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1 PURPOSE
US NRC Regulatory Guide 1.20, Revision 2 [1] requires that a comprehensive vibration assessment
program (CVAP) be conducted for prototype reactors, which includes the following elements:

1. Vibration Analysis Program - Section 2.1 of the Regulatory Guide 1.20
2. Vibration Measurement Program - Section 2.2 of the Regulatory Guide 1.20
3. Inspection Program - Section 2.3 of the Regulatory Guide 1.20
4. Documentation of Results - Section 2.4 of the Regulatory Guide 1.20

The Westinghouse AP1000® reactor design is categorized as a prototype [1]. Therefore, a four-part
CVAP described above will be performed to satisfy the aforementioned programs.

The pre-test and post-test documentation, described in Sections 2.5.3, 2.5.4 and 2.4 of the Regulatory
Guide 1.20, will be provided in a number of reports submitted by Westinghouse as described below:

* Pre-test report - this will be a topical report consisting of:
o Vibration analysis methodology, response predictions for all reactor internal components,

test conditions, measurement locations and pre and post test inspection program
o Expected responses of sensors and acceptance criteria

" Post-test reports:
o Preliminary test report - this report provides the measurements, comparison of

measurement with acceptance criteria, and inspection results

o Final (reconciliation) report - this report provides a detailed comparison of predictions and
test measurements and inspections and reconciles any significant deviations and anomalies

In order to support the instrumentation design and installation for the AP1000® prototype, the
measurement, test, inspection and analysis plans are being expedited. These plans are documented in the
following two reports:

1. "Vibration Analysis Plan for the AP1000 Comprehensive Vibration Assessment Program
(CVAP)"; WCAP-17534. This report describes the methodology that will be used in deriving
forcing functions for various test conditions and performing predictive analyses for all internal
components

2. "AP1000 Comprehensive Vibration Assessment program (CVAP) Measurement, Test and
Inspection Plan"; WCAP-17584. This report describes the methodology for selecting types of
measurements and locations, test conditions and inspection locations.

These two reports will be incorporated, along with the results of predictive analyses in an AP1000®
topical report. This topical report will replace the WCAP-15949, Rev. 2, June 2007 [2] and WCAP-
16687, Rev. 1, March 2007 [3]. The topical report will satisfy the Regulatory Guide 1.20 Sections 2.5.3
and 2.5.4 for COL holders.

WCAPs 17534 and 17584 represent a description of the methodology that is currently planned as of the
writing of this document. If it is found necessary to change one or more aspects of the methodology, as
the analysis progresses, then appropriate changes will be implemented and reported in the pre-HFT
predictive analysis report.
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2 ANALYSIS PLAN

2.1 PREDICTIVE ANALYSIS

Westinghouse will analyze the AP1000® RVI components to determine the flow-induced vibration (FIV)
levels expected during CVAP test and normal steady-state operating conditions. The FIV evaluation will
be based on the following considerations:

1. Best-estimate operating conditions (flow rates and coolant densities) will be used for the analysis.

2. FlV forcing functions for vortex shedding, random turbulence, pump pressure pulsations, and vessel
motions will be considered.

3. Root mean square (RMS) responses will be developed for components that are subjected to
significant excitation.

4. A peak-to-RMS ratio of [ ]a,c will be used to determine peak stress values for random vibration.

5. A peak-to-RMS ratio of [ ]pc will be used to determine peak stress values for the periodic pump-
induced pulsations where applicable.

6. The endurance limit will be applied to the combined response from vortex shedding, random
turbulence, pump pulsations and vessel motion.

7. The square root of the sum of squares (SRSS) method or the direct sum method will be used to
combine the responses from the different loads depending on the nature of the load.

8. The endurance limit is based on the ASME fatigue curve austenitic steels [4] at 1011 cycles.

The evaluations are expected to show that all reactor vessel internal components satisfy the 13.6 ksi
endurance limit; therefore, the vibration levels of the AP1000® RVI components will have acceptable
structural integrity over the expected 60-year design life.

2.2 SUMMARY FOR PLANNED CVAP TESTING APPROACH

The planned approach for conducting the AP1000® CVAP tests is to subject the RVI components to
vibratory forces that are practically achievable and are as close as possible to those expected during
normal hot full power (HFP) operation (see Section 6 for further discussion). Westinghouse plans to
confirm accuracy of the FIV prediction methodology by comparison to the CVAP tests measurements.
This methodology will then be used to develop forcing functions and calculate structural response at
normal HFP conditions to confirm the adequacy of the AP1000® FIV characteristics for the 60-year
design life.

2.3 SUMMARY FOR ANALYSIS DELIVERABLES

The following deliverables will be provided to satisfy Regulatory Guide 1.20:

1. A series of calculation notes will be created to document the detailed calculations of the
vibratory forcing functions acting on the RVI for CVAP analysis conditions.

2. A series of calculation notes will be created to document the detailed calculations of the RVI
components modal analysis for the CVAP analysis conditions.

3. A series of calculation notes will be created to document the detailed calculations of the RVI
vibratory responses for the CVAP analysis conditions.
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The pre-HFT Predictive Analysis report will include the following:

o theoretical hydraulic and structural models

o natural frequencies and mode shapes for the structures

o forcing functions for random and periodic forcing mechanisms

o calculated hydraulic and structural responses

o comparison of hydraulic and structural responses between the CVAP tests and normal
operating conditions

o expected hydraulic and structural vibratory responses at the measurement stations for
CVAP instrumentation, and

o test acceptance criteria and their basis
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3 RVI COMPONENT DESIGN

The RVI shown in Figure 3-1 are part of the reactor system. The RVI include the core support structures
(CSS) and internal structures (IS). The main function of the CSS is to provide direct support and restraint
of the core (i.e., fuel assemblies within the reactor vessel). The IS are defined as all other structures
within the reactor vessel (RV) that are not CSS and not fuel assemblies, control rod assemblies, reactor
vessel flow skirts (RVFSs), and instrumentation. The IS include structures that enable movement of the
control rods, support and protect the incore instrumentation tube assembly (IITA), support the irradiation
specimen capsule assemblies, provide neutron shielding of the RV, and direct the emergency injection
flow downward along the vessel annulus. Both CSS and IS are designed to provide for coolant
circulation through the core for all operating conditions.

The RVI consist of two major assemblies: the lower internals (Figure 3-2) and the upper internals (Figure
3-3) plus the hold-down spring (shown in Figure 3-2).

3.1 LOWER INTERNALS ASSEMBLY

The lower internals assembly consist of the core barrel (CB) flange, CB (cylinder or shell), lower core
support plate (LCSP), secondary core support structure (SCSS), core shroud (CS), lower radial support
keys, irradiation specimen basket, neutron shield panels (NSPs), direct vessel injection (DVI) flow
deflector, DVI flow diverter, and related attachment hardware. The SCSS includes the vortex suppression
plate (VSP), secondary core support columns (SCSCs), energy absorbers, and baseplate.

The RVI, when assembled in the RV, provide appropriate guidance, protection, alignment, and support
for the core and control rods to enable safe and reliable reactor operation. The lower internals CB flange
is supported by the RV ledge, and is restrained to preclude unacceptable upward movement by the hold-
down spring. The lower end of the internals is restrained against rotational and/or lateral movement by
lower radial support keys that engage the clevis insert located on the RV lower head.

During reactor operation, the CB serves to direct the coolant flow from the RV inlet nozzles into the
down-comer annulus, through the RVFS, and into the RV lower plenum below the LCSP. The flow then
turns and passes upward through the LCSP and into the core region. A small amount of flow bypasses
the core to cool the RV head and CS. Also, bypass flow can occur at the RV outlet nozzle via the gap
between the RV and CB outlet nozzle.

The fuel assemblies are located inside the CS and rest on the LCSP. The lower ends of the fuel
assemblies have locating features that, when engaged with the matching parts of the LCSP, position the
lower ends of the fuel assemblies. The LCSP is welded to the lower CB and is perforated to allow
passage of core coolant. The lower radial support keys are attached to the LCSP and provide rotational
and/or lateral support to the core and the CB lower end.

The CS is a welded structure located inside the CB. The top of the CS is supported by four alignment
plates that are bolted to the inside diameter (ID) of the CB. The bottom of the CS is pinned and bolted to
the LCSP. The CS directs coolant flow through the core. Coolant flow passes through holes in the
opening between the LCSP and the CS assembly to remove gamma-generated internal heat in the CS.

The irradiation specimen baskets and neutron shield panels are attached to the outside diameter (OD) of
the CB. The irradiation specimen baskets are bolted to the CB at the core mid-plane elevation. The
neutron shield panels are bolted to the CB OD surface in the beltline region of the core to shield the RV.
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The RV DVI nozzles introduce cold water into the down-comer during several different transient
conditions. The DVI flow deflector is attached to the CB and directs flow downward in the down-comer.
Located just below the DVI flow deflector is the DVI flow diverter. The DVI flow diverter redirects the
coolant flow away from the CB and downstream components attached to the CB OD.

3.2 UPPER INTERNALS ASSEMBLY

The upper internals assembly is located above the core and consists of the upper support assembly (USA)
flange, skirt or cylinder, upper support plate (USP), upper support columns (USCs), upper core plate
(UCP), instrumentation grid assembly (IGA), lower guide tubes (LGTs), upper guide tubes (UGTs), and
related attachment hardware. The guide tubes (GTs) house and guide rod control cluster assemblies
(RCCAs) and gray rod cluster assemblies (GRCAs), which are interchangeable. The RCCAs and GRCAs
can be withdrawn through the upper core plate (UCP). They are aligned and supported by the GTs when
they are withdrawn from the core.

When installed within the RV, the bottom side of the USA flange is supported by the hold-down spring.
The top side of the USA flange is supported by the RV head to preclude unacceptable upward movement.
The USA flange is positioned within the RV flange, relative to the lower internals CB, by head and vessel
alignment pins (HVAPs). During installation of the lower internals, the HVAPs position the CB flange
relative to the RV flange.

The upper internals support the top end of the fuel assemblies. The fuel assemblies are individually
positioned at the UCP by fuel assembly alignment pins. The UCP lateral motion is restrained by four
alignment plates that are attached to the CB. During operation, coolant flows up from the core through
the UCP into the upper internals. Then, the flow exits out of the upper internals through the CB nozzles,
and flows outward through the RV outlet nozzles.

3.3 INSTRUMENTATION GRID ASSEMBLY

As illustrated in Figure 3-1 and Figure 3-3, the IGA sits on the top surface of the USP and within the
confines of the USA cylinder. Figure 3-4 illustrates the IGA major components. The IGA and the upper
internals assembly provide a protective path from the Quickloc instrument nozzles through the USC to the
top of the fuel assemblies for the fixed in-core flux detectors and core exit thermocouples (also referred to
as the UITA).

3.4 REACTOR VESSEL FLOW SKIRT

The RVFS is characterized as a perforated upright circular cylinder attached to the RV lower head, below
the lower internals LCSP; see Figure 3-1. Perforations in the RVFS cylinder act as a diffuser to distribute
the turbulent down-comer flow into the RV lower head plenum. The API000® RVFS design employs
six rows of staggered holes, using a triangular hole pattern, for a total of [ I a,c holes. The two rows on
top, as show in Figure 3-5, are separated from the four rows on the bottom by a reinforcing ring, or
flange. The flange is welded to the inside radius of the RVFS.

3.5 OTHER STRUCTURES INTERNAL TO THE VESSEL

The CRDM guide funnel extension tubes and guide funnels cover and guide the drive rod assembly
through the vessel head and into the Upper Guide Tubes (UGTs). The guide funnel extension tubes and
guide funnels can be observed in Figure 3-1, just above the UGTs. Each of the 69 funnel extensions
thread into one of the Latch Housing Assemblies (LHA), which are welded to the vessel head. Due to the
curvature of the vessel head, there are 14 unique funnel extension tube lengths depending on their radial
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location relative to the axial centerline of the RV. The structural designs of the funnel extension tubes
and guide funnels are commensurate with the most recent designs installed and operational within legacy
Westinghouse plants.

SECONDARY CORE
SUPPORT STRUCTURE -"

Figure 3-1: Reactor Vessel General Assembly
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/ VIEW C-C
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Figure 3-2: Lower Internals Assembly
Note: DM = dissimilar metal

APP-C VAiP-GES-002 
April 2012

APP-CVAP-GES-002 April 2012
Revision 0



WESTINGHOUSE NON-PROPRIETARY CLASS 3 3-5

A__ A

ViEW A-A

Figure 3-3: Upper Internals Assembly
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Figure 3-4: Instrumentation Grid Assembly
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Figure 3-5: Reactor Vessel Flow Skirt
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4 CVAP FUNCTIONAL REQUIREMENTS

The US NRC Regulatory Guide 1.20, Rev. 2 [1], requires that a CVAP be conducted for new prototype
reactors, which includes:

1. a Vibration and Stress Analysis Program,
2. a Vibration and Stress Measurement Program,
3. an Inspection Program, and
4. an Evaluation Program.

The Westinghouse AP1000® reactor design is categorized as a prototype design, per guidance from [1].
Therefore, a four part CVAP will be carried out to satisfy the above requirements for the initial unit. All
subsequent units will be categorized as Non-Prototype Category 1, unless substantial differences in
arrangement, design, size, or operating conditions are implemented.

The functions of the CVAP are to verify the structural integrity of the RVI prior to commercial operation,
and to comply with the recommendations of the NRC Regulatory Guide 1.20.

The objective of the Vibration and Stress Analysis Program is to analyze the RVI for all steady state and
anticipated transient conditions corresponding to preoperational and initial startup tests and normal
operating conditions. The analysis program shall consist of a vibration analysis for all steady state and
anticipated transient conditions corresponding to preoperational and initial startup test and normal
operating conditions. This includes creating structural and hydraulic models, determining natural
frequencies and associated mode shapes, and estimating random and deterministic forcing functions. The
analysis program shall also calculate expected and acceptable responses for each vibration measurement
program sensor location, and determine acceptance criteria for the vibration measurement program.

The analysis program shall be performed once in support of the first AP1000® Prototype Category I
plant. If the APl000® design changes substantially for later plants, then additional analysis may be
necessary in the future to ensure compliance with Regulatory Guide 1.20.

The objectives of the Vibration and Stress Measurement Program are to verify the structural integrity of
the RVI, determine the margin of safety associated with steady state and anticipated transient conditions
for normal operation, and verify results of the Vibration and Stress Analysis Program. These objectives
shall be achieved by placing appropriate transducers throughout the RVI to monitor significant lateral,
vertical, and torsional motions of major RVI components in all significant modes of vibration and their
hydraulic responses. These transducers shall be monitored and their data recorded for all steady state and
anticipated transient modes of operation, including expected RCP speeds and combinations. These
transducers shall also be monitored and recorded for an amount of time with plant operation at normal
operating modes to ensure that each critical component has experienced at least 106 cycles of vibration,
computed at the lowest natural frequency for each component.

The vibration measurement program shall be performed on the AP1000® Prototype Category I plant. If
the AP1000® design changes substantially for subsequent plants, a new vibration measurement program
may become necessary in the future.
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The objective of the Inspection Program is to provide a quantitative and qualitative verification of the
results of the analysis and vibration measurement programs by inspecting the load bearing elements, all
restraints, welds, fasteners, and any areas indicated as critical by the analysis and vibration measurement
programs before and after the HFT. The inspection program shall include a tabulation of all RVI
components and local inspection areas, specific inspection areas to be used to verify segments of the
CVAP, and a description of the inspection procedure including examination method, documentation,
access provisions, and any specialized equipment used during inspection. The base-line pre-HFT
inspections shall take place just prior to RVI insertion into the reactor vessel. Post-HFT inspections shall
take place immediately following removal of the RVI from the reactor vessel.

The inspection program shall be performed on every APi0008 plant; that is, on the initial API000®
Prototype Category I plant and on every subsequent Non-Prototype Category I AP 1000® plant.

The final objective of the AP1000® CVAP, taken as a whole, is to verify the structural integrity and
establish the margin of safety for the AP1000® RVI for the design life of the reactor. This shall be
accomplished by evaluating the results from the analysis, the measurement, and the inspection programs.

The first part of the evaluation program is to confirm that the measurements are consistent with the pre-
test analysis predictions. The second part of the evaluation is to confirm that the measured responses meet
the acceptance criteria. The third part of the evaluation is to confirm from the results of the inspection
program that any observed wear indications are consistent with the analysis and measurement programs.
The results from these three evaluation parts will be used to conclude the acceptability of the FIV
characteristics of the AP 1000® RVI components for the plant design life.
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5 METHODOLOGY

5.1 FORCING FUNCTION MIETHODS

The RVI components are subjected to several categories of flow and acoustic related loads:

1. narrowband vortex shedding (cross-flow)

2. broadband turbulence (cross-flow or parallel flow sources)

3. pump-induced acoustic pulsations

5.1.1 Vortex Shedding

One of two phenomena occurs for cross-flow induced vibrations: vortex shedding or random turbulence.
The appropriate phenomenon for a given application depends on the Reynolds number associated with the
flow situation.

Vortex shedding occurs due to alternate separation of the boundary layer flow from the shoulders of a
cylinder, or bluff body in a periodic manner. The separation process generates alternate vortices being
produced in the downstream wake of the cylinder. This process produces periodic forces acting in the
perpendicular direction and in the parallel direction to the velocity vector. There are discrete frequencies
associated with these periodic forces. If one of the vortex forcing frequencies is sufficiently close to a
structural natural frequency, then the vortex shedding frequency locks-in, or takes on the frequency of the
structure and large structural responses occur. Conversely, if the vortex shedding frequencies are
separated from the natural frequencies of the body by a sufficient amount, then the "lock-in" phenomenon
does not occur. Criteria for assessing whether or not lock-in occurs are discussed in Section 5.1.1.2.

5.1.1.1 Vortex Shedding with No Lock-in Phenomenon

Reynolds Number

For vortex shedding excitation by cross-flow, the alternating lift coefficient, alternating drag coefficient,
and associated forcing frequencies number are functions of the Reynolds number. The Reynolds number
is defined in Equation 5 -1:

Re = UD
V (Equation 5-1)

Where:

U = cross-flow, or approach velocity

D = width of the object perpendicular to the flow direction

v = kinematic viscosity of the flow

The Strouhal number is defined in Equation 5-2:

S = fD
U (Equation 5-2)

Where:

fs = frequency of vortex shedding

Table 5-1 summarizes parameter properties.
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Table 5-1: Cross-flow Parameter Dependence on Reynolds Number
NormalizedReynolds Strouhal Correlation

FlV Number Alternating Lift Alternating Drag Number (S) Length (Lc/D)
(Re) Coefficient (CL) Coefficient (CD) Nge Range

Range Range Range
(Lc =2X)

Subcritical - 0 - 2x10 5  0.65 [5, Figure 3] 0.06 0.18-0.20 3-6
Periodic

Supercritical - 2xl1'- 0.1 -0.2 0.1
Random 4x10 6  [6, Figure 3a] [6, Figure 3b] N/A 1 - 3

Transcritical - 4XI06 _

Periodic 1xl0 8  0.3 [5, Figure 3] 0.03 0.25 -0.3 3 -6

Table 5-1 is a conservative expression of the available data. The correlation length (Lc) is defmed as the
length over which vortex shedding is correlated. Reference [6] was used to develop the correlation
lengths for cross-flow. A value of S is not given for the supercritical range of Reynolds numbers because
turbulence cannot be characterized by a single frequency.

Calculation of Force or Force Spectra

Forces or force spectra due to vortex shedding or turbulence are normally expressed in terms of the fluid
dynamic pressure, as shown in Equation 5-3:

For the vortex-shedding Re range = 0 - 2x10' and 4x1 06" 1xl08, the alternating lift force is:

FL = xCL- r2 )x Ax sin(2(r x fsx t)
(Equation 5-3)

Where:

A = projected area = D x L

L = length of the object

p = fluid mass density

= factor that depends on correlation length

t = time

In addition to the fluctuating lift load, a fluctuating drag load (FD) will occur parallel to the direction of
incoming flow. The alternating drag force (FD) is shown in Equation 5-4.

FD =T xCDX 121 x Axsin(4r x fý xt)
(Equation 5-4)

The drag force occurs at twice the vortex shedding frequency. It is typically an order of magnitude
smaller than the oscillating lift force. This is consistent with [6, page 5 and Figure 3b]. Based on this
information, the relationships shown below are used for the frequency and magnitude of the fluctuating
drag force (fD and FD):

fD = 2HL
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FD = O.1FL

Values of CD are bounded by values of CL. Several methods are available for estimating the correlation
factor (y):

Method 1 [5]:

2cL
Tl= LC ;L >2Lc

rLL

TP =1; L <2Lc

Where: Lc = 2L.

Method 2 [7]:

T=1/lL ffe4. ' ')ad dae' [Integrations of x' and x" are over the length (L).]

T', = ý-• I - (f-(1- exp(- L))]
(Equation 5-5)

Equation 5-5 yields T' 2 = 0 when ?/L is << 1 and approaches unity when X/L >> 1. Since results from the
two methods do not differ greatly, the most convenient value of TP is used. In this report, correlation
factors are conservatively assumed to be equal to unity for all internal components, except the core
support barrel and core shroud. For these components, y2 was used in the axial and circumferential
directions.

5.1.1.2 Vortex Shedding with Lock-in Phenomenon

If either of the vortex shedding frequencies (lift or drag) is close to a natural frequency of the structure
being excited, then lock-in can occur. In this situation, the vortex shedding frequency locks-in, or
assumes the frequency of the structure's natural frequency. If the structure is lightly damped and is
flexible, the structure and vortex shedding process can produce very large deflections, which can be
destructive. The design approach is to avoid the occurrence of this phenomenon.

The ASME Code [4, Section N- 1324.1 (a)] lists several criteria for assessing whether or not lock-in may
occur:

1. For lock-in to be avoided in the lift and drag directions, cross-flow velocity at the first structural
mode must satisfy:

U <1

flD

Where:

U = fluid cross-flow velocity
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f, = first mode natural frequency of the structure

D = characteristic length of the structure, usually a diameter or width for a slender component

2. For a given vibration mode, if the reduced damping satisfies:
Cn >64= "•M,

p D2 fq 2(x) dx

Where:

= 6,d2rt = fraction of critical damping in air

M. = f m(t) qpn 2(X) dx = the generalized mass

Then lock-in will be avoided for that mode.

3. For lock-in in the lift direction to be avoided and to be suppressed in the drag direction for vibration
mode n, the cross-flow velocity at the mode must satisfy:

U <3.3

fnD

Cn > 1.2

4. For lock-in in the lift direction to be avoided in the ntb mode, the natural frequency in the nth mode
must satisfy:

f, < 0.7 fS or f, > 1.3 f,

Where: fs = vortex shedding frequency.

It is only necessary to satisfy one of the preceding criteria to determine that lock-in is avoided for the
structure of interest.

These lock-in tests will be performed for each structure that is subjected to the vortex shedding
mechanism.

5.1.2 Turbulent Buffeting

For the turbulence Re range = 2x10 5 - 4x10 6:

5.1.2.1 Slender Components

Turbulent force spectra are generally expressed in terms of power spectral densities (PSDs), as shown in
Equation 5-6:

F 2  ~2[AXPU CLfD]2 ~F=Ty22x Ax xC D x xGý

L k )2k I (Equation 5-6)

Where:

F2 = mean square lift force

f* = reduced frequency tD/U

G = spectrum function of f*
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S and P* have the same definition. The difference is in the interpretation: S applies to a single vortex
shedding frequency and f* covers the frequency range of the turbulent spectrum.

5.1.2.1.1 Single Cylinders

Several expressions (based on correlations with experimental data) for G(f*) are available in the
literature. The Mulcahy relationships [7] for single cylinders are shown in Equation 5-7 through Equation
5-11.

Mulcahy GL(f*) lift force spectrum is:

2L U

Where: the Mulcahy spectrum function for lift is:

GL (f*) = -Lo forf* < 0.22,

GL(f*) = 2.34 x 10-3 0*)-4 4)Lo forf* > 0.22

(Equation 5-7)

(Equation 5-8)

(Equation 5-9)

The Mulcahy drag force spectrum function is shown in Equation 5-10 [7]:

GD(f*) = do/(1 + 472(/*)2)

For large values of turbulence intensity, Mulcahy gives:

(Equation 5-10)

(Equation 5-11)4)Lo = 0.074 and 43D0 = 0.027

5.1.2.1.2 Tube Banks [81

Blevins [8, Section 7.3.2] gives expressions for turbulent buffeting for multiple tubes arranged in a tube

bank.

Blevins GL(f*) best estimate force spectrum is:

F 2LD~ UJDJ (Equation 5-12)

Where:

G(f*) = 4xl0-4(f*)-°5 for 0.01 < ft*< 0.2,

= 3x10-6(f*)-3 "5 for 0.2 < f* < 3,

(Equation 5-13)

(Equation 5-14)

where U = inter-tube, or gap velocity

5.1.2.2 Large Surface Components

Components like the RV, core barrel (CB), and core shroud (CS) can experience turbulent loads.
However, unlike smaller components, they are too large for turbulence to be simulated by a single
turbulent force. Instead, they must be divided into uncorrelated "patches". Then, the RMS forces
determined for these patches are applied randomly. [ I a,c circumferential patches will be used to
define the turbulent forcing functions for the CB and RV, yielding an angle of [ ] a,c. [ ] a,c axial
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patches are used to define the forcing functions of the CB and RV. For the CS, the interior vertical
surface is divided into patches having a width of approximately [

Sa,c are used. [

a,c

This section provides the analysis approach used to develop turbulence pressure spectra for application to
the lower internals CB, RV, and CS components. The analysis is based on widely accepted
methodologies within the nuclear industry and other industries. The bases for the approach used for the
AP1000® plant can be found in [9] and are described below.

5.1.2.2.1 Down-comer Pressure PSDs (Core Barrel and RV)

Gp (x, f) will be the pressure PSD in the vessel down-comer, where x is the position on the CB surface.
The pressure PSD used for this analysis is found in [10] and is of the form shown in Equation 5-15:

G (X, f) = (pU u2 Ow(f) (units of pressure2/Hz) (Equation5-15)

U

Where:

p = fluid mass density

U = fluid velocity

5 = annular radial gap between the CB and RV

0(f *) = dimensionless quantity containing the spectral content of the turbulent flow field annulus

The reduced frequency, f*, is defined in Equation 5-16:

f = f8 (Equation 5-16)
U

Where: f = frequency in Hz.

The "mean" down-comer spectra, qofif*), is determined by Au-Yang in [10] and is summarized in
Equations 5-17 and 5-18:

p(f*) = 5x10"z e"3 22 (f*) for f* < 1.0 (Equation 5-17)

tp(f*) = 7.19x10"3 e-1"28 (f*) for 1.0 < f* < 5.0 (Equation 5-18)

This down-comer spectrum can be considered representative for pressurized water reactor plants of the
type for which Au-Yang obtained relationships using experimental data [10]. The use of this spectrum
for the AP 1000® plant is appropriate because the AP 1000® plant is a pressurized water reactor of similar
general configuration and flow rate as that used for the derivation of the down-comer expressions in
Equations 5-17 and 5-18.

5.1.2.2.2 Determination of Down-comer Force PSDs

Equivalent and independent force PSDs, G#(f), acting on discrete patches will be used to determine the
turbulent loading of the CB and RV inner surface. The relationship between force PSD and pressure PSD
for a given patch is shown in Equation 5-19 [10]:
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Gf (f) f f y(x, ,xf) G,(x, f),• (x", f )dA dA, (units of force 2/Hz) (Equation 5-19)

The double area differential over dA' and dA" can also be expressed as:

dA d'= dz'dz" (RdO')(RdO")

The integration ranges are patch dimensions (0 - Lz) and (0 - L0), where L, and L0 = RdO are the patch
widths in the z and 0 directions, dO is the angular width of the patch, and R is the outer radius of the CB
or inner radius of the RV.

The coherence function y(x', x", f) in Equation 5-19 can be expressed as [11, 12]:

f~e, ) = rz(Z',z",f)reA, ', f)

(Equation 5-20)

_( ,RI"-)et )
o(9', 0", f) = e (Equation 5-21)

In the previous equations, 2- and 2A are experimentally determined correlation lengths in the z and 0
directions [10]. If the pressure PSD is a strong function of position, the quadruple integral in Equation 5-
19 is difficult to numerically evaluate. In the present case, however, Gp(x, f) is assumed to be constant
over the integration patch and Gp (x, f) = Gp(f). Therefore, the quantity in Equation 5-19 is:

GP(x',f)GP(x", f) = Gp(f)

Furthermore, because there is no variation in Gp(f) over the patch, it can be taken outside the integrals to
yield Equation 5-22:

Ge (f) = GP f) ex dz' e dzff

x Re ex R dO' exp R 1 j'-O" (Equation 5-22)

The integral indicated in Equation 5-22 can be evaluated analytically to yield:

Gf (f) = Gp(f)F: (2ý,Lz)Fo(,o,Lo)

Where:

FL(rL) 0

Equation 5-19 thus becomes:

Gf (f) = (pu2)2 (5 /U)(f )F.(2_ ,L:) (2,L,)

(Equation 5-23)

(Equation 5-24)

(Equation 5-25)
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F7(X•, L.) and F0(o0,L8) are calculated from Equations 5-23 and 5-24. Equation 5-25 is the relationship
that will be used to determine the force PSDs for the patches in the down-comer. Correlation lengths X•
and 40 from [11] are expressed by Equations 5-26and 5-27, respectively:

A_ /6= 0.37 + 7.24 exp(- 7.450f*) (Equation 5-26)

A0 / . = 0.16 + 7.57exp(- 2.459f *) (Equation 5-27)

5.1.2.2.3 CS Pressure PSDs

The approach to determine the turbulent force PSD for the CS during the CVAP is similar to that for the
CB, except that:

1. The core shroud vertical height is divided into [

a,c

2. The expressions for the turbulent pressure PSDs for the jetting regions and for the developing
boundary layer in pipes and ducts are obtained from the literature,

3. The correlation lengths for the jetting region are represented by [
] a,c and

4.

a,c

Otherwise, the same expressions given by Equations 5-15, 5-16, and 5-19 through 5-25 apply to the CS.

An expression for the turbulent pressure PSD in the mixing region of an expanding jet is developed from
[31, Figure 6(b)] as:

GP 69 = (PU2)2 D/U o (") (units of pressure 2/Hz) (Equation 5-28)

where D = exit diameter of the flow holes in the LCSP,

and where the spectrum function (p (f*) is developed from [31, Figure 6(b)]:

•o (p*= 39.3181E-04 x (f*) 1'2 7 1) forf* < 0.38, (Equation 5-29)

= 11.6322E-04for 0.38,for 0.38 <f"* < 0.46,

= 2.210E-04 x (1t) (-2 1365)forf*> 0.46.

Correlation lengths X, and A, for the lower region of the CS are estimated to be equal to one-half of the
fuel assembly width, or:

X = X, = 0.5 x fuel assembly width. (Equation 5-30)

The expression for a developing turbulent pressure PSD for a boundary layer on a flat plate is given in
[10, Figure 8.15] as:

Gp (f) = 2;r(pU -)2 -(c (units of pressure2/Hz) (Equation 5-31)
U
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In the preceding equation, 6 is the displacement thickness of the developing boundary layer [10, Section
8.9]:

3 = 0.37 x/Re,,'- (Equation 5-32)

In the preceding equation:

x = vertical distance along the CS wall, starting from the lower end

Re = Reynolds number based on the distance x

C0* = CO 6/U

co = 27rf

Spectrum function (p(co*) is taken from [10, Figure 8.14]:

=o(co 4.80x10-5 for co*< 1.2 (Equation 5-33)

= 8.235x10-5 (Co*)-2. 9 97 
W* for co* > 1.2. (Equation 5-34)

Correlation length X, for the upper region of the CS is more closely represented by the boundary layer
displacement thickness, and the lateral length X, is approximated by the fuel assembly width, or:

X 8=8 (Equation 5-35)

= fuel assembly width. (Equation 5-36)

5.1.2.2.3.1 Determination of CS Force PSDs

Equivalent and independent force PSDs, G/f0, acting on discrete patches will be used to determine the CS
turbulent loading. The relationship between force PSD and pressure PSD for a given patch is the same as
that for the CB and RV, as given in Equation 5-19, or:

Gf (f) = (pU2 )2 (1/U)C(f* )Fz (2., L_ )Fx(.AxLx) (Equation 5-37)

5.1.2.2.3.2 Analysis Conditions for Large Surface components

The analysis conditions for which pressure spectra must be calculated are given in Section 7.2.
Turbulence pressure spectra for the CB, RV, and CS will be determined at each of the given analysis
conditions. This will be done by substituting the appropriate variable values for velocity, density, and
reduced frequency for a given analysis condition into the expressions given above to solve Equations 5-
25, 5-33, and 5-34.

5.1.3 Coolant Velocities

The forcing function relationships in Sections 5.1.1 and 5.1.2 require defining coolant velocities in order
to determine the flow-induced forcing functions. This section describes the approach to define the
required coolant velocities in the RV regions.

5.1.3.1 Down-comer Region

The coolant velocity in the down-comer will be based on the bulk average velocity using flow rate/flow
area, or Q/A (bulk average velocity divided by area), methods. The turbulence-induced pressures are the
primary forcing function in the down-comer. The Au-Yang turbulent pressure PSD correlation in Section
5.1.2 is based on the bulk average velocity in the down-comer; therefore, the bulk average velocity
represents the appropriate velocity to be used.
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5.1.3.2 Lower Plenum Region

The coolant velocities approaching the SCSS columns and VSP will be determined using flow rate/flow
area, or Q/A, methods. An imaginary cylindrical surface will be used to encompass the outer row of SCSS
support columns, in order to calculate a flow area immediately upstream of the SCSS columns. The
average coolant velocity passing through this imaginary surface area will be calculated based on
consideration of flow continuity, accounting for the amount of incoming flow that passes up into the core
region before reaching this surface. The average coolant velocity will be multiplied by a factor at the
cylindrical surface to account for axial and azimuthally non-uniformities in the velocity approaching the
SCSS columns. A similar imaginary cylinder will be drawn around the inner row of SCSS columns, and
the process will be repeated to determine the approach velocity for the inner SCSS columns.

5.1.3.3 Core Shroud Region

The CS region will not contain fuel assemblies during the CVAP tests, so the region will function
basically as a duct. Full flow restrictors (FFRs) will be installed on the underside of the UCP. The FFRs
will provide the effective core hydraulic resistance. Because of the hydraulic resistance of the LCSP and
because the full core resistance will be imposed at the exit plane of the core region through the use of the
FFRs, the global flow distribution within the empty core shroud region will be relatively uniform.

There will, however, be a region of higher velocities in the lower portion of the core shroud volume due
to the diffusion of the coolant jets entering the region from the LCSP. This diffusion region will occur
over a vertical height of approximately [ a,c. The jet
velocity exiting from the LCSP will be used to characterize the velocity in the forcing function
correlations in Equations 5-28 and 5-29 in this lower region.

A second region will exist above the diffusion region, where the jets have diffused, and the flow
distribution is expected to be relatively uniform and low in value. In this second region, the flow
conditions along the core shroud vertical walls will be characterized as a developing turbulent boundary
layer. A bulk average velocity will be used to characterize the velocity to be used with the forcing
function correlations in Equations 5- 31 through 5-34 for the second region.

5.1.3.4 Upper Plenum Region

The flow entering the upper plenum from the UCP will turn 900 to the horizontal direction, and move
towards the two outlet nozzles. The flows will pass by through the gaps between the LGTs and the USCs
as it makes its way to the outlet nozzles. These two flows will be balanced for normal four-pump
operation.

The upper plenum velocity distribution will be calculated using the UPPLEN2 code [17, 24], which
solves for the flow distribution in the plenum using a potential flow solution approach. The blockage
effects of the individual components, such as the LGTs and USCs, are then super-imposed on the flow
solution to estimate velocities passing each component. Comparison of steady-state forces based on
UPPLEN2 velocities with measured loads has shown the calculated loads to be conservative [30]. The
axial distribution of loads on the components agrees qualitatively with what is expected. The local
velocities will be used with the Blevins cross-flow turbulence correlation (Equations 5-10 through 5-12)
to determine the flow-induced forcing functions.
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5.1.3.5 Upper Head Region

The coolant velocities in the upper head region will be determined using the computational fluid dynamic
(CFD) code STARCCM+ [29]. The CFD model will simulate the physical boundaries of all IGA
components (except the IITA tubes), the UGTs, the funnel tubes for the control rod drive mechanism
(CRDM) drive shafts, the inner surface of the upper head, and the upper surface of the USP. The UTA
tubes are not modeled explicitly because of the large number of tubes, their complex routing, and their
small cross-sections. Because of their small cross-sections, the IITA tubes are not expected to
substantially disturb the more global aspects of the flow distribution in the upper head region.

The CFD model will incorporate the inlet and outlet flow rate boundary conditions expected during the
CVAP tests. The resulting coolant velocities from the CFD model will be used in conjunction with the
vortex and turbulent buffeting correlations to define the forcing functions acting on the components in the
upper head.

5.1.4 Pump-induced Pulsation Loads

Pump-induced pressure pulsations at the one-per-revolution and vane-passing frequencies could
potentially cause significant loads on plant components if they occur at acoustical modes of the RCS. To
provide a continuous internal circulation path for the core coolant flow, the AP1000® plant has four
reactor coolant pumps (RCPs) connected to the vessel down-comer by means of cold leg piping and two
return hot legs, one each to one of two steam generators. A method for predicting the pump-induced
pulsation loads using the ACSTIC2 computer program is described in [13]. ACSTIC2 was used to model
the AP1000® reactor coolant system and to evaluate acoustical loads acting on RVI components.

This study will consider three pump excitation frequencies for the analysis: the pump rotational speed,
double the first frequency, and the vane passing frequency (seven times the first frequency). To
determine the pump forcing functions for the analysis, pressure amplitude data at the pump discharge
station, as measured in model pump tests and scaled to reactor operating conditions, will be used.

5.1.4.1 AP1000® ACSTIC2 Model

The ACSTIC2 computer code discretizes a compressible fluid system into nodes and discretizes the flow
path links between them into multi-dimensional arrays.

Due to symmetry considerations, a one-half symmetry ACSTIC2 reactor coolant system (RCS) model
will be used (two half loops). This model will consist of a steam generator, RCP, hot leg, cold leg, RV,
and internals. The nodes in ACSTIC2 represent sub-volumes of the RCS, and are connected by flow
paths in one-, two-, or three-dimensional arrays. In the prediction model, the piping, steam generators,
pumps, hot leg, and cold leg will be simulated one-dimensionally. The vessel down-comer and core
shroud region will be simulated two-dimensionally. The lower plenum, core, and upper plenum will be
simulated three-dimensionally. Figure 5-1 illustrates the distribution of nodes in the RV. The ability of
ACSTIC2 to analyze multi-dimensional wave propagation is demonstrated in [14].

5.1.4.2 Acoustic Loads

5.1.4.2.1 Pump-induced Pulsations

The RCP acoustic source levels are inferred by scaling to full-size conditions from laboratory tests
conducted on [ ] b,c scale model AP1000® pumps [32]. The scaled source levels are applied at the
exit planes of the RCPs in the ACSTIC2 model with the acoustic pressure wave propagation calculated
throughout the RCS.
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ACSTIC2 results yield radial, axial, and azimuthal absolute pressures and differential pressures, or
pressure gradients, for the RVI components and RV. The pressure gradients will be extracted from the
ACSTIC2 results and will be tabulated for all primary upper and lower internals components (including
the upper and lower support plates, guide tubes, support columns, IGA, CB, CS, SCSS, and RV). The
tabulated results will conservatively represent the maximum pressure load amplitudes over a pre-
determined (e.g., +/-10% or lower, with justification) band of frequencies around each of the pump
frequencies to allow for uncertainties in fluid properties, modeling details, and other effects. These
maximum gradients and absolute pressures will be compared to the results of reference plants where data
are available [2].

Two types of ACSTIC2 computer runs will be used to evaluate the pump-induced vibration conditions:
all RCP pumps in-phase and two RCP pumps 1800 out-of-phase, with the other two in the opposite loop.
For the pump in-phase case, some loads (like the CB beam loadings) are trivial by definition. Other loads
on components in the vertical direction (like the LCSP) are trivial for the out-of-phase case. Some of the
resulting in-phase or out-of-phase loads can be trivial, depending on the RVI component, due to
symmetry consideration. For example, the in-phase acoustic loads result in a zero net force for core
barrel beam modes due to the in-phase pressure on either side of the barrel canceling. However, all load
conditions will be explicitly analyzed. The maximum results from either analysis condition will be used
for predictive results on a component basis.

ACSTIC2 analysis results of reference plants have been compared to test data with good correlation [ 15].

Therefore, it is expected that the results of the AP1000® ACSTIC2 analysis predict the responses in the
AP 1000® plant with reasonable accuracy.
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UPPER HEAD
(210 & 510)

UPPER PLENUM -
(196-204, 469-504)

DOWNCOMER NODES
(21-60, 321-360)

CB-CS ANNULUS -
(261-284, 561-584)

CORE CAVITY
(97-168, 397-468)

LOWER PLENUM -
(61-76, 361-376)

Figure 5-1: Distribution of ACSTIC2 Nodes in AP1000® RVI
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The analysis conditions for which acoustic pressure gradients and absolute acoustic pressures must be
calculated are given in Section 7.2. Acoustic pressure gradients for all primary RVI components given
above, as well as absolute acoustic pressures for application to the RV, will be determined at each of the
conditions given in Section 7.2

During RCS pump startup, the coolant temperatures vary from 70'F to 557'F and the RCP rotational
speeds vary ftom I I ac rpm. Since pump excitation frequency is proportional to
rotational speed and since the coolant sound speed increases with temperature, the chances of a pump
rotational frequency passing through an acoustic resonant condition are nontrivial. As such, an ACSTIC2
analysis will be explicitly run for all the conditions given in Section 7.2 (i.e., frequency, sound speed and
bulk modulus will be varied and run explicitly for RVI acoustic pressures). Running each condition
explicitly properly accounts for possible RCP frequency toRCS acoustic mode *interactions that could
occur at different operating conditions.

5.1.4.2.2 Turbulence Excitation of the System Fundamental Acoustic Mode

Full-scale test data from the Doel 4 [16] 3YL plant suggests the presence of an RCS acoustic mode just
below [ ] bc, unrelated to RCP shaft rotation frequencies. As such, estimates of the acoustic pressures
of an AP10008 system mode will be made. As described in [2], this estimate was completed previously
using a combination of ACSTIC2 results, a finite element analysis (FEA) of the upper internals, and test
data from [ 16] and will be updated for current conditions.

5.1.5 Fluid Elastic Instability

The phenomenon of fluid-elastic instability involves the interaction of the fluid flow passing through or
past a structure, typically a tube bank arrangement. The passage of flow excites the structure, thereby
inducing structural deflections. These deflections, in turn, affect and modify the flow distribution and can
cause increased loadings on the structure. The interaction of structure and flow may create an instability,
which increases the exciting forces and can provide negative damping. The structural responses tend to
increase exponentially once a critical fluid velocity is exceeded; the resulting large deflections can lead to
failure of the structure.

The only components that may be subjected to fluid-elastic instability would be the UGTs, LGTs, and
USCs in the reactor upper plenum region. These components form a tube bank of sorts. But fluid-elastic
instability of these components is highly improbable because the components are relatively rigid and there
is a long history of successful operation of these components in Westinghouse plants. Therefore, the
fluid-elastic instability phenomenon is not expected to be an issue for plants with the APIOOOO reactor
design.

5.1.6 Galloping

Galloping is a phenomenon similar to the fluid-elastic instability in tube banks, except that galloping
usually involves a single flexible, lightly damped structure (such as a slender non-cylindrical body).
When cross-flow passes such a body, the resulting flow forces can result in deflections of the body, which
then farther aggravates the forces and deflection. The deflection may increase until the flow pattern
changes (such as due to a stall or flow separation) and/or the damping increases enough to suddenly
reduce the fluid forces. This would reduce the structural deflection, whereby the process then repeats
itself
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The only area where galloping may occur in the AP 1000 plant design is in the upper head region where
the IGA is located. Most of the associated IGA components are cylindrical in shape, but there are some
non-cylindrical shaped vertical supports for the IITA tubes. These non-cylindrical supports fall into two
categories:

1. Long square-shaped IGA supports located on the periphery of the IGA, which tend to be subjected to
cross-flows primarily over the upper portion of the supports.

2. Shorter plate-shaped IGA supports located more centrally within the UGTs in the upper head region,
which tend to be subjected to both parallel and cross-flows.

These components will be assessed to determine if they are susceptible to galloping.

5.1.7 Vessel Motion

5.1.7.1 Approach and FE Model

Vessel base motion effects on RVI can be a primary source of vibratory energy for some components. As
such, vessel base motion effects will be evaluated with respect to each of the RVI components. The
primary sources of vessel motions are turbulence oscillatory pressures in the down-comer and lower
plenum and RCP acoustic pulsations due to shaft and pump blade rotation. The vessel base motion
influences the internals through the USA and CB interface with the RV. Vibratory loads from the vessel
are transmitted through this interface and potentially impact all internals components. As such, RVI
component structural analyses will incorporate the reactor equipment system model (RESM) RV base
motion results via displacements and/or accelerations applied to the RV/USA/CB flange interface in their
respective finite element models.

The RV base motion will be determined by a forced response analysis using the AP1000® FIV RESM
[23], a system fluid-structure finite element model including the RV, all RV/RCS connection stiffness',
and all internals components. The RESM model can account for RV/internals structural impact forces,
internal forces, moments, and displacements based on either transient dynamic, harmonic, or PSD
analyses, all with or without the fuel installed. Hydrodynamic mass and fluid-structure coupling are
accounted for using the same methodology described for the sub-component finite element models in
Section 5.2.2.3.

The FIV RESM model explicitly models the following RV and RVI components:

1. Upper Internal Components (Figure 3-3)

" USA

* UGTs

" LGTs

" USCs

* UCP

* IGA guide studs

" The IGA mass and inertia effects are simulated in the model.

2. Lower Internal Components (Figure 3-2)

* CB
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* CS

* Hold Down Spring

* NSPs

* LCSP

* SCSS

* inserts, keys, and studs

3. IGA (Figure 3-4)

4. Reactor Vessel, Support Stiffness' and RCS Piping Stiffness'

5.1.7.2 Vessel Motion Forcing Functions

FIV forcing functions that will be applied to the RESM are down-comer turbulence pressure spectra,
lower plenum turbulence pressure spectra, and RCP-related acoustic pump pulsations throughout the RV.
Turbulence related to flow in the upper head will not be applied because the flow rate through the upper
head is very low compared to the lower internals (-1.5%) and because the flow is controlled by small jets
that are one inch in diameter. The latter point indicates that the general flow spatial scales will be very
small with characteristically higher frequencies. As such, the RV will have a trivial response to these
upper head forcing functions.

5.1.7.3 FIV RESM (FEM) Benchmarking for Vessel Motion

The calculated AP 1000® FIV RESM frequencies will be compared to the assembly FEMs used as the
primary numerical tools for CVAP RVI predictive analyses and modal test data as described in Section
5.2. As the assembly models will be specifically benchmarked against modal test data and legacy data,
the FIV RESM model will be compared to the assembly model results and adjustments made accordingly.

As there will be no AP 1000® vessel motion test data to compare to until after CVAP testing is complete,
the AP1000® FIV RESM will be compared to a commensurate legacy FIV RESM for a legacy plant of
similar design. The comparison/benchmarking results will be used to make any necessary adjustments to
the AP1000® FIV RESM model.

5.2 FINITE ELEMENT MODEL AND MODAL ANALYSIS METHODS

5.2.1 Modal Testing

5.2.1.1 Modal Testing Method

The IGA modal test will be performed on the test mockup in the Westinghouse Windsor, CT, 20
International Drive facility. The test mockup model will be fabricated to be similar to incore
instrumentation thimble assembly (ITA) tubes in the Quickloc Nozzle Location "A2" cluster.

The resulting data will be compared against predictions obtained using an ANSYS FEA. This
comparison will be used to validate the significant mode shapes and frequencies predicted by the ANSYS
FEA and to quantify the bias and uncertainty of the FEA model.

Accelerometers will be placed at locations predicted by the ANSYS FEA to produce the highest response
over the 10 Hz - 150 Hz frequency range. The input force will be generated by an electromagnet shaker.
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During the modal test, accelerometer responses to shaker input at multiple locations will be recorded.
The IGA modal characteristics, as natural frequencies, mode shapes and damping will be compared to
FEA predictions.

The sequence of steps followed for the testing is shown in Figure 5-2.

PRE-TEST
ANALYSIS

ON-SITE MODAL
TEST

Modal Test Analysis

Inputs:

" ANSYS modal solution with
BC's used for modal testing

" Wireframe model or geometry
of FE model

Set-Up (16 hrs)
* Install sensors
" Route cables, setup test

equipment

Modal Test Report:

" Provide mode shapes and
Frequencies for the significant
modes requested

" (Optional) damping matrix and
stiffness coefficients for FEA
correlation

Objective of Pre-Test
Analysis:
e Determine the optimal location

of measurement sensors to
capture significant mode
shapes

Run Modal Test (16 hrs) +
clean up time (4 hrs)

a Perform the shaker testing
o Continuously perform the

measured data quality checks
FEA Validation Report

FEA comparison with Modal
Test Results

Final Data Product:
" Electronic files of raw time

history measurements
" FRF, coherence functions,

Output: auto spectra for each
" Create the refined Test excitation

Wireframe * Digital Pictures
" Export to LMS Test. Lab e Test Logs (equipment used,

calibration info, gain, settings,
data acquisition runs etc)

Figure 5-2: Sequence of Activities for 1
otes: BC = boundary conditions

FE = finite element
FRF= Frequency Response Function
LMS = is a registered trademark of LMS International

Mlodal Testing
Nt

5.2.1.2 Modal Testing Details

The FEA model will be evaluated by comparing the predicted response at selected locations with test
measurements at a number of frequencies in the 10 Hz -120 Hz range. The FEA will be used in both pre-
and post-test analyses. In the pre-test mode, the ANSYS FEA will provide estimates of the significant
peak frequencies and mode shapes, assuming 1% damping with justification. This information will help
specify where to place accelerometers for optimum response during the test. In the post-processing mode,
the damping and peak frequencies will be corrected to more closely match the measured data. Model
bias, uncertainty, and other error measures will be evaluated at these frequencies.
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The FEA model will be validated using the percentage error between the measured and predicted
frequencies. A comparison table for each component will be produced, listing each mode by frequency
(see the example in Table 5-2). The mode shapes will also be compared at the same time to ensure one-
to-one correspondence between the frequency and the mode shape.

Table 5-2: Sample Tabular Comparisons of Frequency

Modal Testing ANSYS Modal Analysis

Natural Frequency (Hiz) Natural Corrected Natural DifferenceFrequency (Hz) Frequency (Hz)
49.91 47.02 48.10 -3.6%
51.51 50.56 .51.73 0.4%

89.03 93.44 95.59 7.4%
100.86 97.28 99.53 -1.3%

The comparison will be performed by minimizing the absolute value of the bias
according to the equation below.

A, = Ibi +u

and the uncertainty,

(Equation 5-38)

In the preceding equation:

Jbu = total error

I b I = absolute value bias

u = uncertainty

b k=,tAmk-ck
xk{(Ack)

U N k=,,= (A nk--Ack)

maxk{Ack}

In the preceding equation:

Amk = measured acceleration at accelerometer k

Ack = computed acceleration at the same location

N = number of accelerometers

maxcktAck} = maximum acceleration used in the normalization to compute bias and uncertainties for the
peak response

It will be necessary to adjust the structural damping since the actual damping will not be precisely known
prior to the test. Additionally, the 1% damping value permitted by the US NRC [1] for an operational
stress analysis does not apply to the test measurements because the surrounding environment during the
test, ambient air, is not representative of the operational condition.
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The estimate of structural damping will not contribute to the bias and uncertainty values. This is because
the damping value for the analysis of operation condition is specified as 1% and because the bias and
uncertainty values developed pertain to effects of modeling idealization.

No compensation will be made for errors originated during the test. Possible significant error sources
include measurement noise introduced by the data collection system and errors in the positioning of the
accelerometers. The coherence between the input force and the accelerometer response will be used as
test data quality acceptance criteria.

5.2.2 Finite Element Model and Modal Analysis

The predictive structural analyses will be primarily conducted using three finite element reactor internal
assembly models, i.e. the upper reactor internals, the lower reactor internals, and the IGA (see Section
5.2.2.1).

The assembly models are detailed enough for a component stress calculation. They also account for
structural interactions among components (see Section 5.2.2.2). Appropriate hydraulic coupling of the
components are included in the model (see Section 5.2.2.3). When more detailed stress calculation is
needed, individual component models and submodels will also be used.

The current design analyses of the flow skirt, CRDM guide funnel extension tubes, and guide funnels
showed that the components meet the ASME fatigue criteria considering FIV. The flow skirts with
similar design in the existing operating plants have not experienced any FIV issues. The flow skirt,
CRDM guide funnel extension tubes, and guide funnels are not instrumented during the CVAP test. The
CVAP reports will review the design analyses of these components and summarize the applicable
operation experiences. These components will be inspected before and after the CVAP test.

5.2.2.1 Assembly Model

The three finite element reactor internal assembly models are:

1. Upper Internal Components (Figure 3-3)

" USA

• UGTs

* LGTs

'0 USCs

* UCP

* IGA guide studs

* threaded structural fasteners and welds

" The IGA mass and inertia effects are simulated in the model.

2. Lower Internal Components (Figure 3-2)

* CB

* CS

* NSPs
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" irradiation specimen basket

" DVI flow deflector

" LCSP

* SCSS

* inserts, keys, and studs

3. IGA (Figure 3-4)

5.2.2.2 Boundary Conditions and Structural Interaction

The structural interactions of components within the assembly models are accounted for by the model
itself.

During the CVAP test, there is no core in the reactor. Therefore, there is no structural interaction between
UCP and LCSP. The upper and lower internals are separated by the hold-down spring at CB and USA
flanges. The CB flange, USA flange, and hold-down spring are included in both the upper internals and
lower internals models to simulate the stiffness of the joint.

The IGA support pins and locating pins are supported by the USP. The mass and inertia effects of the
IGA on the USA are simulated in the upper internals assembly model. The USA displacement can be used
as an input to the IGA analysis.

The GT section properties and joint stiffness' are calculated and compared to the available test data.

5.2.2.3 Fluid-structure Coupling and Hydrodynamic Mass

Fluid coupling exists between the CB and the CS, as well as between the CB and the RV. Coupling
matrices connecting the CB, the CS, and the RV are used to account for this effect. These matrices are
developed based on the hydraulic coupling of cylinders with narrow gaps. The method was benchmarked
before during the previous CVAP of existing plants.

The fluid coupling between the LCSP and the UCP is weak due to the large distance between the two
components. The CVAP report will compare the frequencies of the LCSP, the UCP, and the core cavity.

The hydrodynamic mass method is used for components with weak fluid coupling to other structures such
as the SCSS. Tube bank type of hydrodynamic masses are applied to the GTs and SCs. Depending on the
direction of vibration, the hydrodynamic masses in the three orthogonal directions may be different.

5.2.2.4 Modal Analysis and Benchmarking

Both in-air and in-water frequencies of the components will be calculated.

The calculated in-air frequencies and the modal shapes of the IGA will be compared to the hammer test
result if the modal test results are available.

The GT in-air frequencies and the modal shapes will be calculated and compared to the available test
results of GTs with similar design.

The calculated in-water frequencies and modal shapes of all components will be compared to the
available test results of previous CVAPs of existing plants, with necessary adjustments for plant
differences.
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5.3 STRUCTURAL RESPONSE ANALYSIS METHODS

The same FE model is used for both modal and structural response analyses. The material properties are
adjusted based on the test conditions.

5.3.1 Damping Ratio

A damping ratio of 1% is generally used in the structural analysis. This is generally considered to be
adequate for the FIV analysis of reactor internals [1]. However, modal test results, previous CVAP tests
and literature may provide more specific damping information for certain specific components. The
damping ratios from these resources may also be used in the analysis with adequate justifications.

5.3.2 Pump Pulsation

A harmonic response analysis will be used to predict the vibratory responses due to a pump pulsation-
induced hydraulic pressure load. Analyses are performed for input pressure loads at different pump
pulsation frequencies. An excitation frequency sweep will be performed. The pump pulsation loads will
contain a peak-to-RMS ratio of [ ] a,c to produce peak loads.

5.3.3 Vortex Shedding

As stated in Section 5.1.1.2, the vortex shedding lock-in for slender structures will be checked using the
principles outlined in ASME Boiler and Pressure Vessel Code, Section III, Appendix N [4].

In addition, harmonic response analyses will be used to predict the vibratory responses due to vortex
shedding. The analyses will be performed for both the drag force and the lift force. An excitation
frequency sweep will be performed.

5.3.4 Random Turbulence Excitation

A PSD analysis will be used to predict the vibratory response due to the random turbulence pressures
using the pressure PSD input. A peak-to-RMS ratio of [ ] a,c is used to convert RMS response to peak
response.

5.3.5 Vessel Motion

The RV motion is input to the upper internals and lower internals models as base excitation at the RV
flange. The input to the IGA may be taken from the USP response or directly from the vessel motion
forcing functions. Time history, harmonic, or PSD analyses will be performed to calculate the structural
response based on the forcing function received.

5.3.6 Fluid Elastic Instability

As stated in Section 5.1.5, for tube bundles, such as the GTs and the support columns, fluid elastic
instability will be checked using the principles outlined in ASME Boiler and Pressure Vessel Code,
Section III, Appendix N [4].

5.3.7 Axial Leakage Flow Excitation

Axial leakage FIV or instability can occur if there is flow through narrow channels around flexible
structures. For the AP1000® internals, the coolant flows through the gap between the CB and the NSP.
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However, based on operational experience and the fact that the NSP is a stiff structure, axial leakage flow
instability is not expected to occur for this design.

5.3.8 Galloping

Galloping is unlikely to occur with the AP1000® reactor internals design. As stated in Section 5.1.6, the
only area where galloping may occur in the AP1000® plant design is the IGA in the upper head region.
The non-cylindrical IGA supports will be assessed to determine if they are susceptible to galloping.

5.3.9 Response Prediction and Benchmarking

The structural responses from all forcing functions will be combined to produce the overall predicted
response at the sensor locations. The combination will consider the phases of different loads and the
random nature of the loads. Both direct sum and SRSS methods are used to combine the results.

To support the uncertainty evaluation of the predictions, sensitivity studies are planned in the following
areas:

1. Finite element model mesh convergence study.

2. Correlation study of load patches where PSD applies.

3. Sensitivity study of the potential non-linear boundary conditions such as the bolted joints.

The predicted responses will be compared to the available test results of previous CVAPs of existing
plants, with necessary adjustments for plant differences.
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6 CVAP REACTOR TEST CONFIGURATION

6.1 TEST VERSUS OPERATIONAL CONFIGURATIONS

The RVI configuration for the CVAP tests will be the same as those for normal operation, with the
following exceptions:

1. The reactor will contain no fuel assemblies.

2. CVAP instrumentation will be temporarily installed on the RVI, with instrumentation leads protected
by tubing, or channels, leading up towards the upper head region. The CVAP instrumentation will
consist of accelerometers, strain gages, pressure transducers, and linear differential voltage
transformers.

3. Four of the 24 spray nozzles, which allow flow to pass from the down-comer to the upper head
region, will be temporarily plugged during the CVAP test to allow instrumentation leads to pass up
into the upper head to the instrumentation nozzles.

4. Three of the UGTs will be temporarily replaced during the CVAP test with "caps", which will allow
instrumentation leads to pass up into the upper head to the instrumentation nozzles.

5. FFRs will be installed on the underside of the UCP to provide the core hydraulic resistance during the
CVAP test to drive cooling flow into the upper head region.

6. Flow restrictors will be installed in the top end of the UGTs to simulate the hydraulic resistance
supplied by the extension shafts of the CRDM, which will be absent during the hot functional test.

7. Dummy instrument assemblies will be inserted into the IlTAs located in the upper head region.

6.2 FLOW CONSIDERATIONS

It is expected that the reactor coolant flow rate during the CVAP test will be equal to the normal operating
flow rate of [ a,c. This flow rate value represents 100% of the best estimate flow rate. The
installation of the FFRs during the CVAP test will make the hydraulic resistance of the RCS equivalent to
that expected when the fuel assemblies are installed during normal operation.

During CVAP testing (see Section 7.1 for details), the coolant temperature will be essentially uniform
throughout the primary system. It is expected that a large portion of the CVAP testing will occur at the
isothermal coolant temperature of 557'F. During HFP, in contrast, the reactor inlet coolant temperature
will be 535°F and the reactor outlet coolant temperature will be 610'F. The coolant density at the inlet
(colder) regions of the RV will be larger than during CVAP 557°F temperature conditions. Due to
heating effects in the core, the volumetric flow rate in the outlet (hotter) regions of the reactor will be
larger than the inlet flow rate of [ I ac and the resulting dynamic pressures in the coolant will
be larger than during the CVAP 557°F case. The effects of these differences in coolant conditions
between CVAP and HFP are discussed in Section 6.3.

The FFRs will provide the equivalent driving differential across the spray nozzles to provide a cooling
flow rate into the upper head that will be close to that experienced during normal operation. Since four of
the 24 spray nozzles will be blocked during CVAP testing, the total cooling flow rate to the upper head
will be reduced by approximately 15%. There may also be differences in flow distribution in the upper
head region due to the blockages of the four spray nozzles (which are distributed around the
circumference of the upper head) and due to the removal of three UGTs (as discussed in Section 6.1). The
velocity entering the upper head region through the 20 open spray nozzles will be comparable to the
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velocity expected during normal operation, due to the matched driving differential pressure. The
maximum local velocities located near the upper head surface, and which flow past the critical IGA
components, are expected to be comparable to normal operating velocities, while velocities in other
regions of the upper head will be smaller than for normal operation.

6.3 APPROACH FOR TESTING AND CONFIRMATION OF FIV
CHARACTERISTICS

The planned approach for conducting the AP1000® CVAP tests is to subject the internal components to
vibratory forces that are practically achievable and will be as close as possible to those expected during
normal HFP operation. Westinghouse plans to confirm the accuracy of the FIV prediction methodology
by comparison with the CVAP tests measurements. That methodology will then be used to develop
forcing functions and structural responses at normal HFP conditions to confirm the adequacy of the
AP 1000® FIV characteristics for the 60-year design life.

Differences between normal operating and CVAP operating conditions will mean that normal operating
coolant velocities and vibratory forces will not be matched during the CVAP testing for the lower and
upper internal components. This situation is illustrated in Table 6-1. The vibratory forces acting on the
internal components are proportional to pQ2 or pV 2. Table 6-1 shows that the vibratory forces for the
lower and upper internals will be less than prototypical (see the bold values in Table 6-1). The vibratory
loads on the lower internals will almost be matched (ratio from Table 6-1 shows [ ] a,c), but the loads
on the upper internals will be farther from prototypical (ratio = [ ] ac). For the IGA in the upper head
region, the local velocities exiting from the spray nozzles will be comparable to the prototype values
(Table 6-1 ratio = [ ] a,c), and this condition will persist at the critical IGA components located near
the periphery of the upper head. The vibratory loads on these critical IGA components during CVAP will
therefore be comparable to those for normal operation. The velocities in other local portions of the upper
head will be lower than prototypical values, due to the reduced total flow rate into the upper head region.

Westinghouse has selected the approach illustrated in Table 6-1 for the Sanmen Unit 1 CVAP test to
obtain test data for all three categories of internal components under achievable conditions. This
approach will provide CVAP tests results that are not bounding for some of the components, relative to
the expected forces and responses during normal HFP operation. Westinghouse plans to take the
following steps to confirm the vibratory characteristics for the AP1000® plant design:

1. Show, by comparison between the CVAP measurements and predictions, that the methodology for
predicting the forcing functions and the structural responses is accurate, within the prediction and
measurement uncertainties.

2. Use that methodology to calculate forcing functions and structural responses for normal operating
BIFP conditions, and show that there is adequate margin to the endurance limit for the internal
components for the 60-year design life.

This approach is deemed to be an adequate method to demonstrate the FIV characteristics of the
AP1000® plant design.
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Table 6-1: Comparison between Operating Conditions during H-FP and CVAP Operation Parameter

_ _ _ _ _ 1 _ _ _ _ . _ _ _

4. 4 4 4 4 4-

4~ * 4 4 1 4-

I t I I I-

1 1 4 4-

1 1 4-

4 .4. 4

1=

6.4 STRUCTURAL JUSTIFICATION FOR DIFFERENCES BETWEEN CVAP AND
NORMAL OPERATION CONFIGURATIONS

Numerous supplementary FIV tests [25, 26, 27] have been performed to measure the response of RVI
during initial startup conditions with the core in place. The purpose of these tests was to compare the
results with the results obtained during the hot functional tests (no core in place). Fewer transducers were
used in these tests because of the tests' limited scope and because of the desire to avoid exposing the
transducers and cables to the fluid flow for extended time periods during power operation.

A test data analysis gave information that allows for certain comparison of the GTs, CB, and the vessel
response during the hot functional and with-core tests. To compare hot functional signal levels to with-
core signal levels in the frequency bands of interests, linear frequency spectra were generated with a real
time spectra analyzer. Spectra were made for transducer signals for both nominal operating conditions
and for other combinations of pumps in operation and coolant temperatures.

Results showed that vibration levels are generally lower for with-core operation and that there was no
significant difference between the behavior of the internals and the RV for hot functional and with-core
tests. Typical comparison of the results from some of the cited references is provided in Table 6-2
through Table 6-5. From the test results, it can be concluded that:

* The general vibration behavior of the internals is the same for both the hot functional and initial
startup tests.

* Vibration levels, in general, are lower during initial startup than during hot functional testing.

" The factor of safety, in general, is increased by the presence of the core.

* The presence and position of the control rods and drivelines does not significantly alter the
amplitudes or center frequencies of the GT vibrations.

" There is no evidence of periodic vortex shedding for either the GTs or the support columns.

Experiences with existing plants indicate that the dynamic characteristics of the key RVI components
under the CVAP test configuration and the normal operational configuration are essentially the same.
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Therefore, the CVAP structural configuration is representative of the normal operational structural
configuration.
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Table 6-2: Core Barrel 1, Vibratory Random Strains (ge)(4)1 251
Conditions 0' Direction 900 Direction 1800 Direction 270° Direction

Pumps Temp. Test 0-19 Hz 19-100 Hz 4SRSS() 0-19 Hz 19-100 Hz 4SRSS 0-19 Hz 19-100 Hz 4SRSS 0-19 Hz 19-100 Hz 4SRSS

Notes:
(1) 4SRSS = four times the square root of the sum of squares of the zero to 19 Hz and 19 to 100 Hz frequency bands.
(2) HF = hot functional
(3) ISU = initial startup
(4) gE= microstrain (1.0x 10 6 inch/inch)
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Table 6-3: Guide Tube (D-14) 4A Strain Levels A 9 2r) 1251

Conditions Average 90 to 1800 Strain Levels Average 990' to 2700 Strain Levels

Tmp. Te Low 1st (tE1 2n Vector Total (tm)
Te Pup O) Tst Low I Mode 2 n Mode Total Low Md Moe Total c
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Table 6-4: Sequoyah Unit 1- Upper Internals Response Comparison [261
RMS Amplitude")

Core First Beam Mode (in x 03) Minimum
Component Locatiore Frequency Low -Firt Factor ofCopoen octin Direction SafetyLoain Drcin Frequency Low First

__---_ (Hz) Frequency Mode Safety

(1) SRSS of the amplitudes in two perpendicular directions, four pumps in operation, full test temperature.
(2) At fatigue test failure point.
(3) For locations at which failure did not occur in the fatigue test.
(4) HFT = hot functional test
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7 CVAP CONDITIONS

7.1 PRE-CORE HOT FUNCTIONAL TESTING

The CVAP vibration measurement test data collection points are listed in Table 4-1. The test points
consist of both steady-state and transient operating conditions. The test points cover the expected range
of pump speeds, coolant temperatures, and flow rates from the initial no-flow condition to the hot standby
temperature, pressure, and flow rate conditions.

The test data collection points were selected to include:
1. Transients involving the initial sequential startup of the four pumps.
2. Transition points that involve changes in pump speed and flow rate.
3. Representative coolant temperature levels between initial and hot standby conditions.
4. Transients involving sequential reduction of pump speed and coolant temperature during

plant shutdown.
Power operation and the bounding case of transients (with pump overspeeds up to 120% of normal)
cannot be simulated in the vibration measurement test due to the absence of fuel and due to limitations on
pump speed during vibration measurement testing. The AP1000® CVAP program will not instrument or
collect data on the RVIs during Post-Core Hot Functional testing.

Per [I], the duration of the CVAP testing must be long enough to accumulate at least 106 cycles on the
RVI component having the lowest fundamental natural frequency. During the HFT, the RVIs will be
subjected to a total operating time (at normal operating modes) of at least 240 hours, which assure a
cyclic loading of more than one million cycles for the lowest structural frequency of interest.

Comments regarding the CVAP test conditions are:

1. CVAP test point 1 is intended to benchmark the DAQ at zero flow.
2. CVAP test points 2 through 9 include:

a. Transient operations where coolant pump speeds are changing, which may affect pump-
induced pulsation levels; or

b. Steady-state operations at several representative coolant temperatures in the range from
70'F up to the hot standby temperature, 557°F. These correspond to the broader HFT
heatup temperature plateaus.

3. CVAP test point 10 includes the simultaneous trip of all four coolant pumps.
4. CVAP test points 11 and 12 include the shutdown of one or two coolant pumps.
5. CVAP test points 13 through 17 take place during the plant cooldown process. These

correspond to the broader HFT cooldown temperature plateaus.
6. CVAP test point 18 includes the minimum operation to achieve acceptable pressurizer spray,

with four pumps running at half speed.
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Table 7-1: Test Points for AP1000® CVAP

Inlet Best

CVAP Description Coolant System Number of Pump Estimate

Test Point oi Temp. Pressure Operating Speed RCS Flow Comments/Basis
Test Point (psig)(11 Pumps (rpm)") Rate

__°_)l(gpm)

INo Flow 70 0-189 0 0 Initial No Flow Reference Condition; Benchmark
for Data Acquisition System

2 Pump Startup 70 189-2,235 0 to 4 a,c Transient during Sequential Startup of FourF_ Pumps and Steady-state End Point

Pump Startup Transient during Pump Speed Increase to [Point A 70 278-2,235 4 a,c and Steady-state End Point

4 Heatup 250 278-2,235 4 Plant Heatup - Steady-state Point
5 Heatup 350 278-2,235 4 Plant Heatup - Steady-state Point
6 Heatup 450 278-2,235 4 Plant Heatup - Steady-state Point

Just Prior to Plant Heatup - Steady-state Point Just Prior to
7 Pump Startup 525 2,235 4 Initiation of Point B

Point B____ ____________ ___

8 Pump Startup 525 2,235 4 Transient during Pump Speed Increase to [
Point B I a,c and Steady-state End Point

9Hot Zero 557 2,235 4 Hot Standby Condition - Steady-state Condition
Power

Hot Zero Simultaneous Shutdown of
Power Four Pumps - Transient

Hot Zero Transient Loss of a Single Pump
11 Power 557 2,235 4 to 3 and Steady-state End Point; Test Point May Be

Used to Calibrate Flow Meters
Hot Zero Transient Shutdown of a Single Pump

12 Power 557 2,235 3 to 2 and Steady-state End Point; Test Point May Be
Used to Calibrate Flow Meters

Pump Speed Plant Cooldown - Transient and Steady-state End
13 Reduction 525 2,235 Point

_____ ____ From Point B _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______ _____ ____________________
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Table 7-1: Test Points for AP1000® CVAP

Inlet Best
CVAP Description Coolant System Number of Pump Estimateof Pressure Operating Speed RCS Flow Comments/BasisofeComments/Basis

Test Point Test Point Temp. (psig)(1 ) Pumps (rpm)(,) Rate
(OF)(gpm)__.

14 Cooldown 450 278-2,235 4 ax_ Plant Cooldown - Steady-state Point
15 Cooldown 350 278-2,235 4 Plant Cooldown - Steady-state Point

Pump Speed Plant Cooldown - Transient and Steady-state End
16 Reduction 200 278-2,235 4 Point

to Point A I I i
17 Cool-Down 140 189-2,235 4 Plant Cooldown - Steady-state Point

18 Four Pump, 70(6) 189-2,235 4 Minimum Speed and Flow Rate to Maintain
Notes: Half Speed _ Pressurizer Spray
Notes:

(1) Ranges for pressure and pump speed are provided to acknowledge that there may be differences between the specified and actual parameter values.
(2) Flow rate is based on [ ] a,c, based on the average value of the rpm range.
(3) Flow rate is based on [ ] a,c based on the average value of the rpm range.

(4) The flow rate of [ I a,c represents the expected CVAP test flow rate = 100% Qdesi,*

(5) Flow rate is based on [ I a,c

(6) Pumps can be run at half speed at 70 to 557°F
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7.2 ANALYSIS CONDITIONS

Table 7-2 lists the CVAP analysis conditions selected to support the CVAP tests. In general, analysis
points I through 8 represent steady-state end conditions at points where pump speed has been increased,
or where coolant temperature is bounding for the given pump.speed. These analysis points will show the
effects of changes in forcing functions due to pump-induced pulsations (magnitude and frequency) and
coolant temperature levels.

1. Analysis point I is representative of the highest coolant temperature ac at the ax

pump speed. The Reynolds numbers will be significantly higher than those for analysis point 1. This
may change the dominant forcing mechanism to be turbulent buffeting. The pump-induced pulsation
magnitudes will be different because of the higher coolant temperature.

ac2. Analysis point 2 is representative of the full pump speed [ I . The
change in pump speed will produce larger flow-induced and pump-induced pulsation loads.

3. Analysis point 3 is representative of the hot zero power condition that will be used for the bulk of the
acCVAP testing. Flow-induced loads will be slightly smaller than those at I I , and the pump

axinduced pressure pulsation loads will be different than those for [ I .

4. Analysis point 4 represents steady-state two-pump operation in one loop.

5. Analysis point 5 represents the minimum operation to achieve acceptable pressurizer spray, with four
axpumps running at I I .

6. Analysis point 6 represents the lowest coolant temperature condition at ac of pump speed.
Reynolds numbers will be low relative to normal operating conditions, which may show that vortex
shedding phenomena are dominant for some components rather than turbulent buffeting. The
combination of cold coolant temperatures and [ I ac of normal flow rate will produce flow-
induced loads that are approximately equivalent in magnitude to those at normal operating
temperatures. Pump-induced pulsations will be dependent on the low temperature and the ac

pump speed.

7. Analysis point 7 represents an intermediate temperature level during heat-up and cool-down.

8. Analysis point 8 is not a CVAP test point, but rather a reference case representing hot full power
conditions at the best estimate flow rate.

9. The limiting cases will be established after the forcing functions for various test conditions have been
evaluated.

Although analysis points I through 7 represent a subset of the CVAP test conditions listed in Table 7-1,
acceptance criteria will be determined for the sensor measurements for all test conditions.
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8 CFD CODE VALIDATION AND VERIFICATION

8.1 INTRODUCTION

A CFD code will be used to develop velocity fields which will then be used to calculate turbulent FIV
dynamic loads on the upper head internals. A full-scale model of the hydraulics in the upper head region
will be created. This model will reflect the boundary conditions to represent CVAP operating conditions.

A [ ] a,c scale flow model test will be performed and a CFD model created to represent the test.
The resulting test data will be used to benchmark the CFD analysis. Through this process the modeling
methodology for the CFD model will be confirmed (or modified) and uncertainties will be determined.

The initial full scale CVAP CFD model will be completed before the benchmark test is complete and will
use reasonable modeling methodologies. Once the benchmark is complete, if the benchmark modeling
methodology remains the same then just the uncertainties will be applied. Otherwise, modifications will
be made to the CVAP model and then the uncertainties will be applied.

8.2 METHODOLOGY

The initial CVAP CFD model will be completed before the benchmark is complete using reasonable
modeling methodologies. Once the benchmark is complete, if the benchmark modeling method remains
the same then just the uncertainties will be applied. Otherwise modifications will be made to the CVAP
model.

The three-dimensional Navier-Stokes equations with turbulence model transport equations are solved to
determine the time-averaged coolant flow distribution in the upper head for up to two analysis cases.
STAR CCM+ is used for these analyses.

The analysis will use a single phase turbulent incompressible flow setup. The turbulence will be modeled
using the k-omega model. The convection and temporal terms will use second order discretization.
Adjustments may be made to these during the benchmarking.

For each analysis case, calculations are made for convergence using the steady-state analysis option to
build a rough flow field. The transient analysis option is started from the steady-state results, and is used
with the time average function enabled to obtain the time-averaged flow field.

In the transient analysis, the time average must be taken over a sufficiently large time period (compared to
the fluctuations) until the time-averaged flow field does not change. Time-averaged velocities are
monitored at various locations. When the monitored locations are sufficiently constant, time average
solutions will be processed to generate inputs to the forcing functions.

The analysis process is summarized below.
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Figure 8-1: Analysis Process

8.2.1 Full Scale Analysis Case Definition

The high temperature CVAP analysis condition will be the first case run (modeling CVAP Analysis Point
3 from Table 7-2). Scaling may be used to develop velocities for the remaining analysis conditions.

The full-scale model will be developed to generate the velocity field distributions for the FIV analysis.

The full-scale analysis will use boundary conditions represent CVAP conditions (i.e. the flow in the spray
nozzle and guide tube/drainholes). To evaluate the uncertainty in the velocities of interest due to the
boundary conditions (particularly at the guide tubes and drain holes) more than one set of boundary
conditions will be run. Other sensitivity cases will be run on the benchmark model (see below). Once the
benchmark is complete sensitivities will be run on the full scale model if it is deemed necessary.

The full-scale model will be reanalyzed, as necessary, based on the benchmarking results.

8.2.2 1 ] a,c Scale Benchmarking Model

A [ a,c scale model will be made to represent the test geometry and conditions. This model will
be used to run sensitivity cases to determine the numerical and input uncertainties (and adjust
methodology as necessary). Additionally, the results of the [ ] ax scale model will be compared
with the test data to determine the difference. If this difference is larger than the uncertainties then
adjustments to the modeling methodology may be made.
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8.2.2.1 Sensitivity Analyses

Sensitivity analyses will be performed on the [ a,c scale model to investigate the sensitivity of
results to certain parameters associated with the CFD analysis. The details of each sensitivity study are
described below.

1. Evaluation Index

An evaluation index is introduced to quantify the comparisons between nominal and sensitivity
analyses. The evaluation index should relate strongly to the driving force of the FIV that will be
induced on the upper head internals. Therefore, the maximum and average cross-flow velocities will
be used for this quantity at selected regions of interest.

2. Mesh Convergence Study

The grid convergence index (GCI) method is applied to determine sensitivity to mesh refinement (see
[ 18] for details).

Mesh convergence tests will use at least three different mesh sizes. The streamlines between the
refined and original (nominal analysis) grid models are compared to verify that the flow structure is
not fundamentally changed. Evaluation indices will be compared quantitatively between the analysis
results based on the refined and original grid models. This comparison ensures that the grid size of
the original model is sufficiently small. If refining the mesh multiple times results in a model that is
too large to reasonably run and post process, then alternatives may be looked at such as coarsening
the mesh or mesh sensitivities on smaller sub-models.

3. Discretization Convergence Tests

The measure of discretization (e.g., Ax in space or At in time in a finite difference/volume code) is
systematically reduced to the point at which the solution converges (see [ 18] and [ 19] for details).

The current methodology approach uses second order discretization in time and space (which is the
highest order available in STAR-CCM+). The transient time-step and required iterations will be
chosen to ensure that the solution reaches convergence for each time-step solution. Additionally, the
mesh sensitivity performed will determine if the mesh is adequate. Thus, sensitivity to the
discretization will not be necessary.

4. Turbulence Model

A sensitivity analysis will be performed on the turbulence model. Streamlines and evaluation indices
will be compared with nominal case results to ensure that an appropriate turbulence model is used.

5. Turbulence Length Scale Study and Turbulence Intensity

Sensitivity analyses will be performed on the turbulence length scale and turbulence intensity at the
inlet boundary. Streamlines and evaluation indices will be compared with nominal case results. This
comparison should show that the CFD results are not strongly dependent on the assumed turbulence
intensity level and length scale at the inlet.

6. Reynolds Number

Differences of results at the test Reynolds number and the full scale Reynolds number will be
evaluated. It is expected that there will be little differences in the results of the models.
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8.2.2.2 Test Model Benchmarking

The results from the [ axc scale CFD model analysis will be compared to the physical test results.
The validation error of the [ ] ax scale CFD model velocity distributions provides the bias for the
CFD full-scale velocity distributions.

Flow conditions for the reduced-scale model physical test will be used as input for the [ a,c scale
model CFD analysis.

Comparisons to the test data will be made on points, lines or planes of the data that is recorded. These
locations are not necessarily a one-for-one comparison to where the results are processed in the full scale
model, but are taken in the regions where the full scale model results will be used.

Validation uncertainty is defined as [18]:
2 = 2num " 2

Uval Unum + + D

The variables are defined as:

Un. = numerical uncertainty due to discretization and iteration errors
ump = propagated input parameter uncertainties
uD = propagated experimental uncertainties

Note the inlet flow rate boundary conditions for the test will be known more accurately than the actual
CVAP inlet flow boundary conditions. Thus the full scale model will need to account for the boundary
condition uncertainty separately from the benchmark model.

These uncertainties are detailed in Section 10. The validation uncertainty is used as input to the
validation error:

E=S-D

E,,a = E ± Uval

In the preceding equation, S is the CFD result and D is the experimental result for a given variable or set
of variables. The velocity distribution error (EF1) calculated from the [ a,c scale model analysis is
used to bias the full-scale velocity distribution results.

8.3 VELOCITY FIELD DISTRIBUTIONS ([ ] a,c AND FULL-SCALE
MODELS)

The following is a sample of the type of CFD analysis results that will be provided:

* Maximum and averaged cross-flow velocities for the IGA components.

* Maximum and averaged cross-flow velocities, velocity magnitude, and vertical velocity on the guide
funnel extension tube and guide funnel.

* Maximum and averaged cross-flow velocities at horizontal plane surfaces at varying elevations
through the upper head.

* Maximum and averaged velocity magnitudes for the IITA tubes.

For the full-scale model, these results will be used as input to the FIV analysis once the benchmarking
correction for the [ a,c scale model has been applied.2 2uU M +- ~ a U ? + U 2

u2a -= u +U p+DE =SDE,,, =E± Uval
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9 CFD BENCHMARK TEST PROGRAM FOR UPPER HEAD
9.1 TEST BACKGROUND AND PURPOSE

A scale-model flow test of the AP 1000® upper head will be conducted to benchmark the CFD modeling
approach for the upper head component forcing function inputs to downstream structural modeling.
Specifically, a [ axC scale model flow test of the upper head will be conducted with representative
internals geometry measuring velocity profiles and flow visualization in several primary areas in the
upper head. Optical measurements, a combination of two-component laser Doppler velocimetry (LDV)
and/or planar digital particle image velocimetry (DPIV) and/or stereoscopic particle image velocity (PIV),
will be made in the primary areas of interest in the upper head region (particularly the area where
velocities will be used as inputs to determine the IGA component forces functions). These velocity
profiles, along with macroscopic flow visualization, will be used as bases for comparison to CFD
predictions of the test configuration.

The test configuration and the CFD model of the test configuration will not be exact replicas of the upper
internals. However, they will be similar internals models using commercial "off-the-shelf' hardware and
machined hardware where necessary. As the test will not be an exact duplicate of the AP1000® upper
head internals, the test and the CFD model of the test are designed to replicate the same general physical
flow field as those that will be observed in the full-scale upper head. This is considered necessary and
appropriate for benchmarking the CFD meshing, turbulence modeling, and solving scheme
methodologies.

9.2 TEST SETUP AND CONDUCT

The test will be a [ I a, scale, [ a,c model of the AP IOOOc upper head. The geometry
will include all upper head general components. Dimensions of the components will be approximate, as
exact geometries (bolt heads, small brackets, etc.) are considered of low importance with respect to the
highly separated, significant streamline curvature, swirling flow-field. A [ I a,c model is
considered appropriate due to the axis-symmetric nature of the upper head geometry and flow boundary
conditions.

Figure 9-1 shows the upper head geometry including the upper guide tubes and IGA components.
Approximately two-thirds of the flow enters the upper head through the upper support assembly spray
nozzles and about one-third of the flow enters through the upper guide tubes. Flow exits the upper head
via the upper guide tubes and drain holes in the upper support plate. Drain holes and spray nozzle
locations are further shown in Figure 9-2. For the scale model test, the boundary condition flow
distributions and flow rates will be varied to determine the sensitivity of the flow field to boundary
conditions. As such, each of the guide tubes, drain holes, and inlet spray nozzles will be controlled and
metered for flow rate. These flow rates and distributions will be set based on RVI design hydraulic loss
models of the AP 1000® internals and historic test data.
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Figure 9-1: AP10000 Upper Head Assembly Schematic of Flow Paths
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- - Drain Holes - Inlet Spray Nozzles

Figure 9-2: [ a,c Model of Upper Head Showing Example Velocity Measurement
Locations

Note: Optical measurements made using LDV (red) and/or DPIV (green).

The primary Reynolds number range for the scale model testing will be approximately a xC of the
full-scale Reynolds number, while maintaining cavitation free-flow conditions. This Reynolds number
range is obtainable through geometry scaling and temperature control of the water, while maintaining safe
(no steam at atmospheric pressure) test operation and a reasonably sized test hardware configuration.
Testing within an approximate order-of-magnitude in Reynolds number compared to full-scale operation
is considered appropriate for scaling because all critical Reynolds numbers and general flow regimes are
obtainable within the Reynolds number capabilities of the test setup. Therefore, the model-scale results
can be reasonably scaled to expected full-scale results.

The primary parameters of interest for measurement are flow velocity magnitudes and profiles near
primary IGA components. Velocity profiles are the main input to FIV forcing function development to
determine turbulence buffeting and vortex shedding/lock-in for the IGA and UGT components. Figure 9-
2 illustrates example locations of where velocity profiles and magnitudes will be measured optically with
LDV and/or DPIV, either single plane or stereoscopic. The velocity profiles and magnitudes measured in
the model scale test over varied boundary conditions and Reynolds numbers will be directly compared to
CFD model results of the test configuration and test conditions for extrapolation to full-scale CFD results.
A full uncertainty analysis of the test results will be completed for use in final uncertainty evaluations,
benchmarking CFD modeling results with the model scale test data.

APP-CVAP-GES-002 April 2012
Revision 0



WESTINGHOUSE NON-PROPRIETARY CLASS 3 9-4

Flow visualization of the macroscopic flow characteristics will also be conducted for comparison to CFD
visualization results. Though flow visualization is qualitative, comparisons of flow visualization results
to CFD results for benchmarking purposes helps determine the CFD model's ability to capture the basic
flow field characteristics (e.g., large swirl and separation zones) important for determining CFD modeling
reliability.
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10 UNCERTAINTY ANALYSIS FOR CVAP ANALYSIS

10.1 OBJECTIVES AND PURPOSE

The vibration and stress analysis portion of the CVAP will develop and apply a series of best estimate
FIV forcing functions and finite element models (FEMs) to generate predicted and allowable responses
for the API000® RVI. Output from these models will be compared to reduced plant scale experimental
test results for verification, validation, and (in some cases) calibration purposes. Ultimately, the
predictions from these models will be compared to the prototype plant results of the vibration
measurement, stress measurement, and inspection portions of the CVAP. These comparisons of model
predictions and experimental results are for the purpose of assessing the extent to which the models
involved are sufficiently accurate representations of the real systems that generate the phenomenon under
study.

This validation process, however, is complicated by the fact that both the model predictions and the
experimental results are imperfect estimates of what the real system would generate under identical
conditions; equivalently, both simulation and experimental results have errors of an uncertain magnitude.

More precisely, consider a predicted value, S, from one of these simulation models that is to be compared
to a test result, D, for purposes of validation. The measured error E is:

E=S-D (Equation 10-1)

The measured error, E, incorporates errors from both the model and the experimental results. Denote the
true value of the variable of interest as T. Then the error in the model prediction is es = S-T, and the error
in the test result is eD = D-T. The measured error, E, can thus be re-written as:

E = (S - T) - (D - T) = es - eD (Equation 10-2)

Now, typically, the true value is not known with certainty so that validation error contains an uncertain
contribution from both the model and the test. To further complicate the comparison, the model error, es,
is the sum of:

* The error due to modeling assumptions, denoted by emodel.

" The error due to the numerical solution of the equations, enr.

* The error due to errors in the model input parameters, eiput.

It is the estimation of the error due to the "modeling assumptions" (i.e., the algorithms and assumptions)
that is the object of the validation exercise. But this error can be obscured by errors from the model's
numerical solution method and/or the error embedded in the input parameters, as well as the
aforementioned test result error. Further, since these errors are of uncertain magnitude, the estimate of E
will be of uncertain magnitude and thus must be expressed as a probabilistic range.

The purpose of the CVAP uncertainty analysis is to support the validation of the CVAP results by
estimating this probabilistic range for each important prediction.

Specifically, one objective of the CVAP uncertainty analysis is to provide a probabilistic uncertainty
range for each sub-model's emodel error. This will provide each sub-model with a decision criterion for
determining whether the sub-model is validated as having an error that is "within the noise" associated
with uncertainties in the numerical solution, inputs, and test results to which it is compared. It will also
provide an explicit confidence statement for the validation of each sub-model.
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One sub-model's output can be another sub-model's input. Therefore, a second objective of the CVAP
uncertainty analysis is to estimate the propagation of uncertainty through the CVAP sub-models to the
final predictions of vibratory response that are to be validated against the full plant scale results of the
CVAP vibration, stress measurement, and inspection portions. This will facilitate the validation process
at all levels, including the final prototype plant level.

A third objective of the CVAP uncertainty analysis is to identify the important contributors to prediction
uncertainty at all levels of the CVAP. For a sub-model, this will entail decomposition of model
prediction uncertainty by variable sources and the calculation of the relative contribution of each source
to overall model uncertainty. This can aid model analysts to prioritize resources devoted to reducing
uncertainty.

There are two overarching reasons for performing the uncertainty analysis. One is to reduce the
likelihood of a "Type I error," in which the model's validity is rejected, when, in actuality, it is the
experimental data that is in error [20, page 81]. At a minimum, this can lead to wasted time because the
model analyst will be attempting to track down a phantom model error. In a worst-case scenario, the
model could be erroneously calibrated (tuned) to systematically biased test data, with its biased output
then being propagated to other parts of the CVAP.

The second reason for performing the uncertainty analysis is to reduce the likelihood of a "Type II error",
in which the model's validity is judged to be acceptable when, in actuality, substantial model errors are
just partially offset by the test errors in this particular instance.

The following sections define the methodology of the uncertainty analysis, its application to the CVAP, a
high-level work breakdown structure, and the deliverables. The methodology is an adaptation of two
ASME standards for verification and validation (V&V) analysis and test uncertainty. The former
provides the strategy and framework, and is described in Section 10.2.1, while the latter provides the
uncertainty analysis tools required to implementing the strategy and is discussed in Sections 10.2.2 and
10.2.3. The integration of the tools with the strategy is discussed Sections 10.2.4 through 10.2.7. Section
10.3 describes the work breakdown and deliverables for the uncertainty and validation work associated
with the velocity calculations (10.3.1), forcing function calculations (10.3.2), structural response
simulations (10.3.3), and comparisons of FIV predictions with prototype plant test data (10.3.4).

10.2 INTEGRATED VALIDATION AND UNCERTAINTY ANALYSIS OF CVAP
MODELS

The analysis will follow two ASME standards:

1. ASME PTC19.1-2005, Test Uncertainty [21]

2. ASME V&V 20-2009, Standard for Verification and Validation in Computational Fluid Dynamics
and Heat Transfer [ 18]

ASME PTC 19.1 provides the fundamental approach for evaluating uncertainty of a measurement and of a
model. Therefore, it is the source for the approach that will be used to evaluate and quantify the
uncertainty associated with the test result (eD) for each sub-model. ASME V&V20 provides a best-
practice approach for the verification and validation of models that integrate the uncertainty methodology
found in ASME PTC19.1 to quantify the uncertainty associated with an error between the simulation
model and the test result. The starting point will be a review of the overall ASME V&V20 validation
approach.
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10.2.1 ASME V&V20 Validation Approach

As noted in Section 10.1, the error associated with a simulation model's result can be broken into three
parts: model error (emode), numerical solution (enum), and input parameter error (einput).

es = emodel + enum + einput (Equation 10-3)

As noted by ASME V&V20, the purpose of a validation exercise is to estimate emodel to within an
uncertainty range [18, page 4].

Substituting Equation 10-3 into Equation 10-2, the comparison equation can be rewritten as [18, starting
on page 4"]:

E = emodel + eum + einput - eD (Equation 10-4)

Rearranging Equation 10-4 yields an expression for the error in the model term:

emodel = E - (enum + emput - eD) (Equation 10-5)

Once the experiment is run, the sign and magnitude of E are known. However, neither sign nor
magnitude of terms for the other right-hand variables will be known with certainty. In the ASME
V&V20 approach, each error term is viewed as a single realization from a parent probability distribution.
The standard deviation of each parent population (called the "standard uncertainty") is denoted as unum,

Uinput, and UD. Since E is known, the standard uncertainty associated with the estimate of emodel can be
expressed as a function of unu, Uinput, and uD. Assuming that the latter three standard uncertainties are
statistically independent, ASME V&V20 uses the SRSS method to define the validation standard
uncertainty uval, as:

2 2 + 2l U2)1/2
Uval = (num inp (Equation 10-6)

This validation standard error is the standard uncertainty associated with the model error. Consequently,
the probabilistic uncertainty is a range given by:

E ± u vaI (Equation 10-7)

Equation 10-7 will characterize a probabilistic uncertainty range within which emodel falls. Equally, E is
an estimate of emode, and uvl is the standard uncertainty of that estimate [21, page 40]. If uval is not
identified with any particular family of probability distributions, then the following assertions are still
applicable [21, page 40]:

* If the absolute value of E is much greater than Uval, then emoddl is approximately equal to E (i.e., it
accounts for most of the observed difference between simulation prediction and experimental results).
In this case, there is room for improvement in the model that would reduce the model error.

" If the absolute value of E is less than or equal to uval, then emodel is within the "noise level" created by
uncertainties in the numerical solution, inputs, and test results against which the model is being
benchmarked. In this case, there is little benefit to be obtained by model improvements aimed at
reducing model error.

All equations in this section are from [18].
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If Uwl is identified with a particular family of probability distributions, then a confidence interval can be
constructed. If it is assumed that Uval is associated with a normal (a.k.a. Gaussian) probability distribution,
then an "expanded uncertainty" can be defined as:

U 95 = 2 Uval (Equation 10-8)

Therefore, E +/- U95 defines a 95% confidence interval (i.e., an interval within which the true model error
is expected to be found approximately 95% of the time).

The ASME V&V20 computation strategy is to treat E, an estimate of model error, as a random variable
drawn from a parent distribution whose standard deviation, called uw, is to be estimated indirectly via
separate calculations of the standard uncertainties for numerical solution uncertainty (unu), input
uncertainty (umput), and uncertainty in the test result (uD). Then, the SRSS method will be used on these
results via Equation 10-6. Once the uncertainty metric is derived and associated with a particular
distribution family (e.g., normal distribution), a probabilistic statement about the model error can be made
to support validation and calibration.

This ASME V&V20 [18] approach will be employed in the CVAP uncertainty analysis. Specifically, E, a
validation standard uncertainty, and the expanded uncertainty will be calculated for every model deemed
appropriate to support validation and calibration at each level of the CVAP. Where the uncertainty in the
output (result) of one model contributes to the uncertainty of the input parameter error (input) of another
model, that uncertainty will be propagated using methods described in a subsequent section. The detailed
methodology for calculating the uncertainty of the separate error components is described in the following
subsections, which rely on [21 ].

10.2.2 ASME PTC19.1 Test Uncertainty: The Uncertainty of a Measurement

For example, a sample of measured values for a variable X is considered. The difference between the true
and the mean values of X (denoted by X ) is referred to as the total error, which is an unknown quantity.
The ASME PTC19.1 [21] process conceptually decomposes this total error into two parts: a systematic
(bias) component and a random component. The random error varies randomly in repeated measurements
of the true value throughout a test process [21, page 4]. A random error can arise from a variety of
sources, such as uncontrolled factors in the experiment, a non-repeatable measurement error, changing
environments, etc.

By contrast, a systematic error remains constant in repeated measures of the true value throughout a test
process [21, page 4]. Although this error is constant, the exact value of this error in any specific
application is unknown; therefore, its magnitude is usually expressed as a probabilistic range. This
irreducible component of total error is usually the accumulation of multiple "elemental" sources (i.e.,
limits of measurement accuracy for measure devices, the accuracy of a "standard" measure by a national
standards lab, calibration processes, data reduction methods, etc.).
The estimate of the kth systematic error is denoted as & . The ASMEE PTC19.1 process estimates the

Xk~

systematic standard uncertainty of a measurement by taking the SRSS elemental systematic elemental
sources [21, page 18]:

bT = [I (b7K) 2 ]1/ 2  (Equation 10-9)
K
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Estimates of the elemental systematic errors are often derived from estimates of measuring device
accuracy provided by manufacturers or testing labs. For example, a testing lab might state that its flow
meter has an accuracy of +/- 0.2% of reading. The range given is commonly interpreted (and sometimes
explicitly defined) as a 95% confidence interval on the nominal test result or, equivalently, roughly two
standard errors above/below the nominal estimate. Therefore, an estimate of the systematic error
associated with using this flow meter as a calibration standard would be:

b17K --"(.002 * nominalreading)/2

In other cases, accuracy may be stated as some percent of "full scale" (with the range of the scale also
given), or as an absolute value in the units of interest (e.g., +/- 0.5QC). In all cases, the range is treated as
an approximately 95% confidence interval. Therefore, it is divided by two to obtain the approximate
elemental systematic standard error.

The sample standard deviation of X is defined as sx. The random standard uncertainty of the sample

mean for a sample of size N is [21, page 17]:

s= • (Equation 10-10)

The combined standard uncertainty of the measurement is the SRSS of the systematic and random
standard uncertainties [21, page 19]:

u,•= ((b•) 2 
+ (S.)

2
)11

2  (Equation 10-11)

The expanded uncertainty of the measurement is obtained by multiplying the combined standard
uncertainty by an expansion factor taken from the student's t-distribution with an appropriate confidence
level and for the degrees of freedom associated with the combined samples for the random and systematic
error estimates. From ASMLE PTC 19.1 [21, page 20]: "A t value of 1.96 (usually taken as 2) corresponds
to large degrees of freedom and defines an interval with a level of confidence of approximately 95%.
This expansion factor of 2 is used for most engineering applications." Thus, the expanded uncertainty of
the measurement can be defined as [21, page 20]:

Uj = 2u,. (Equation 10-12)

10.2.3 ASME PTC19.1 Test Uncertainty: The Uncertainty of a Result

Experimental results of interest are often not measured directly, but calculated by equations or models
from other variables (some with measured values and others with assigned values). From ASME
PTC19.1 [21, page 22]: "Uncertainties in these measurements or assigned values ... are propagated to the
result through the functional relationship between the results and the parameters. The effect of the
propagation can be approximated by the Taylor series method." A result, R, will be calculated as a
function of several variables. In this case, the absolute systematic standard uncertainty of a result will be
calculated by the following formula [21, page 28]:

b R TZOi
2

b 
2 + 2Z Z 6i kbj,k)112

1 1-1 1

i=1 i=1 k=i+l (Equation 10-13)

Where:
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bi = systematic standard uncertainty in variable i

bik = covariance between the systematic standard uncertainties for the ith and kt" variables, calculated as (it
is assumed that all correlation coefficients = +1):

L

bik= bi bb

(Equation 10-13.1)

For example, if two variables share the same elemental systematic error source and this is the only
elemental systematic error source for both variables, then the covariance term for the two would equal the
product of their systematic standard errors.

I = number of variables

k and i = indexes indicating the it and kt" variables

0 = sensitivity coefficients

L = number of common (correlated) error sources

1 = an index

Xi will stand for the ith, variable in the equation determining the result R. The sensitivity coefficients in
Equation 10-13 might be calculated either analytically by partial differentiation (if the equation is known
and tractable) or approximately by any of a several numerical differentiation methods, including the
following second-order "central finite difference" approximation [21, page 50]:

O R ~ f(X +AX; ) f(2Ax, - ° (Equation 10-14)

Where A = the magnitude of the perturbation as a fraction of nominal X (= X0). In principle, this finite
difference approximation can be applied to anything from a simple algebraic equation to a complex
"black box" of (e.g.) partial differential equations. It is often useful to set A equal to the ratio of the
variable's standard error to its nominal (mean) value so that the magnitude of the perturbation is AX = the
standard error of X (see, for example, [18, page 55]). This is interpreted as an approximation of the partial
derivative over the range of the standard uncertainty.

The absolute random standard uncertainty of a result is calculated by [21, page 23]:
sR = (Z(os) 2)112

(Equation 10-15)

The combined standard uncertainty of a result is obtained using SRSS of the systematic and random
counterparts [21, page 24]:

UR =[(bR) 2 +(SR) 2 1l 2  (Equation 10-16)

The expanded uncertainty of the result at approximately 95% confidence is calculated from [21, page 24]:

UR,95 = 2 uR (Equation 10-17)

The bottom-line result of a test uncertainty analysis is the confidence interval within which the true result
can be expected to be, with 95% confidence [21, page 24]:

K I±UR,9 5  (Equation 10-18)
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10.2.4 Calculation of the Uncertainty of a Validation Experiment Result (UD)

The standard uncertainty of the test, UD, against which a model prediction is compared, will be given by
Equation 10-16, that is [18, page 28]:

U D =U R (Equation 10-19)

10.2.5 Calculation of Modeled Numerical Solution Uncertainty (u.um)

Assuming that code verification has been successfully completed, the numeric solution uncertainty of the
grid-based models in the CVAP arises from the uncertain values for iteration error and discretization
error, denoted in ASME V&V20 by ui and uh respectively. This uncertainty can be evaluated by a process
known as "solution verification." Given an exact analytical solution as a benchmark, this involves the
following major steps (from [18, Section 2]):

" Reduce the iterative error to a level that is negligible relative to the discretization error. This makes
Un. approximately equal to uh.

* Utilizing Roache's GCI method, obtain an ordered (e.g., generalized Richardson extrapolation)
relative error estimator, and multiply the absolute value of this relative error by an empirically-
determined factor of safety, F,, to obtain GCI equal to an expanded uncertainty, Unto , at 95%
confidence.

* Compute (assuming an approximate normal distribution):

U num -- llm- C
k 2 (Equation 10-20)

Numerical error and its associated uncertainty metric are completely divorced from the validation test
result.

10.2.6 Calculation of Input Parameter Uncertainty (Uiput)

Those models that have experimentally-determined parameters will have an input parameter uncertainty
component that will be calculated by ([18, page 19]):

n
2 p-t=(6u )2

i=1 (Equation 10-21)

In Equation 10-21, u, is the combined standard uncertainty of input parameter Xi calculated by Equation
10-11 and 0i is the sensitivity coefficient for Xi calculated by the finite difference method shown (or some
variant thereof) in Equation 10-14.

All three standard uncertainties that define the validation standard error in Equation 10-6 have now been
accounted for.

10.2.7 Calculation of Importance Factors for Input Parameter Uncertainty (Uiput)

Equation 10-21 also provides the basis for calculating the relative importance of each input's contribution
to overall model input uncertainty. Specifically, Equation 10-21 can be manipulated to obtain an
importance factor for Xi = the ih input parameter (see [18, page 78] for the derivation):
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uinput (Equation 10-22)

In Equation 10-22, Ux lxi is called the "relative" standard uncertainty of parameter Xi. The importance
factor measures the fractional contribution of the ih input parameter to Uinpt (i.e., the variance), and can

be used to rank-order the input parameters. This can be useful in focusing on which inputs are
contributing the most to overall input model error.

10.3 HIGH-LEVEL WORK BREAKDOWN STRUCTURE FOR THE UNCERTAINTY

ANALYSIS

10.3.1 Uncertainty in Velocity Calculations

Current plans call for CFD models to simulate velocity distributions for the upper head only and to be
validated against a,c scale flow model test results. Estimates of E and the validation standard
uncertainty uval will be calculated for one or more analysis cases, as appropriate, for CFD velocity
distribution simulations.

Calculation of uva for each comparison of CFD predictions with experimental data includes calculation of
the three standard uncertainty statistics for numerical error (Unu), error in input parameters (Uinput), and
test error (uD). Where velocity calculations do not use CFD simulations, only uiput will be calculated for
one or more analysis cases.

10.3.2 Uncertainty in Forcing Function Calculations

Estimates of E and the validation standard uncertainty Uval (and the latter's three component standard
uncertainties) will be calculated for one or more analysis cases, as appropriate, for forcing function
predictions that are calibrated against experimental or actual plant data. When forcing functions are not
calibrated, only uinput wvill be calculated for one or more analysis cases. The calculated uncertainty
associated with the input parameters will include the previously-determined uncertainty of the validated
CFD velocity simulations. Standard uncertainties will be calculated for the following component forcing
functions for one or more analysis cases:

a. SCSS: forcing functions for each support column, turbulence loads on the horizontal tie plates, and
pump-induced pulsation loads.

b. Upper Plenum: forcing functions for each support column, GTs, USP, cylinder, and UCP plus pump-
induced pulsation loads.

c. Upper Head: forcing functions for UGTs and IGA components plus pump-induced pulsation loads.

d. CB: forcing functions for CB, neutron shields, and surveillance sample baskets plus pump-induced
pulsation loads.

e. Core: forcing function for the CS plus pump-induced pulsation loads.

10.3.3 Uncertainty in Structural Response Simulations

The structural response simulations consist of two phases:
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1. A modal analysis for each component (listed in Section 5.2.2) to project natural frequencies and mode
shapes.

2. A structural evaluation for each component to predict stress levels and fatigue margins as a ftinction
of relevant FIV forces (i.e., PSD forcing functions, pump pulsations, and vortex shedding) for one or
more analysis cases.

These structural response simulations will, in general, be conducted with FEMs. When possible, the
FEMs will be validated against experimental data and/or actual plant data. Specifically, the modal
analysis projections will be compared against exper .mental or plant (e.g., hammer test) frequency data.
The structural analyses projections will be compared against experimental or plant stress/strain data.

In these cases where modal and structural evaluation models can be validated against independent data,
estimates of E and the validation standard uncertainty uval (and the latter's three component standard
uncertainties) will be calculated for one or more analysis cases. Where the modal and structural
evaluation predictions cannot be validated against data, only the standard uncertainty for input parameters
uinput will be calculated. The calculated uncertainty associated with the input parameters will include the
previously-determined uncertainty of the forcing functions.

10.3.4 Uncertainty in Comparisons of FIV Predictions with Prototype Plant Test Data

The predicted and allowable vibration responses from the vibration and stress analysis phase must be
compared to the prototype plant's measured counterparts obtained during the pre-operational testing of
the vibration and stress measurement phase of the CVAP. As in the validations and calibrations of model
predictions of velocities, forcing functions, and structural responses, estimates of E and the validation
standard uncertainty u,.1 (and the latter's three component standard uncertainties) will be calculated. The
calculated uncertainty associated with the input parameters will include the previously-determined
uncertainty of the structural response models.

For each result's observed difference between predicted and measured test results, the probabilistic range
defined in Equation 10-7 will be calculated. Using Equation 10-8, a probabilistic uncertainty range,
within which the total CVAP modeling error can be expected to fall, will be generated. Interpretation of
these results will be provided based on the interpretation guidelines discussed in Section 10.2.1

For each result's observed difference between predicted and measured test results, the associated
validation standard error will be decomposed into its three sub-components (numerical, input parameter,
and test). Using this decomposition of error uncertainty and the importance factor approach described in
Section 10.2.7, an inventory of error uncertainty sources in the chain of CVAP sub-models will provide
an "audit trail" to support the final disposition of errors. This inventory of errors will start with the CFD
velocity predictions and will end with the comparison of the predicted and allowable vibration responses
with the prototype plant's measured counterparts in the Final Correlation Licensing Report.
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11 ACCEPTANCE CRITERIA

The acceptance criteria for the analyses described in this report are based on:

1. Functional requirements from the RVI design specification [22]. These criteria primarily apply to
the interface displacements of components.

2. High Cycle Fatigue Requirements

The alternating stress intensity due to the FIVs at the limiting location of a component is limited to the
fatigue curve value at 1011 cycles in ASMIE Boiler and Pressure Vessel Code [4], Section IH, Appendix I-
9.0 for the austenitic steel.

The general approach for developing the limits for measured strain values is outlined below. For a given
component, calculation of the maximum stress for the most limiting location will be carried out,
considering contributions from:

1. The calculated RMS stress,

2. The appropriate peak-to-RMS stress multiplying factor,

3. A stress concentration factor, if appropriate, and

4. The prediction uncertainty.

Comparison of the resulting maximum stress versus the elastic limit at 101 cycles provides the stress
margin for the most limiting location on the given component.

A similar set of calculations will be made for the measurement location(s) on the same component. These
measurement locations may be at points located away from the location of maximum stress.
Consequently, the stress margins will be larger for these measurement positions. The information from
these two sets of calculations will provide a measure of the expected difference, or delta in stress levels
between the position of maximum stress and the measurement position(s).

The delta stress between the maximum and measurement positions will be used along with adjustments to
go from peak to RMS stress levels, to cover any effects of power operation, and measurement
uncertainties to establish a limit stress value. Finally, these limiting RMS stress values will be converted
to RMS strain, for rapid interpretation by the test personnel.
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12 ANALYSIS PRODUCTS

The following products will be developed during the vibration prediction analysis:

I . Calculations of the vibratory forcing functions

2. Calculations of the structural analysis

3. Modal analysis report

4. Uncertainty analysis

5. [ I ax scale test report
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13 COMPUTER CODE LISTING

Code Description

ANSYS* [28] The ANSYS finite element code is a public domain code intended for and
used extensively for finite element analyses of structures.

STAR-CCM+ [29] General purpose CFD analysis software.

ACSTIC2 [13] System acoustic modeling software.

UPPLEN2 [17, 24] Potential-flow software for the upper plenum flow analysis.

.ANSYS, ANSYS Workbench, Ansoft, AUTODYN, CFX, EKM, Engineering Knowledge Manager, FLUENT, HFSS and
any and all ANSYS, Inc. brand, product, service and feature names, logos and slogans are trademarks or registered
trademarks of ANSYS, Inc. or its subsidiaries located in the United States or other countries. ICEM CFD is a trademark used
by ANSYS, Inc. under license. CFX is a trademark of Sony Corporation in Japan. All other brand, product, service and
feature names or trademarks are the property of their respective owners.
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APPENDIX A: SUMMARY ANALYSIS PLAN

Table A-1 provides a detailed overview of the tasks associated with the analysis plan for the individual RVI Components.

Anaiysis
Conditloni CFo Vortex

Method Case Table Case to Shedding
I - . ApplyI

Pump
Pulsation/
Harmonic

Random Vessel
/PSD Motion

Model &
Modal

Analysis

Pump
Pulsation

Vortex
Shedding

Random
/PSD

Vessel
Motion

Fluid
Elastic

Instability
Other

CB

Bulk Average
Downcomer
Velocity, QA

Method"1 )

I through 8 N/A N/A Yes Yes Assembly
Model Yes N/A Yes Yes N/A N/A

Bulk Average

Downcomer through 8 N/A N/A Yes Yes Assembly Yes N/A Yes Yes N/A N/AVelocity, QA Model
Method

Bulk Average
Neutron Shield Downcomer I through 8 N/A N/A Yes Yes Assembly Yes N/A Yes Yes N/A Exit FlowP

Panel Velocity, QA Model
Method

Bulk AverageSpecimen Downcomer
Basket Velocity, QA I through 8 N/A Yes Yes Yes Submodel(3) Yes Yes Yes Yes N/A Exit Flow

Method" )
Bulk Average
Downcomer Asml

Outlet Nozzle Vocity, I through 8 N/A N/A Yes Yes Assembly Yes N/A Yes Yes N/A N/AVelocity, QA Model
Method

Bulk AverageDowncomer

Flow Deflector Velocity, QA through 8 N/A Yes Yes Yes Submodel()3  Yes Yes Yes Yes N/A N/A

Method

Bulk AverageDowncomer
RV Velocity, QA through 8 N/A N/A Yes Yes N/A N/A N/A N/A N/A N/A N/A

Method
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Method
Condition/
Case Table

7-2

CFD
Case to
Apply

Vortex
Shedding

Pump
Pulsation/
Harmonic

Random Vessel
/PSD Motion

Model &
Modal

Analysis

Pump
Pulsation

Vortex
Shedding

Random Vessel
/PSD Motion

Fluid
Elastic

Instability
Other

I q. 1 1 T I t I I I I +

Reactor Vessel QA Method
& ContinuityLower Head I I through 8 N/A YesN/A Yes N/A N/AN/A N/A N/A N/A N/A

USA USP
CFD,

UPPLEN2
Code

I through 8 Yes Yes Yes Yes Assembly
Model Yes Yes Yes Yes N/A IGA

Reaction(4)

USA Skirt UPPLEN2 through 8 Yes Yes Yesly Yes Yes Yes Yes N/A N/ACode Model

USA Flange CFD I through 8 Yes Yes Yes Yes Assembly Yes Yes Yes Yes N/A N/A
Model

UCP UPPLEN2 Assembly Yes Yes Yes Yes N/A N/ACode 1 through8 Yes Yes Yes Model

UGT CFD I through 8 Yes Yes Yes es Assembly Yes Yes Yes Yes Yes N/A
Model II

LGT UPPLEN2 Assembly Yes Yes Yes Yes Yes N/ACode I through 8 Yes Yes Yes Model

USC UPPLEN2 I through 8 No Yes Yes Yes Assembly Yes Yes Yes Yes Yes N/ACode Model
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Method

Analysis
Condition/
Case Table

7-2

CFD
Case to
Apply

Vortex
Shedding

Pump
Pulsation/
Harmonic

Random
IPSD

Vessel
Motion

Model &
Modal

Analysis

Pump Vortex
Pulsation Shedding

Random
/PSD

Vessel
Motion

Fluid
Elastic

Instability
Other

IGA Guide Stud Upper Head I through 8 Yes Yes Yes Assembly Yes Yes Yes Yes N/A N/ACFD Model

IGA Plate Flow Net- I through 8 No N/A Yes N/A Vessel Assembly Yes N/A N/A Yes N/A N/Awork Analysis USP Model

IITA Tubes Upper through 8 Yes Yes Yes Assembly Yes Yes Yes Yes N/A Galloping(5 )
CFD Ihruh8 Ys Ys Ys Ys USP Model

Supports Upper Head
CFD I through 8 Yes Yes Yes Yes Vessel/

USP
Assembly

Model Yes Yes Yes Yes N/A Galloping

)oes:
(1) The random turbulent pressure PSD for the downcomer is based on the downcomer bulk coolant velocity.
(2) See the axial leakage flow excitation discussion in Section 5.3.7.
(3) Submodel will be used if the design analysis indicates low high cycle fatigue margin.
(4) The USP response at the IGA support can be used as input to the IGA analysis (Section 5.2.2.2).
(5) Galloping is discussed in Section 5.1.6.
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