sz-t16 - Cp3-t17
Vi = 4Cpote®+5Cprtst +6:Cppty®+ 7-Cpate®
0 = 12.Cpott®+20-Cpe-ts> + 30-Cpprts* + 42.Cpzte®
} 2 3 4
0 = 24.Cpotq +60-Cp1-t1 + 120-Cpa-t1~ + 210-Cp3z-tq
(.4 5 6 7 )
t t { t
1 1 1 1 oY (vt
at® 5t 6t 74° || Cp ’ Vi ’
12442 20-t9° 30.t4* 42.4,° || Op2 0
5 Cp3 ) 0o )

| 24t 604 120.t4° 210.t4%
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(.4 5 6 i ( -3 )
t t t t 20.vq-t
Cpo ) 1 1 1 1 i) 1t
Cot |_ | 4t 5t° &t  74° vi |_ | 45vitg
Cp2 12442 20-° 30-t4% 42.t1° 0 36.vq-tg >
¢ 0 )
p3 _
/ | 24ty 60-t4° 120-t4° 210-t4* L -10-vy-t47 %

Defining displacement, velocity, and acceleration:

Up(t, v, t1) i= 20-vg-tg~ 26 + —45v-t7 402 + 36.v4 g7 2% 4 10wty O
vp(t, v1, 1) = 4-(20-v1-t1_ 3]-t3 + 5-(—45-v1-t1_4)-t4 + 6-(36-v1-t1_ 5)-t5 + 7-(—10-v1-t1_ 6)-t6
ap(tova,t1) = 12204t %) + 20.(-45vg-ty~ )3+ 30.(36.va-ty~ 5t + 4210wty

ap(t, v1, t1) = —60-v4- 2ty ™ O (7-t = 4ety)- (-t + 1)

Having the necessary polynomial equations, the next step is to determine the time duration of the
polynomial. The duration needs to be short so that it does not occur during the strong motion
(cumulative energy ratio of 5% - 75%); however, it must have enough time step points to produce a
stable result. Engineering judgment and scoping calculations were used to establish that a time duration
of 0.3 seconds (or 60 time steps) produced stable results with a margin of conservatism. Additionally,
Fig. A.3.2-2 below is used to establish that all of the curves for cumulative energy ratios are less than
1% at 0.5 seconds. Consequently, 0.3 seconds can be considered an acceptable time duration. Fig.
A.3.1-8 shows the resulting polynomial motions along with the desired motions for velocity and
displacement. The curves are plotted for a 0.3 seconds time duration at 0.005 second time steps and
they represent the correction needed for the east-west acceleration time history of PSSI node 81.
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The subroutine “Accyoly is written to apply a polynomial adjustment to an acceleration time
history. The subroutine starts with a “while loop that determines the duration of the adjustment. Next,
the acceleration polynomial is defined for the time duration. Zeros are then defined for all the remaining
acceleration time steps. This is done so that the final step of subtracting the acceleration polynomial
time history from the acceleration time history can be performed. The subroutine “Accpoly ait is then
written to perform the polynomial adjustment to all of the acceleration time histories.

Accpoly(t, a,v,xtq, Vo1) = |pe«0
while t_ < t
pep+1
for ie0..p
@umod, < ap(ti, vo1,tp)

umod,gy(py < ©
a — aymod

Accpoly_all(a, v, X, tio, Ca) = |out « a(@
for je 1.. cols(a) -1

Out(j) a<0> N a(p N V(j) s x<}) B tIO}

«— ACCpoly( Cao’j y

out

acCad := ACCpoly_all(accao, Velao, disao, tio, Ca) Adjusted acceleration time history.

The velocity and displacement are then integrated as shown below. Fig. A.3.1-9 shows plots of the
modified time histories.

velaq := IntE(aocad) Velocity time history.

disad := Intg(velag) Displacement time history.
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Fig. A.3.1-9 — Velocity drift corrected time history curves.
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Fig. A.3.1-10 — Fig. A.3.1-12 show the drift corrected east-west, north-south, and vertical
displacement time histories for PSSI node 81 and the additional 14 PSSI nodes evaluated at the same
time. Given the stiffness of the substructure, the global displacements are very similar. These figures
demonstrate the adequacy of the drift correction.
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Fig. A.3.1-10 — East-west drift corrected time history curves.
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Fig. A.3.1-11 — North-south drift corrected time history curves.
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Fig. A.3.1-12 — Vertical drift corrected time history curves.

For further information, the drift corrected acceleration time histories for PSSI nodes 892 and 1577
are read into the Mathcad file and augmented to the variable “acc,q to produce the variable “accyq .
Velocity and displacement are then calculated as below.

velad_alli= |ntE(30°ad_all) Velocity time history.

disad_all:= 'ntE(V9|ad_all) Displacement time history.
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Fig. A.3.1-13 — Fig. A.3.1-15 show the difference between the lowest elevation node (PSSI node
4119) and all of the other PSSI nodes. These plots show reasonable relative motion after drift

correction.
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Fig. A.3.1-13 — East-west differences in drift corrected time history curves.



Calculation Sheet

Page A-90 of A-242
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.:. 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: R. E. Spears Date: 09/30/08 Checker: M.J.Russell Date: 09/30/08
H2 Displacement Difference vs Time
0.15 T . T T T T T T T

disad_all (2)‘disad_all(

) (8 {a4)
disad_all Q—dlsad_dl 01

) (& ¢
disad_an ~ —disad_all

(a4)

) (11
disad all  —disad all
m 0.05

disad_all (M}‘disad_al(
(44)

) an
disad_al  —diSad_al

5 (23 (44)
disad anl  —diSad_al

) ’ {
dlsad_all<26>—dlsad_al 40.05

Displacement [in]

disad_all oL —disad_al(

disad_all (2 —disad_al(“) 01 F

oS IACeEEEERESII - L

S

! ( ) (
disad_all 35>‘d'sad_al

SRERERRNRsos

s T2,
-y £

) { (
disad_all w—disad_al “)_0_15 =
(44)

TEERaI

. (a1)
disad all  —disad_all

disad_all r) ~disad all i
— - _0‘2 -

disad_all o) 'disad_al(

——— L LT
e

1 1 1 1 1 | 1
.2
Ea 0 5 10 15 20 25 30 35 40

i (
disad_all
Time [sec]

Fig. A.3.1-14 — North-south differences in drift corrected time history curves.
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Fig. A.3.1-15 — Vertical differences in drift corrected time history curves.
Considering Fig. A.2.1-10 — Fig. A.2.1-15, the drift appears to have been accurately removed.

To demonstrate the significance of the change to the time histories caused by the drift correction,
the fast Fourier transforms before and after drift correction are calculated and compared in Fig. A.2.1-
16. The fast Fourier transform of the difference is also calculated and it shows that drift correction has
caused an insignificant change to all but the lowest frequency in the fast Fourier transform.
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. (1 o '
fftaccgc := fft{ submatrix\accse  , 1, last{accse  /,0,0 Fast Fourier transform of the
data before drift correction.
fftaccaq := fﬂ(submatrix(accad(1) s 1s Iast[accad<1)) ,0, 0)) Fast Fourier transform of the
drift corrected data.
(1 S
acCgy:= actad — aCCsc
fftaccgr:= fﬂ(submatn'x(accgr', 1; Iast(accgr') 305 0)) Fast Fourier transform of the
difference in the above
curves.

Fast Fourier Transform Amplitudes
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Fig. A.3.1-16 — Fast Fourier transform comparison.

Given the results shown in Fig. A.2.1-10 — Fig. A.2.1-16, the drift correction is judged to be
acceptable.

After drift correction, the only remaining step is to rearrange the time histories into a form that can
be put into an ABAQUS input file. In an ABAQUS input file, the time history is organized in rows that
each contains four time and acceleration pairs. The subroutine “In Amp which is shown below is
written to perform this task. It accepts time and acceleration vectors as input and outputs an array
correctly formatted for ABAQUS.



Calculation Sheet

Page A-93 of A-242
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.:. 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: R. E. Spears Date: 09/30/08 Checker: M.J.Russell Date: 09/30/08

In_Amp(t,a):= |i< 0

j«<0

k0

while i< rows(t)

Outj k< 1

Outj k+1 < @

ie—i+1

kek+2

if k>6
ke 0

jej+1

Out

Having numerous acceleration time histories to process, one further subroutine “In_Tot was

written. This subroutine accepts an array (with similar formatting to “acc,q ) and uses the subroutine
“In Amp to produce ABAQUS formatted arrays for all of the time histories contained in the input
array. The ABAQUS formatted arrays are then stacked with a row of zeros before each new array. The
row of zeros makes final text editing for ABAQUS input easier.

In_Tot(acc) := | spaceg 7« 0
out « space

for ie 1.. cols(acc) -1

dat « In_Amp(acc@ . acc<i>)
out « stack(out, dat, space)

out

A.3.2 — Time History Duration Calculation

The time histories have 40.96 seconds of data. All of this data is put in the ABAQUS input files in
the “*AMPLITUDE portion of the input file. However for efficiency in run time, a reduced time
period is evaluated as defined in the “*STEP portion of the input file. This reduced time is allowed by
ASCE 4 [17] as long as sufficient strong motion duration is included. For this evaluation, the
acceleration time history and cumulative energy ratio plots are used in determining the needed time
duration. Acceptable time duration relative to the acceleration time history is based in part on inclusion
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of the strong motion. Acceptable time duration relative to cumulative energy is based on being beyond
the “shoulder .

The acceleration time histories and cumulative energy studied for time duration selection are from
PSSI node 542 for east-west time histories and from PSSI node 552 for north-south and vertical time
histories. These are selected because they supply input to the largest portion of model mass in the
piping models. Although the most important points are analyzed, the characteristics sought in them are
thought to be uniform among all of the histories because they all originate from the same analysis, an
analysis of a very stiff monolithic structure. The first is processed to define the characteristics, the
second to confirm the uniformity expected.

Fig. A.2.2-1 shows the data points for the thirty-two sets of east-west, north-south, and vertical
acceleration time histories (as established using the process described in Section A.2.1 above). (For
plotting ease, all of the acceleration data for a given direction were stacked into a single vector. An
appropriate time vector was established in a similar manner.)
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Fig. A.3.2-1 — All of the time history duration acceleration time histories.
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The cumulative energy for the acceleration time histories shown in Fig. A.3.2-1 can be found using
ASCE 4, Equation 2.4-2 [17].

t
E(t) = g 8(1)2 dt Cumulative energy
0

The “a in the integral is acceleration and the “t is time. To perform the integration, subroutine
“ey 1s written to perform a trapezoidal rule numerical integration. This subroutine begins by setting the
output to zero at a time equal to zero (with the squared acceleration and time step terms to address
potential ambiguity if units are defined). A “for loop then performs the trapezoidal rule numerical
integration.

et(a, At) = | outp « O-I:(ag)z- At:l
for ie 1.. rows(a) -1

(ai-1)* + (&)

OUt ¢ OUtj_1 + ——————At

out

Considering that the plot data in Fig. A.3.2-1 is gathered into one vector per direction, a second
subroutine “e; 4 1is written to calculate all of the cumulative energy plots for a given direction. The
input for this subroutine is the vector containing all of the acceleration time histories in a direction, the
time step, and the vector containing the stacked time vectors corresponding to the acceleration time
histories. The subroutine initially uses the “match command to establish all of the start points and end
points of the stacked time vectors. The “submatrix command is then used to gather the single
acceleration time history from the stacked acceleration time histories and the subroutine “e; is used to
produce one cumulative energy curve. The curve is divided by its maximum value to produce a
cumulative energy ratio. A “for loop is next performed to generate the remaining cumulative energy
ratio curves and stack them into a single vector. This vector is the output for the subroutine.



Calculation Sheet

Page A-96 of A-242
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.:. 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: R. E. Spears Date: 09/30/08 Checker: M.J.Russell Date: 09/30/08

et allall, At, t) := | tj « match(0, 1)

\
tf matCh(th1—1 : t}

a« submatrix(aa", tio’ tfo, 0, O)
ce « e-t(a, At)

ceg| < ce-max(ce) 1
for ie .. Iast(ti)
a« submatrix{aa", tii, tfi, 0, 0)
ce « et(a, At)
cegl stack( ceg)l, ce-max(ce) 1)

Ceg|l

The subroutine “e; 5 is used to produce the data points for the thirty-two sets of east-west, north-
south, and vertical cumulative energy ratios. This data is plotted in Fig. A.3.2-2.

Near the end of many time histories in Fig. A.3.2-1, there is a noticeable growth of the time history
amplitude. This abnormality is part of the PSSI output. It can be observed as a lower post “shoulder
level with an increase near the end of the curve in the cumulative energy ratio (in Fig. A.3.2-2). For this
evaluation, it will be viewed as model error and its affects will be treated as such in the time history
duration calculation. This represents a part of the time history which will not be used in the piping
model evaluations (as it is outside the evaluated time history duration identified below). Consequently,
this abnormality should not adversely affect the model results.
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Cumulative Energy Ratio vs Time
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Fig. A.3.2-2 — Cumulative energy for all of the time history duration time histories.

Considering the acceleration time histories in Fig. A.3.2-1, a point in time 20 seconds into the
seismic event is beyond the strong motion and the motion that follows is gradually decreasing (ignoring
the abnormal amplitude growth at the end of some time histories). Fig. A.3.2-2 shows that 20 seconds is
also beyond the “shoulder and at a point where the cumulative energy ratio is greater than 90%.
Consequently, 0 - 20 seconds is an acceptable time history duration.

A.3.3 — Rayleigh Damping Constants Calculation

The piping model runs are all performed with direct integration and Rayleigh damping. Rayleigh
damping follows the equation



Calculation Sheet

Page A-98 of A-242
Project: ATR Life-Time Extension Project ECAR No.: ECAR-194 Rev.:. 0
Title: ATR Primary Coolant System Seismic Evaluation
Authors: R. E. Spears Date: 09/30/08 Checker: M.J.Russell Date: 09/30/08

where the subscript “i indicates a specific mode, & is the modal damping, ® is the natural frequency,
and o and B are Rayleigh damping constants. The purpose of this section is to establish the Rayleigh
damping constants for each model.

Finding the Rayleigh damping constants is a multi-step problem. First, the 5% damping response
spectra are found for the thirty-two sets of east-west, north-south, and vertical acceleration time histories
(as established using the process described in Section A.3.3.1 below). Second, a modal analysis is run
on the given piping model in a gravitationally loaded state to establish the effective mass versus natural
frequency. Third, the 80" percentile time histories for each direction are established relative to the
response spectra and effective mass. Fourth, the effective mass is used to establish the lower point
where the Rayleigh damping curve crosses the 5% damping curve. Fifth, Rayleigh damping constants
are found that cause the Rayleigh damping curve to cross the 5% damping curve at the selected lower
point and a reasonable upper point. Sixth, the Rayleigh damping response spectra are found using the
80" percentile time histories and the Rayleigh damping constants. The seventh step is to generate a
cumulative weighted response curve. This uses the curve generated by subtracting the 5% damping
response spectra from the Rayleigh damping response spectra. The weighted response is then the
effective mass at each natural frequency multiplied by the difference in response spectra at that natural
frequency (corresponding to the effective mass). These values are then summed for the significant
effective mass values in all three directions. If the sum produces a positive number, then the Rayleigh
damping values are considered acceptable.

A.3.3.1 — Rayleigh Damping Constants for Model 3

In the first step for calculating Rayleigh damping constants for Model 3, the 5% damping response
spectra are found for the thirty-two sets of east-west, north-south, and vertical acceleration time histories
(as established using the process described in Section A.3.1 above). The time histories are from PSSI
node 542 for east-west time histories and from PSSI node 552 for north-south and vertical time histories
(These points are central to all of the models and are used for establishing damping in all of them). The
response spectra analyses are performed with the ReSpect (see Appendix A.3.4 for validation) program
with a separate report (.rpt text file) file for each run. Each report file contains 10 columns (columns 0 —
9). Column 0 is time, column 1 is east-west acceleration, column 2 is vertical acceleration, column 3 is
north-south acceleration, column 4 is east-west displacement, column 5 is vertical displacement, column
6 is north-south displacement, column 7 is east-west velocity, column 8 is vertical velocity, and column
9 is north-south velocity. The output of ReSpect is a print (.prn text file) file containing 5% damping
response spectra at 300 frequency points between 0.1 Hz and 100 Hz. Each print file contains 19
columns (columns 0 — 18). Column 0 is frequency, column 1 is relative east-west displacement, column
2 is relative east-west velocity, column 3 is relative east-west acceleration, column 4 is relative north-
south displacement, column 5 is relative north-south velocity, column 6 is relative north-south
acceleration, column 7 is relative vertical displacement, column 8 is relative vertical velocity, column 9
is relative vertical acceleration, column 10 is total east-west displacement, column 11 is total east-west
velocity, column 12 is total east-west acceleration, column 13 is total north-south displacement, column
14 is total north-south velocity, column 15 is total north-south acceleration, column 16 is total vertical
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displacement, column 17 is total vertical velocity, and column 18 is total vertical acceleration. (The
variable ordering for the ReSpect program was driven by the output format for ABAQUS.)

The thirty-two print files containing all of the response spectra are read into a single Mathcad file.
The total acceleration response spectra are extracted for each direction and written out as three Excel
files (to reduce the volume of unneeded data). Further processing is done in another Mathcad file. In

the new Mathcad file, the Excel files are read into three variables named “RS_05y;, “RS 05y, and

“RS _05v , defined for the east-west, north-south, and vertical total response spectra respectively.
Column 0 for each file is frequency and column number and realization number match for the rest of the
columns.

For the second step, effective mass values for the Model 3 modes are needed. To accomplish this,
a modal analysis is run with the input file “model3 fr 9-26-08.inp in ABAQUS (as shown in Fig.
A.3.3.1-1) to find all natural frequencies occurring between 0 Hz and 50 Hz. (The response spectra
show very close to rigid body response for natural frequencies above 50 Hz. Consequently, the above
50 Hz natural frequencies are not considered significant for the damping calculation.) Upon completion
of the model runs, effective mass in all three directions versus frequency are gathered from the
“model3 fr 9-26-08.dat file and read into the Mathcad variable “dat’. Column 0 in the variable
“dat’ is the number assigned to each mode. Columns 1 — 6 are the effective masses for the 1 — 6
directions (where the 1-direction is north-south, the 2-direction is vertical, the 3-direction is east-west,
and the remaining directions are rotational and not needed). Column 7 is not used and has zeros in it.
Column 8 is the natural frequencies associated with the effective mass values. The last three rows of the
variable “dat’ are a row of zeros, a row with the summed effective mass values, and a row with the total
model mass (repeated for only the 1-, 2-, and 3-direction effective mass columns). Below are the last 6
rows of the variable “dat’.

0 1 2 3 4 5 6 7 8
95 96 0.088 1.992:10 4 0.033| 9.24-104 467.89| 6.25-104 0 47.231
96 97 0.05 0.012 0.015( 1.529-105 | 2.202-105| 1.056-104 0 49.286
dat' = |97 98 0.048 p.677-10 -3 0.392 6-104| 6.445-103 | 1.968-104 0 49.744
98 0 0 0 0 0 0 0 0 0
99 0 506.81 549.95 511.66 | 3.758-108| 5.331:108| 7.91-108 0 0
100 0| 583.057( 583.057| 583.057 0 0 0 0 0

The array “dat’ is then used to define the following variables.
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