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Enclosed is a technically correct and complete final response to the remaining question of RAI 422,
as shown in the below table.

AREVA NP considers some of the material contained in the attached response to be proprietary. As
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This concludes the formal AREVA NP response to RAI 422, and there are no questions from this RAI
for which AREVA NP has not provided responses.

If you have any questions related to this submittal, please contact Darrell Gardner by telephone at
704-805-2355 or by e-mail to Darrell.Gardnerareva.com.
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AFFIDAVIT

COMMONWEALTH OF VIRGINIA )
) ss.

COUNTY OF CAMPBELL )

1. My name is David K. White. I am Manager, Product Licensing, for AREVA

NP Inc. (AREVA NP) and as such I am authorized to execute this Affidavit.

2. I am familiar with the criteria applied by AREVA NP to determine whether

certain AREVA NP information is proprietary. I am familiar with the policies established by

AREVA NP to ensure the proper application of these criteria.

3. I am familiar with the AREVA NP information contained in the "Response to

U.S. EPR Design Certification Application RAI No. 422, Supplement 35," and referred to herein

as "Document." Information contained in this Document has been classified by AREVA NP as

proprietary in accordance with the policies established by AREVA NP for the control and

protection of proprietary and confidential information.

4. This Document contains information of a proprietary and confidential nature

and is of the type customarily held in confidence by AREVA NP and not made available to the

public. Based on my experience, I am aware that other companies regard information of the

kind contained in this Document as proprietary and confidential.

5. This Document has been made available to the U.S. Nuclear Regulatory

Commission in confidence with the request that the information contained in this Document be

withheld from public disclosure. The request for withholding of proprietary information is made in

accordance with 10 CFR 2.390. The information for which withholding from disclosure is



requested qualifies under 10 CFR 2.390(a)(4) "Trade secrets and commercial or financial

information".

6. The following criteria are customarily applied by AREVA NP to determine

whether information should be classified as proprietary:

(a) The information reveals details of AREVA NP's research and development

plans and programs or their results.

(b) Use of the information by a competitor would permit the competitor to

significantly reduce its expenditures, in time or resources, to design, produce,

or market a similar product or service.

(c) The information includes test data or analytical techniques concerning a

process, methodology, or component, the application of which results in a

competitive advantage for AREVA NP.

(d) The information reveals certain distinguishing aspects of a process,

methodology, or component, the exclusive use of which provides a

competitive advantage for AREVA NP in product optimization or marketability.

(e) The information is vital to a competitive advantage held by AREVA NP, would

be helpful to competitors to AREVA NP, and would likely cause substantial

harm to the competitive position of AREVA NP.

The information in the Document is considered proprietary for the reasons set forth in

paragraphs 6(c) and (d) above.

7. In accordance with AREVA NP's policies governing the protection and control

of information, proprietary information contained in this Document has been made available, on

a limited basis, to others outside AREVA NP only as required and under suitable agreement

providing for nondisclosure and limited use of the information.



8. AREVA NP policy requires that proprietary information be kept in a secured

file or area and distributed on a need-to-know basis.

9. The foregoing statements are true and correct to the best of my knowledge,

information, and belief.

SUBSCRIBED before me this

day of 2012.

Kathleen A. Bennett
NOTARY PUBLIC, COMMONWEALTH OF VIRGINIA
MY COMMISSION EXPIRES: 8/31/2015
Reg. #110864
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Question 03.09.02-108:

The staff requested the applicant to provide the method for combining the uncertainties and bias
errors and the effect of these on the resulting overall stress and vibration response prediction of
the RPV internals in RAI 03.09.02-47c. The applicant responded by referencing CVAP sections
4.2.2.4 for the lower internals, 4.3.2.1 for the FDD, 4.5.1.1.4 for the upper internals, 4.6.3.2 for
the CRGA and RCCA and section 4.7 for the heavy reflector tie rods. The staff did not find a
discussion of the bias errors and uncertainties associated with the analysis of these
components. The applicant is requested to discuss in quantitative and definitive terms, the
methods for ascertaining and incorporating the bias errors and uncertainties in the calculation of
the natural (resonant) frequencies, the peak response magnitude, mean FE response, the
stress magnitude and tabulate the values of these bias errors and uncertainties.

Response to Question 03.09.02-108:

The modal analyses of the reactor pressure vessel internal (RPVI) components used the
material properties established in the ASME Boiler and Pressure Vessel Code and the nominal
(design) dimensions of the components. Therefore, no bias or uncertainties are incorporated
into the analytical evaluations that determine the natural frequencies and mode shapes of the
RPVI components. These design inputs are the most appropriate to consider in order to
increase the likelihood of creating agreement of the frequency and mode shapes between the
analytical predictions and hot functional test (HFT) results.

The response of a structure to random turbulence exhibits a Gaussian distribution. The
analytical evaluation for random turbulence determines the root mean square (rms) response
considering a standard deviation of "1(3". The 1-rms response in terms of displacement, stress
and reaction force are determined for the RPVI components. The peak response to random
turbulence for any structural location of the RPVI components is determined considering a
standard deviation of "5(7" or the 5-rms response. A standard deviation of "5o" results in a
5.734E-7 probability of excursion outside the 5-rms response value.

The acceptance criteria for random turbulence that is provided in Technical Report ANP-10306P
incorporates these uncertainties via the methods discussed therein. Table 03.09.02-108-1
identifies the applicable section of ANP-1 0306P where the acceptance criterion for each of the
RPVI components is defined. At locations where local structural discontinuities exist, fatigue
strength reduction factors (FSRF) were applied to the 1-rms stress value before entry into the
rms fatigue curves.

As stated above in this response, and in responses to Questions 03.09.02-71 and 03.09.02-112,
no bias was introduced into the FE models or calculations; hence, the results appearing in ANP-
10306P are essentially best-estimate values, without significant built-in conservatism. A general
assessment of the accuracy of the finite element (FE) modeling approach is offered with the
following write-up. In particular, an assessment of the uncertainty of the computed natural
frequencies to within ± x percent of the actual frequencies and the computed amplitude, either
integrated or modal, is within some factor or percent of the actual value provided. The analysis
for the lower internal assembly was conducted for the HFT conditions, without the core, and that
no credit was taken for reduced response due to the presence of the fuel assemblies (FAs).

The general assessment of the FE model accuracy is based upon the uncertainties associated
with the follows attributes of the analysis.
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* Firstly, uncertainties on structural compliance are estimated

" Secondly, uncertainties on fluid forcing function are derived

* Thirdly, combination of the above is made to determine the global uncertainty on the
response levels

Uncertainty on Structural Compliance

The objective of the dynamic finite element model (FEM) is to predict the dynamic flexibility of
the mechanical system. For a random vibrations analysis, this involves determining the
frequency response functions (FRFs) between various degrees of freedom (DOFs). In order to
be representative and correctly predict FRFs, the FEM must closely match the behavior of
actual structures for all three types of forces:

" Restoring forces: linearity / discretization / boundary and interfaces conditions / material
properties / manufacturing tolerances effects.

" Damping forces: structural, viscous, and flow-induced contributions.

* Inertia forces: structural, and hydro-dynamically induced.

Linearity: Restoring forces maintain proportionality to deflection as long as structural motion
remains small enough so that neither material nor mechanical non-linearity is triggered. In the
context of the RPVI response to FIV, the anticipated response is very small compared to the
structural characteristic length (ratio -10-5). With respect to this condition, no significant
uncertainty stemming from non-linear effects has to be accounted for. Therefore, the
uncertainty associated with this aspect of the FEM is [ ] percent.

Formulation / Discretization: The restoring forces will be correctly predicted as long as the
structural FEM adequately follows the real structure topology. The massive components
(e.g., HR, LSP) are modeled with solid elements, the relatively thin components (e.g., CB) are
modeled with plate or shell elements, and the relatively slender components (e.g., FAs) are
modeled with beam elements. These rules have been strictly adhered to during FE model

development. Therefore, the percent uncertainty is [ ] for this aspect of the FEM.

Similarly, the discretization effects are minimal. Considering the most limiting high-order

modes, there is a minimum number of 10 elements per half-wavelength so that less than [ ]
percent deviation on the structural frequency due to FE meshing effects could be realized. One
exception to this is the HR "shell type" (N>1) modes, for which a coarse mesh was used (using
only two elements through thickness, (refer to ANP-10306P, Figure 4-8, or Figure 03.09.02-108-
1 below). In this case, a larger deviation can be anticipated, and was indeed found to be so
when comparing to experimental results (deviation of [ ] percent and [ ] percent on
frequencies for the two HR shell modes (N=2)) as shown in Technical Report ANP-1 0306P,
Table 4-1. However, such a deviation could be ignored since a forcing function capable of
exciting those shell modes is not anticipated. Therefore, the uncertainty associated with the
effects of discretization in the FEM is accounted for as an uncertainty of a [ 1 percent
increase in the structural frequencies.
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Boundary Conditions

The lower internals assembly rests on the CB flange of the RPV. The contact between these
mating surfaces is maintained by lower internals assembly weight force, the weight of the FAs,
and the preload created by the hold down spring (HDS), which together exceed the uplift forces
due to hydraulic drag effects of the primary flow through the RPV internals (refer to the
Response to Question 03.09.02-69 for additional information regarding the clamping load of
these mating surfaces). Both the RPV and CB flanges are precisely machined so that little or
no gap exists at this interface; and, therefore, the load path between those two components can
be assured to be continuous around their circumference so that no reduction of apparent
stiffness needs to be anticipated during normal operating conditions. The flange of the RPV
itself is modeled as a rigid, immovable surface. This results in a slight overestimation of the
overall stiffness of this mating surface; and, consequently, a minor increase in the natural
frequencies of less than [ ] percent. The LSP and the radial keys are assumed not to
come in contact during normal operating conditions and the results of the analysis verify this
hypothesis. The RMS displacement value at this location has been determined to be below one
third of the gap width. The probability that the vibration amplitude will exceed a 3GY value (or a
3rms response) is 2.7E-3 or less than 0.3 percent of the time. Therefore, the percent
uncertainty is judged to be [ ] for this aspect of the FEM.

Interface Conditions (1 of 2):

Regarding the potential for contact between lower and upper internal assemblies, the interaction
of these two components is not accounted for with the linear frequency domain type of analysis
that is performed for the lower internal assembly. The width of the gap between these two
components of [ ] is not very large compared to amplitudes of
displacement that are anticipated at this location; and, therefore, the interaction of these two
components remains largely unknown. The interaction of these two components, which could
only be obtained through non-linear time domain solutions, is not performed to assess the
degree of interaction.

The interaction of these two components would essentially add stiffness to the system, thereby
increasing the frequency of the HR rocking mode and the CB beam mode. In order to evaluate
the corresponding shift in frequency, a simple analysis has been conducted. First, the
horizontal stiffness of the upper internal assembly has been evaluated through a detailed stress
analysis using a FEM. A unit displacement is applied at the upper core plate (UCP) elevation to
determine the stiffness of the upper internal assembly. This stiffness value is then used to
extrapolate the updated modal frequency by estimating the additional strain energy stored into
the upper internals. By assuming a small modal modification (i.e., no modification of the modal
shape), the additional work strain energy is equal to:

AE = 4)tAK(Dj

Since the modification of the stiffness only occurs in one degree of freedom (i.e., the horizontal
displacement of HR at its top elevation), this matrix equation degenerates to the scalar form:

AE = U 2 KUpperInternals
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Where, U is the horizontal component of displacement of the HR rocking mode at its top
elevation. If the modes are normalized with respect to mass, the expression for work is
numerically equal to squared modal pulsation:

(DjK(Dtjt t

(02 - I KcID since IjM4Dj =1

In the case of the HR rocking mode, the following numerical results are obtained:

" Horizontal stiffness of upper internal assembly:

I ] per Figure 03.09.02-108-2

* Modal displacement at HR top elevation (mass-normalized):

I ] per Figure 03.09.02-108-3

* Additional work due to the presence of the UCP interactions:

AE[ =

AE=[]

* Initial work in the absence of UCP interaction:

E = [ "] per Figure 03.09.02-108-3

* Total work in the presence of UCP interaction:

=[I
New modal frequency:

I

[ I
The maximum possible deviation in the frequency of the HR due to the contact between the
lower and upper internals at the UCP elevation is equal to:

Enatural frequency. I or approximately I

] percent increase in the

Following the same approach for the case of the CB beam modes, the following results are
obtained:

* Horizontal stiffness of upper internal assembly:

] per Figure 03.09.02-108-2
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* Modal displacement of CB at the elevation equivalent to the top of the HR (mass
normalized):

[ ] per Figure 03.09.02-108-4

* Additional work due to the presence of UCP interaction:

* Initial work in the absence of UCP interaction:

I ]
* Total work in the presence of UCP interaction:

[ = 2577 + 392 = 2969 mJ (26.1 lbf-in) ]

" New modal frequency:

[ ]
The maximum possible deviation in the frequency of the CB due to the contact between the
lower and upper internals at the UCP elevation is equal to:

Enatural frequency. }r approximately I
] percent increase in the

Interface Conditions (2/2):

A large number of interfaces exist between the 12 individual slabs that comprise the HR
component. The slabs are held tightly together with [ ] tie rods; hence, no separation can
occur. However, this does not guarantee that there is perfect continuity of displacements at
interfaces between the slabs, even though the compression of these mating surfaces is tightly
controlled. Consequently, the stiffness of the HR might be overestimated. However, this has no
influence whatsoever on the dynamic response of the lower internals, since the HR essentially
behaves as a rigid body. This can be demonstrated by examining the distribution of modal
strain energies, provided in Figure 03.09.02-108-5. As explained in t ANP-10306P, Section
4.2.3.2 and Figure 4-15, the modes that significantly contribute to the FIV response of the lower
internals are the HR beam modes (Rank 3 and 4) and more importantly the CB beam modes
(Rank 11 and 12). For these modes, the fraction of strain energy stored into the HR is [ I
percent (for HR rocking mode) and only [ ] percent (for CB beam modes), as can be seen
in Table 03.09.02-108-2.
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Consequently, even a large distortion on the HR flexibility would only marginally affect the
results. For example, reducing the HR stiffness by a factor of two would diminish the
corresponding total strain energy of Modes 3 and 4 by [ ] and reduce the
HR rocking modes frequency by about [ ] percent. The same reasoning applied to the CB

beam mode shows that the modal frequency would be reduced by [ ] percent.

Manufacturing Tolerances:

As can be seen in Table 03.09.02-108-2, the CB has the most significant influence to the overall
stiffness of the lower internal assembly and for the frequency of the significant modes.
Consequently, the tolerance on CB shell thickness is the major contributor to the uncertainty of
its stiffness. FEM calculations have been conducted using the nominal thickness value
considering a [ ] percent value of tolerance on its thickness, conservatively assuming an
overall stiffness controlled by local bending at CB flange connection. The results of this
calculations show [ ] percent uncertainty on overall stiffness.

Material properties:

Uncertainty on elastic properties (Young Modulus) of material are small, and can be considered
to be less than [ ] percent.

Damping forces

As summarized in ANP-10306P, Table 4-7, the damping ratios of [ ] percent and

[ ]percent have been respectively used for HR rocking mode and CB beam modes,
corresponding to HFT conditions. These values represent the sum of two major contributors:

" Structural damping [ ] and viscous damping [ ] for HR rocking
modes.

* Structural damping [ ] and flow-induced damping [ ] for CB beam
modes.

Uncertainties on structural damping are significant. A value of [ ] percent has been
selected, but large deviation could be expected, so that credible values range from [ ]
percent to [ ] percent.

Uncertainties associated with the magnitude of the viscous damping are not important since the
formula used in ANP-10306P, Section 4.2.5.3.3, have been benchmarked by AREVA NP and
were found to provide consistent estimation of the damping to within a relative uncertainty of
[ ] percent or better; so the actual values could range between [ ] percent to [ 1
percent. Therefore, a credible range for the HR rocking modal damping ratio would be [

I percent; or, equivalently, a [ ] percent relative uncertainty.
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Uncertainties associated with the magnitude of the damping for the CB beam modes created by
the flow are limited since the contribution has been extracted from the mockup. Secondly,
because the hydro-elastic similitude was achieved, the only correction applied was through the
consideration of the density for water between mockup and prototype conditions (see ANP-
10306P Section 4.2.5.3.2). Therefore, the uncertainty associated with this damping mechanism
is insignificant. Consequently, a credible range for the damping ratio for the CB beam mode

would be [ ] percent to [ ] percent; or, equivalently, [ ] percent relative uncertainty.

Note that in case of normal operation, with the core loaded in the RPV, these values would be
increased by the presence of the fuel assemblies. Past experiences shows that for the CB
beam mode, damping ratio of no less than [ ] percent are observed with the typical range

being between [ ] percent damping.

Inertia forces

The inertia forces are linked to the distribution of mass within the structure, which is generally
well known; therefore, a minimal uncertainty (± [ ] percent) is assumed. However, in the
case of the lower internals, most of the inertia is controlled by hydrodynamic forces. This is
illustrated in Figure 03.09.02-108-6. As can be seen with this figure for all modes except the CB
beam mode, the hydro-dynamically induced terms represent over 98 percent of total kinetic
energy.

As known from two-dimensional analysis of flat plates (e.g., ASME Section III, Appendix N-
1450), as soon as ratio of the outer radius and inner radius is close to unity, the hydrodynamic
mass terms become inversely proportional to thickness of the fluid gap. In the case of modes 1
to 10, the HR/CB annulus has the most significant influence for the modal mass. Therefore, the
uncertainties associated with the hydrodynamic mass are directly linked to the manufacturing
tolerances of the HR/CB water annulus. Assuming an [ ] percent uncertainty for the

thickness of this water annulus [ ] creates an [ ]percent
uncertainty with the modal mass; and, therefore, a [ ] percent uncertainty with all modal
frequencies (for modes with rank 1 to 10).

For CB beam modes (rank 11 and 12), the hydrodynamic mass represents approximately [
] of the total energy. Furthermore, the uncertainty with the thickness of the downcomer is much
lower (less than [ ] percent). Therefore, a global [ ] percent of uncertainty for the

modal mass will be conservatively assumed, which implies a [ ] percent uncertainty with the
modal frequencies.

Uncertainty with the Forcing Function for Turbulence

The uncertainties on the forcing function encompass the following contributors:

* Uncertainties on measurements.

* Uncertainties on parameters identification.

" Uncertainties on reactor flow rates.
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Uncertainties with the measurements for dynamic pressure: As indicated in Response to
Question 03.09.02-114, an overall (i.e. broadband) accuracy of [ ] percent or better was
achieved during experimental tests. It is noted that since the averaged values have been used
for more than 10 sensors, the actual value is probably much lower, so that this is more a
bounding value than a typical value.

Uncertainties with the identification of parameters: The spectral parameters (e.g., slopes and
corner frequencies) are averaged quantities performed in the frequency domain that are
obtained from the best-fit of the raw data curves. These parameters are relatively immune to
dispersions and pollutions of the spectra so a [ ] percent uncertainty with these values is
appropriate. Similarly, the correlations lengths and angles are averaged quantities in the space
domain so these parameters are also immune to measurement noise. A [ ] percent
uncertainty in the value of these terms will be used.

Uncertainties with the flow rates: Flow rates in the test setup are measured with high-quality
electromagnetic flow meters. The uncertainty in the flow rate is about [ ] percent. However,

the uncertainty with the flow rates for the full-scale design during reactor operation is equal to [
] percent. This value is based upon the difference between the design mechanical flow

rate and best estimate flow rate.

The uncertainty in the velocity of the fluid in the downcomer created by the manufacturing
tolerance in the width of the downcomer [ ] inches and the concentricity between

the RPV ID and the CB OD [ ] inches is [ I as shown with the following
calculations. The concentricity of 0.1 inches between the RPV ID and the CB OD will not
change the overall flow resistance in the downcomer region and therefore the increase in the
fluid velocity from this manufacturing tolerance is negligible. However, this uncertainty is
considered to be accounted for by the increase in the fluid velocity that is determined below
when based upon the reduced flow area created by the tolerance in the width of the downcomer
and applied to the full circumference and length of the downcomer annulus.
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Since these sources of uncertainties are statistically independent, they are combined
quadratically. The combined effect of these uncertainties in the flow rate or the fluid velocity in

the downcomer is equal to approximately [
with the flow velocity results into a [

]. This uncertainty

1 uncertainty with the RMS fluid

induced force and an [
turbulence.

] percent uncertainty on the spectral content of the pressure PSD for

Uncertainty with the Level of Response

The level of response is obtained through integration of the fluid forcing function effects on the
entire CB surface; hence, a double integration with respect to space and a single integration
with respect to frequency. As stated in ANP-10306P, Section 4.3.2.1, the process used in the
ANSYS calculation makes no further simplification, and employs a close-form integration
technique for the frequency-wise integration, as well as the full modal basis, so that no
significant bias or uncertainty is further introduced by the calculation scheme. An uncertainty of

[ ] is assessed for this consideration. Therefore, the uncertainty on response
levels is entirely controlled by uncertainties on the structural compliance and on the fluid forcing
function, as discussed in the previous paragraphs.

In order to quantify the overall uncertainties, it is not practical to use the numerical scheme
presented above and used in the development of ANP-10306P. Instead, simple formulas will be
considered to capture the essential features of the structural response.
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The mean-squared response for any DOF on the structure can be theoretically determined from
the following expression:

nn n n.
Sdi (co) 11 ( ij(Dik/-: I-" Hj (cO)-K (0O)Slm (0o)

j=1lk=1 (1=1 m=l

Where:

Sdi denotes the ith DOF displacement response PSD

0 and Fik respectively denote the modal displacement at the ith DOF for jth and kth

eigenvectors

Hj (w) (resp. Hk ((o)) respectively denote the modal displacement frequency response

function for the jth (resp. kth) mode (complex quantity)

S1. (ow) denotes the nodal force cross PSD between DOFs / and m (complex quantity).

This complicated equation can be reduced to a much simpler form provided that:

1. one mode governs the overall response of the structure

2. the auto power spectra are independent of space and the cross power spectra depend on
the distance between points (or nodes) and not on the location of the points (or nodes) on
the structure. This is to say that the PSD for turbulence is homogenous through out the
surface of the structure (space wise) and the coherence function depends only upon the
distance of separation between two points on the structure.

3. the spectrum for the forcing function is a slowly varying function (smooth) and the cutoff
frequency is lower that the first modal frequency

For these circumstances, the double summation with the modal content can be removed, and
only the direct modal terms are needed. Further, the value for the nodal force PSD can be
taken out of the innermost double summation (over space) and lastly, the variance of the
response becomes equal to the sum of a quasi-static part, and a resonant part. The equation
above can now be simplified to the following expression (retaining only one mode of order n):

22 > <F2> PPSD((O)Inn (o))
< Sdi2 >= 2 CiO4 2-38m2 no 3

ymcn + Sm~on n

Where:

<F 2> denotes the variance of the net total force applied on the structure

m n = modal mass (generally equal to unity)

(O = resonant pulsation
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E n = modal damping ratio (fraction of critical)

PPSD = Pressure Power Spectral Density

6 =joint acceptance integral of mode n Inn (C) = f'(Dn(Xl)Dn(x 2 )F(Xl,X2 , Co)dxldX2
surface

In the previous equation, the first term represents the quasi-static structural response to the fluid
forcing function, while the second term corresponds to the so-called Miles formula. For example,
in the case of the displacement response of the LSP along reactor zero degree axis (see ANP-
10306P, Figure 4-16), it can be seen that both terms contribute approximately I ] of
total response. Using this form of the equation, it is possible to combine the previous
uncertainties obtained for the individual parameters to assess the overall uncertainty.

Uncertainty with the quasi-static term:

Like any static response, the overall uncertainty is the combination of the uncertainty on overall
force and stiffness. From the previous discussion, the total uncertainty on stiffness is;

3stiffness

PF/32EMdiscretization.ns 2+ PnterfaceConditions + ManufacturingTolerances. + MatProperties

All these terms have been estimated in the paragraphs related to structural compliance. A
factor of two is applied to convert uncertainties associated with frequencies to uncertainties
associated with stiffness. Inconsideration of the response of the CB beam mode, this will yield;

stiffness

Regarding the [ ] percent uncertainty associated with the quasi-static results, it is noted that
this value is larger than the [ ] percent offset value that was obtained with the HYDRAVIB
mockup flow test. There are two reasons for this. First, the primary contributor of the [ ]
percent uncertainty is due to the interaction between lower and upper internals at the UCP
elevation which was non-existent in the HYDRAVIB test. Secondly, the uncertainty assessed
for the deviations due to manufacturing tolerances have been assumed to be uniform for the
entire CB shell surface, which is highly unlikely.

A bounding value for the uncertainty of the CB stiffness (on the negative side) can be estimated
by removing the uncertainty due to contact with upper internals (i.e. theI/ic term). Similarly, the
artificial stiffening effect due to rigid boundary condition or FEM discretization can also be
removed. Therefore, the two different values of uncertainty are obtained as follows;

_ 2 P2 2 2
Ostiffness -VDFEMdiscretization. + 3BoundaryConditions + 2ManufacturingTolerances. + 2MatProperties
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Ostiffness= 1 +

stiffness = 1 lnterfaceConditions + I3ManufactudngTolerances. + Nat Properties

Ostiffness= J"
The uncertainty with the variance of the forcing function is the combination of two independent
contributors, therefore:

_/2 P2
Pforcingfrunction- VMeasurements. + I3FlowRates

jfjrcing-unctio n

Therefore, the total uncertainty on variance of quasi-static contribution is equal to:

Pquasi static response= V2stiffness + P3 forcing_ function

fq uasi-static-response [ ]
IPquasi-static-response[ ]

It is noted that the overall uncertainty for the increased response is largely controlled by

uncertainty of the flow rate.

Uncertainty with the resonant term:

In addition to the uncertainties accounted for in the static response, the following contributions
must be evaluated:

* Uncertainty regarding resonant frequency

* Uncertainty regarding Pressure PSD amplitude at resonant frequency

* Uncertainty regarding Joint Acceptance Integral value at resonant frequency

* Uncertainty regarding damping ratios

The uncertainty regarding resonant frequency is:

P3frequency= \I1stiffness _ terms + m1ass _ terms
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In the case of CB beam-type response, this will yield an uncertainty of;

Pfrequency=fe [ ]
From Technical Report ANP-10306P, Section 4.2.2.4.1, the amplitude of the pressure PSD at
the resonant frequency is:

[ I
The consideration of the B2 index stems from the fact that all structural resonant frequencies are
above the cutoff frequency. This can be rearranged by lumping the constant terms into a single
value as follows

I J
Therefore, the total uncertainty on PSD amplitude at resonant frequency reads

P3 PSDatresonance = /((3 + B2)P3velocity) 2 + (B2l3frequency) 2

For the response of the CB beam mode type, the uncertainty is:

P3PSD at resonance=

3PSD at resonance -

Estimation of the uncertainty associated with the evaluation of joint acceptance integral (JAI) at
the resonant frequency requires usage of an approximate closed form solution. It is a common
practice to use a separable form for the evaluation of the JAI on a cylindrical shell. The JAI for a
two-dimensional surface is simply equal to the product of the one dimensional JAI along each of
the two axis. In the case of the CB shell, this can be defined as follows:

JAIcB (Xaxial, ?,circumferential) = JAlbeam (?axial )JAIshell (Xci rcumferential)

For the case where both the axial and circumferential correlation lengths are small in
comparison to the structural dimensions and the bending wavelength, further simplifications can
be made to the definition of the JAI:

JAIbeam(?,axial) = 2kaxial where, L is the length of the shell
L
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JAishell(kcircumferential) = 2kcircumferential
2nR

where, R is the radius of the shell

Both of these correlation lengths have linear dependency with respect to the fN ratio; hence, it
follows that JAI can be written as:

ife2
JAIcB (kaxial,k•circumferential) =CaxialCcircumferential f(-

Finally, the total uncertainty on JAI at resonant frequency reads:

f3JAI atresonance =

p2P)2 2
jaxialcorrelation -length + l3circumferential_ correlation -length + (2 p3 frequency) 2 + ( 2 03 FiowRate)

Numerically, this will yield:

3JAI at resonance-

PJAI at resonance [ ]
The amplified response term is:

d2 > PPSD((o)Inn (0))
n(3

The uncertainty on the variance of the amplified response is;

Pamplifiedresponse= V(PPPSD + PJAI + 3 x (Presonance _ frequency ))2 amping

Since the first three terms are mutually partially correlated, they are conservatively added
algebraically, while the last term, being independent of the rest of the summation, is added
quadratically. Numerically, this yields:

P amplifiedresponse=

3
amplifiedresponse [ I
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Uncertainty with the global RMS LSP motion:

In the case of the response of the LSP, the uncertainty on the RMS level is simply estimated
based upon the total variance being equal to the sum of the variance of the quasi static term
and the amplified term. Both terms account for approximately half of the total variance, as seen
with Figure 03.09.02-108-7 and also depicted in ANP-10306P, Figure 4-23 and Figure 4-24. In
this case, the total uncertainty is equal to average of individual uncertainties as written below;

Ptotal_response_variance 0.5 X Pquasi_ static _ response + 0.5 X Pamplified_ response

Numerically, this yields:

P total _responseva riance -

N3total responsevariance=

Note that with the expression for "Flower", the square root of the reciprocal of the total response
variance term is used to determine the lower bound response and differs from the method by
which the upper bound value is computed. The reason for this difference is due to the
mathematical manner by which the bias and uncertainty terms have been computed to assess
the lower bound response. Since the lower bound variance terms have been computed with a
positive variance, as opposed to a negative variance, it is mathematically more appropriate to
determine the lower bound response in the manner that is performed above to obtain the lower
bound response.

The factors to be applied on the best estimate RMS levels to obtain upper and lower bounds
are:

Fupper =[

Flower =

Or, equivalently, the following percentages [ +19%, -24%].

From ANP-1 0306P, Table 4.9, the best estimate value for the displacement of the LSP for the
full-scale design during HFT is of I ] RMS. Considering these uncertainties,
the following interval of displacement is obtained:

[ I
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These values are consistent with the results obtained with the HYDRAVIB mockup testing. An
offset of [ ] percent on RMS levels had been obtained between the numerical and
experimental results but, again some uncertainties where non existent during this benchmark.
Most importantly, the uncertainty with the flow rate did not exist since it was precisely known
during the HYDRAVIB flow tests. A general conclusion is that the uncertainty introduced by
numerical simulation is lower than that related to knowledge of actual conditions during
operations.

Uncertainty with the global RMS HR motion:

Applying the same process to assess the uncertainty for the response level of the HR at its
upper elevation (the label HRA2 in Figure 03.09.02-108-7) yields a supplementary term which
accounts for approximately [ ] percent of total response variance.

fOtotal _responsevaria nce

0.5Pquasi- static_ response + 0.05 X Pamplified_ response- HR + 0.45 X Pamplified_ response_ CB

Only the term related to amplified response of HR must be evaluated.

Compared to the previous analysis, the uncertainties on the HR dominant frequency are higher
due to:

" possible increase of stiffness due to interface conditions between the upper and lower
internals, implying an increase in frequency of about [ ] (see Interface Conditions
(1/2) section of this response)

* possible reduction of stiffness due individual HR slabs, implying a decrease in frequency of
about [ ] percent (see Interface Conditions (2/2) section of this response)

* uncertainty on mass, implying an uncertainty on frequency of about [ ] (see
Inertia Forces section of this response)

Therefore, the combined uncertainty on frequency is:

/f3 requency= .(0.052 -+ 0.0552 =7.4% (decrease)

Ifrequency= F(0.082 +0.0552 =9.7% (increase)

For convenience, an envelope value of 10% will be applied.

The uncertainty relative to PSD at resonance can be estimated as previously

/jPSD-atresonance= V((3 + B 2 ) .velocity )2 + ( B 2 /3 frequency )2

flPSE atresonance= V((3 + 2.60) x 0.082)2 + (2.60 x .10)2 =0.53 (increase and decrease)

The uncertainty relative to JAI is also obtained:
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PJAI at resonance=

paxial -correlation_ length + tcircumferential_ correlation length + ( 2 pfrequency)2 + ( 2 0FiowRate)2

IPJAI at resonance:= E I
The uncertainty on damping has been evaluated to be equal to [ " percent. The total
uncertainty on variance due to HR amplified response is:

IPamplified response= 1 (IPPSD + OJAI + 3 x (3 resonance_ frequency)) 2 + P2damping

I
3

amplified-response =[ ]

There is an uncertainty of about a factor of [ 1 for the contribution of HR amplified response.
However, this term only represents [ ] percent of the total response variance, hence
doubling its contribution would mean only adding [ ] percent of the total response variance,
or equivalently, adding [ ] percent to the RMS level. Even in that extreme case, contribution
for the HR rocking motion is of secondary importance and uncertainties are almost unchanged
compared to that of obtained at the LSP. So the I ] percent interval of uncertainty is

used here. Numerically, this means that starting from the best estimate value of [
] RMS for the displacement of the HR, as indicated in ANP-10306P, Table 4.9, the following

interval of displacement is obtained:

Section 4.2.7.3 will be added to ANP-10306P to provide an overview and a summary of the
degree of uncertainty in the analysis for the FIV results.

FSAR Impact:

The U.S. EPR FSAR will not be changed as a result of this question.

Technical Report Impact:

ANP-10306P, "Comprehensive Vibration Assessment Program for U.S. EPR Reactor Internals
Technical Report," Revision 1, will be revised as described in the response and the indicated on
the enclosed markup.
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Table 03.09.02-108-1: Acceptance Criteria for Random Turbulence for the
RV Internal Components

U.S. EPR RV Internals Component Section of ANP-10306P
RV Lower Internal Assembly Section 4.2.6
Flow Distribution Device Section 4.3.3
RV Upper Internals

(control rod guide assembly (CRGA) column supports, Section 4.5.2
normal column supports, level measurement probe column
supports, and guide tubes)
CRGAs and rod cluster control assemblies (RCCA) Section 4.6.4

Table 03.09.02-108-2: Distribution of Modal Strain and Kinetic Energy
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Figure 03.09.02-108-1: FEM of Lower Internal Assembly

Brick (8 nodes) I[

IBrick (20 nodes)

* -" Shell (4 nodes)

Brick (8 nodes)
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Figure 03.09.02-108-2: Estimation of Upper Internals Horizontal Stiffness
-. (1/4 Scale Model)
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Figure 03.09.02-108-3: Heavy Reflector Rocking Mode

(mass normalized amplitude)
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Figure 03.09.02-108-4: Core Barrel Beam (Mass normalized amplitude)
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Figure 03.09.02-108-5: Strain Modal Energy Ratios
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Figure 03.09.02-108-6: Kinetic Modal Energy Ratios
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Figure 03.09.02-108-7: Energy Distribution of Horizontal Component of
Motion
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4.2.7.2 Stress Levels

The distribution of stress is displayed in Figure 4-26. As expected, peak stresses are located at
the junction between the CB shell and the flange (local bending occurs in this region) with
secondary stress concentrations in the vicinity of the nozzles.

A maximum stress of [ ] MPa, rms (or [ ] psi, rms) is shown in Figure 4-26 at the

CB flange elevation. ,e,,sde.in,&A12lying a fatigue strength reduction factor (FSRF) of [ ]
for the cylinder to flange juncture, a weld quality factor (f=l) for dynamic loading dynamic as
prescribed by ASME Section III, Table NG-3352-1 for the category C, Type I weld ioint, and the

scaling factor of [ ] , a peak stress of approximately [ ] psi, rms is obtained for the
full power normal operating condition.

To evaluate the RV lower internals for fatigue, the number of cycles per unit time is taken from

the displacement results (See Table 4-10). Considering a crossing frequency of [ ] Hz and
based upon 60 years of continuous operation (i.e., assuming a 100 percent capacity factor), this

yields a number of cycles of about [ ] Using-Table- -21.Figure 4-21 and fatigue

"C", the allowable number of cycles for the r ] psi, rms peak stress is > 1 0i_ cycles.

Therefore the fatioue usaae factor is less than r 1 The endurance limit of approximately
.......... .... .... i•I ... ...... 1 . ......... .... ... i

L 1 lpsi, rms at [
psi, rms). an eRdurFa,

1 cycles is greater than four times the stress in the CB ( [ I
e limit t lf-pproimati-• 00';0l psi, rmi ii estimateed, wrlcl iC well abeov

the str... in the GB, ,,,hih is 850 p-i,,- r. Therefore, high cycle fatigue failure resulting from
the random turbulence in the RV downcomer is not predicted to occur. _

4.2.7.3 Uncertainty and Bias in the Predicted Response

The structural model for the lower internal assembly evaluated the nominal (design) dimensions
of the components to determine the natural frequencies and mode shapes of these components.
As such, the analytical model does not specifically consider the manufactured tolerances
associated with the geometry of the structures and the differences in material properties values
established in the ASME code and the as-built values. Since the analytical results will be
compared to HFT results, the appropriate practice is to consider the "best estimate" design inputs
in order to obtain the best agreement between the analytical and field test results. The
implication of this approach is addressed in the following paragraph.

The fluid-structure coupling mechanism for random turbulence is weak in that the flow field
induced by the structural motion is linearly superimposed on the incident flow field. In contrast, a
strongly coupled fluid-structural system, which is characterized by large structural motion, will
induce fluid velocities and completely distort the incident flow field. Vortex-shedding induced
vibration and fluid-elastic instability of heat exchange tubes are examples of strongly coupled
fluid-structure systems. With these strongly fluid-structural coupled systems, the sensitivity of
the FIV mechanism to the natural freguencies of the components becomes fundamental as to
whether or not this mechanism is active and the strength of the response. For the weakly fluid-

RAI 422
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structure coupling associated with random turbulence, the relationship between the natural
frequencies and the response of the structure is not as strongly associated: therefore, the slight
variation in the natural frequencies that would be attributed to manufactured tolerances and
material property variations will not significantly alter the forcing function and the response of the
structure.

Nonetheless, a general assessment of the FE model accuracy based upon the uncertainties
associated with various attributes of the analysis was undertaken to establish an overall range of
uncertainty in the computed frequencies and the level of response. An overall summary of the
range of uncertainties in the modal frequencies and response level of the RPVI is provided
below. The assessment of the uncertainties associated with the analyses can be itemized into
the following three categories:

" Uncertainties on structural compliance.

* Uncertainties on fluid forcing function.

" Combination of the above to assess the global uncertainty on the response levels.

Uncertainty on Structural Compliance

The uncertainty associated with the dynamic flexibility of the RPV lower internal assembly was
assessed for:
* Restoring forces: linearity, discretization, boundary and interfaces conditions, material

properties, manufacturing tolerances effects.

" Damping forces: structural, viscous, and flow induced contributions.

" Inertia forces: structural, and hydro-dynamically induced.

Uncertainty with the Forcing Function for Turbulence

The uncertainties on the forcing function for turbulence considered the following contributors:

" Uncertainties with the measurement of dynamic pressures.

" Uncertainties with the spectral parameters (slopes and frequencies).

" Uncertainties on reactor flow rates.

Uncertainty with the Fundamental Freauency of the CB

As stated in Section 4.2.8, the response of the lower internals to random turbulence is primarily
dominated by the fundamental beam mode of the CB. From Table 4-5, the best estimate value

for the fundamental frequency of the CB beam modes are r _1Hz. Considering the

uncertainties itemized above, the percent uncertainty with the CB beam mode frequencies are r

1_percent to [ 1 _percent to obtain the following range of frequency:

*L
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Uncertainty with the Level of ResDonse of the CB at the LSP Elevation

From Table 4-9, the best estimate value for the displacement of the LSP for the full scale design

during HFT is 1 1 mil. rms. Considering the uncertainties itE

uncertainty for the turbulent response of the CB beam mode is i

emized above, the Dercent
mized above the oercent

1 percent to, 1percent
to obtain the following interval of displacement:

This value is consistent with the results obtained with the HYDRAVIB moc~kin tecstinc, An nffesP~f
This value is consistent with the results obtained with the HYDRAVIB mockun testinn An offset
ofL 1 percent on rms levels was obtained between the numerical and experimental results.

Uncertainty with the Freauency of the HR Beam Mode

From Table 4-5, the best estimate value for the fundamental frequency of the HR beam mode

(modes 3 and 4 or the "rocking modes") is r 1 Hz. Considering the uncertainties itemizedJ I •1.

above, the percent uncertainty with the HR beam mode frequency is L
the following range of frequency:

1 percent to obtain

e L _I
Uncertainty with the Level of Response of the HR at Location I Elevation "HR Al"

From Table 4-9, the best estimate value for the displacement of the HR at the elevation or

location "HR Al" for the full scale desian during HFT is r 1 mil rms flnnsid~rinn th~
I mil rms Considerinn the

uncertainties itemized above, the percent uncertainty for the turbulent response of the HR beam

mode is r 1._Even in that extreme case, the contribution for the HR rocking motion is of

secondary importance and uncertainties are almost unchanged compared to that of obtained at

the LSP. So the r 1 percent interval of uncertainty obtained for the response of the CB
at the LSP elevation is used here to obtain the following interval of displacement for the HR:

* L _I
Uncertainty with the Stress Levels in the CB

The uncertainly in the computations for stress in the CB are directly proportional to uncertainties
reported above for its dynamic response. Additionally a FSRF of 3 03 is considered in thP. stre~s
reDorted above for its dynamic reSDonse Additionaliv a FSRF of 3 0 is considered in the stress
results reported in Section 4.2.7.2 to account for the Deak stress effects created by the structural

re u t .. ...............4.2..2 to .... .. .. .. .. .. .. .fo th.... ..........cea ed b th s ru tu a

discontinuity of the CB cylinder and the CB flange. From Section 4.2.7.2. a peak stress of 850
psi, rms is reported. Considering the range of uncertainties reported above for the response of
the CB. the following ranae of stress at the CR flanae elevation was obtained'

I

•L

This maximum stress is iust less than four times the endurance limit of 4000 psi, rms at 10L°_
cycles reported in Section 4.2.7.2. Therefore, high cycle fatigue failure is not predicted to occur.
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