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Executive Summary

The finite element model and analysis methodology, used to assess stresses induced by the
flow of steam through the steam dryer at Brown Ferry Nuclear Unit 2 (BFN2), are described and
applied to obtain stresses at CLTP conditions. The resulting stresses are assessed for compliance
with the ASME B&PV Code, Section III, subsection NG, for the load combination
corresponding to normal operation (the Level A Service Condition). The results presented herein
account for proposed modifications to the BFN2 steam dryer designed to improve stress margins
under EPU operation. In particular, changes to the tie bars, hood and steam dam gussets have
been incorporated to promote alternating stress ratios above 2.0 at EPU conditions.

The analysis is carried out in the frequency domain, which confers a number of useful
computational advantages over a time-accurate transient analysis including the ability to assess
the effects of frequency scalings in the loads without the need for additional finite element
calculations. [[

@11 The analysis develops a series of
unit stress solutions corresponding to the application of a unit pressure at a MSL at specified
frequency, f. Each unit solution is obtained by first calculating the associated acoustic pressure
field using a separate analysis that solves the damped Helmholtz equation within the steam dryer
[1]. This pressure field is then applied to a finite element structural model of the steam dryer and
the harmonic stress response at frequency, f, is calculated using the commercial ANSYS 10.0
finite element analysis software. This stress response constitutes the unit solution and is stored
as a file for subsequent processing. Once all unit solutions have been computed, the stress
response for any combination of MSL pressure spectrums (obtained by Fast Fourier Transform
of the pressure histories in the MSLs) is determined by a simple matrix multiplication of these
spectrums with the unit solutions.

Results obtained from application of the methodology to the BFN2 steam dryer prior to the
installation of acoustic side branches (ASBs) show that at nominal CLTP operation the minimum
alternating stress ratio (SR-a) anywhere on the steam dryer is SR-a=2.91. The loads used to
obtain this value account for all the end-to-end biases and uncertainties in the loads model [2]
and finite element analysis. In order to account for uncertainties in the modal frequency
predictions of the finite element model, the stresses are also computed for loads that are shifted
in the frequency domain by +2.5%, +5%, +7.5% and +10%. The minimum alternating stress
ratio encountered at any frequency shift is found to be SR-a=2.59 occurring at the +7.5% shift.
The stress ratio due to maximum stresses (SR-P) is dominated by static loads and is SR-P=1.88
without frequency shifts and SR-P=1.81 when frequency shifts are considered.

These values do not account for the ASBs that will be installed as part of the extended power
uprate modifications for BEN2. When ASBs are installed, the smallest alternating stress ratio
increases to SR-a=2.81 at CLTP. This corresponds to a value of SR-a=2.13 at EPU conditions
which is expected to qualify the Unit 2 dryer for EPU operation.
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1. Introduction and Purpose

Plans to qualify the Browns Ferry nuclear plant for operation at Extended Power Uprate
(EPU) operating condition require an assessment of the steam dryer stresses experienced under
the increased loads. The steam dryer loads due to pressure fluctuations in the main steam liries
(MSLs) are potentially damaging and the cyclic stresses from these loads can produce fatigue
cracking if loads are sufficiently high. The industry has addressed this problem with physical
modifications to the dryers, as well as a program to define steam dryer loads and their resulting
stresses. The purpose of the stress analysis discussed here is to calculate the maximum and
alternating stresses generated during Current Licensed Thermal Power (CLTP) and determine the
margins that exist when compared to stresses that comply with the ASME Code (ASME B&PV
Code, Section III, subsection NG).

The stress analysis considered here incorporates proposed design changes to the Browns
Ferry Unit 2 (BFN2) steam dryer. In a previous stress analysis of the BFN2 steam dryer [3]
using the same methodology, it was determined that the limiting alternating stress was
SR-a=1.65 at CLTP which, when extrapolated to EPU conditions, arrives significantly below the
desired SR-a=2.0 EPU target. Virtually all of the high stress regions occurred where the tie bars
connect to the top cover plates of the vane banks. This prompted a redesign of the tie bars to
alleviate these stresses. Using the frequency-based stress analysis described herein it was
possible to rapidly analyze proposed modifications and thus arrive at a successful tie bar design
with tapered and widened ends that brings the alternating stress ratios at the tie bar/top cover
plate connections to well above 3.0 at CLTP operation. Since the outermost tie bars on the
existing configuration also help support the steam dam, it was found necessary to add additional
steam dam gussets. The final design of the modified steam dam and associated gussets is also
included in the present analysis.

The stress analysis of the modified BFN2 steam dryer establishes whether the existing and
proposed modifications are adequate for sustaining structural integrity and preventing future
weld cracking under planned EPU operating conditions.. The load combination considered here
corresponds to normal operation (the Level A Service Condition) and includes fluctuating
pressure loads developed from BFN2 main steam line data, and weight. The fluctuating pressure
loads, induced by the flowing steam, are predicted using a separate acoustic circuit analysis of
the steam dome and main steam lines [4]. Level B service conditions, which include seismic
loads, are not included in this evaluation.

[l

1
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i @11 This approach also affords a number
of additional computational advantages over transient simulations including: [[

] This last advantage is
realized through the use of “unit” solutions representmg the stress distribution resulting from the
application of a unit fluctuating pressure at one of the MSLs at a particular frequency. [[

“1

This report describes the overall methodology used to obtain the unit solutions in the
frequency domain and how to assemble them into a stress response for a given combination of
pressure signals in the MSLs. This is followed by details of the BFN2 steam dryer finite element
model including the elements used and overall resolution, treatment of connections between
elements, the hydrodynamic model, the implementation of structural damping and key
idealizations/assumptions inherent to the model. Post-processing procedures are also reviewed
including the computation of maximum and alternating stress intensities, identification of high
stress locations, adjustments to stress intensities at welds and evaluation of stress ratios used to
establish compliance with the ASME Code. The results in terms of stress intensity distributions
and stress ratios are presented next together with PSDs of the dominant stress components.
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2. Methodology

2.1 Overview

Based on previous analysis undertaken at Quad Cities Units 1 and 2, the steam dryer can
experience strong acoustic loads due to the fluctuating pressures in the MSLs connected to the
steam dome containing the dryer. C.D.I. has developed an acoustic circuit model (ACM) that,
given a collection of strain gage measurements [5] of the fluctuating pressures in the MSLs,
predicts the acoustic pressure field anywhere inside the steam dome and on the steam dryer
[1,2,4]. The ACM is formulated in frequency space and contains two major components that are
directly relevant to the ensuing stress analysis of concern here. [[

(M

)
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[l

(3)]]

2.3 Computational Considerations

Focusing on the structural computational aspects of the overall approach, there are a number
of numerical and computational considerations requiring attention. The first concerns the
transfer of the acoustic forces onto the structure, particularly the spatial and frequency
resolutions. The ANSYS finite element program inputs general distributed pressure differences
using a table format. This consists of regular 3D rectangular (i.e., block) nyxnyxn, mesh where
ng is the number of mesh points in the i-th Cartesian direction and the pressure difference is
provided at each mesh point (see Section 3.10). These tables are generated separately using a
program that reads the loads provided from the ACM software, distributes these loads onto the
finite element mesh using a combination of interpolation procedures on the surface and simple
diffusion schemes off the surface (off-surface loads are required by ANSYS to ensure proper
interpolation of forces), and written to ASCII files for input to ANSYS. A separate load file is
written at each frequency for the real and imaginary component of the complex force.

The acoustic field is stored at 5 Hz intervals from 0 to 250 Hz. While a 5 Hz resolution is
sufficient to capture frequency dependence of the acoustic field (i.e., the pressure at a point
varies gradually with frequency), it is too coarse for representing the structural response
especially at low frequencies. For 1% critical structural damping, one can show that the
frequency spacing needed to resolve a damped resonant peak at natural frequency, f,, to within

5% accuracy is Af=0.0064xf,. Thus for f,=10 Hz where the lowest structural response modes

occur, a frequency interval of 0.064 Hz or less is required. In our calculations we require that
5% maximum error be maintained over the range from f,;=5 Hz to 250 Hz resulting in a finest

frequency interval of 0.0321 Hz at the low frequency end (this adequately resolves all structural
modes up to 250 Hz). Since there are no structural modes between 0 to 5 Hz, a 0.5 Hz spacing is

used over this range with minimal (less than 5%) error. The unit load, f,(®,R), at any
frequency, oy, is obtained by linear interpolation of the acoustic solutions at the two nearest
frequencies, ®; and w;+1, spaced 5 Hz apart. Linear interpolation is sufficient since the pressure

load varies slowly over the 5 Hz range (linear interpolation of the structural response would not
be acceptabl? over this range since it varies much more rapidly over the same interval).

Solution Management

I

)
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- Structural Damping

In harmonic analysis one has a broader selection of damping models than in transient
simulations. A damping factor, z, of 1% critical damping is used in the structural analysis. In
transient simulations, this damping can only be enforced exactly at two frequencies (where the
damping model is “pinned”). Between these two frequencies the damping factor can by
considerably smaller, for example 0.5% or less depending on the pinning frequencies. Outside
the pinning frequencies, damping is higher. With harmonic analysis it is straightforward to
enforce very close to 1% damping over the entire frequency range. In this damping model, the
damping matrix, D, is set to

p-22k (7)
®

where K is the stiffness matrix and o the forcing frequency. One can show that with this model
the damping factor varies between 0.995% and 1.005% which is a much smaller variation than
" using the pinned model required in transient simulation.

Load Frequency Rescaling

One way to evaluate the sensitivity of the stress results to approximations in the structural
modeling and applied loads is to rescale the frequency content of the applied loads. In this
procedure the nominal frequencies, @y, are shifted to (1+A)wy, where the frequency shift, A,
. ranges between £10%, and the response recomputed for the shifted loads. The objective of the
frequency shifting can be explained by way of example. Suppose that in the actual dryer a strong
structural-acoustic coupling exists at a particular frequency, ®*. This means that the following
conditions hold simultaneously: (i) the acoustic signal contains a significant signal at o *; (ii) the
structural model contains a resonant mode of natural frequency, oy, that is near ©*; and (iii) the
associated structural mode shape is strongly coupled to the acoustic load (i.e., integrating the
product of the mode shape and the surface pressure over the steam dryer surface produces a
significant modal force). Suppose now that because of discretization errors and modeling
idealizations that the predicted resonance frequency differs from ©* by a small amount (e.g.,
1.5%). Then condition (ii) will be violated and the response amplitude therefore significantly
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diminished. By shifting the load frequencies one re-establishes condition (ii) when (1+ A)o™ is
near ®,. The other two requirements also hold and a strong structural acoustic interaction is

restored.

(L ©

1l

Evaluation of Maximum and Alternating Stress Intensities

Once the unit solutions have been obtained, the most intensive computational steps in the
generation of stress intensities are: (1) the FFTs to evaluate stress time histories from (5); and
(i1) the calculation of alternating stress intensities. [[

Nl

The high computational penalty incurred in calculating the alternating stress intensities is due
to the fact that this calculation involves comparing the stress tensors at every pair of points in the
stress history. This comparison is necessary since in general the principal stress directions can
vary during the response, thus for N samples in the stress history, there will be (N-1)N/2 such
pairs or, for N=64K (the number required to accurately resolve the spectrum up to 250 Hz in
0.01 Hz intervals), 2.1x109 calculations per node each requiring the determination of the roots to
a cubic polynomial. [[

(3)]]
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3. Finite Element Model Description

A description of the ANSYS model of the Browns Ferry Unit 2 steam dryer follows.

3.1 Steam Dryer Geometry

A geometric representation of the Browns Ferry Unit 2 steam dryer was developed from
available drawings (provided by TVA and included in the design record file, DRF-TVA-250B)
within the Workbench module of ANSYS. The completed model is shown in Figure 1. This
model includes anticipated modifications to the Browns Ferry Unit 2 steam dryer site and
additional modifications proposed for EPU operation. These are as follows.

On-Site Modlifications

(i)  The top tie rods are replaced with thicker new ones installed on Unit 1. The gussets
on the top of the outer hoods supporting the steam dam plate are cut away to
facilitate installation of the new tie bars and possibly alleviate local stresses.

Previous analysis [3] showed significant stresses at the welds where the thicker tie bars connect
to the top cover plates which would result in alternating stress ratios at EPU below the target
level of 2.0. Therefore, additional design modifications were proposed to reduce these stresses
to target levels. These changes, which effectively paralleled similar modifications to the BFN1
dryer were implemented in Model 1 described below and a complete stress analysis carried out.
As discussed in Appendix A, this first redesign, while improving overall stress margins, did not
reach target levels at two locations (the front end of the gusset pads and the outermost tie bars).
As a result, a final modification resulting in FEA Model 2 was implemented. To facilitate
schedule while ensuring accuracy, calculations using Model 2 were conducted over a limited
frequency range (70.45 - 95.11 Hz) which is responsible for most of the stress contributions at
those locations that were modified in proceeding from Model 1 to Model 2. Additional details of
this modification improvement process and conservative calculation of the stresses at these sites
using the Model 2 analysis are given in Appendix A.

The additional changes were as follows:
Additional Modifications Proposed For EPU Operation — Model 1

(11) Remove the thicker tie bars connecting to the inner hoods (i.e., those connecting the
inner to inner hoods and those connecting the inner to middle hoods) and replace
them with ones having tapered and flared ends to more evenly distribute loads at the
end connections.

(i11) Similarly, replace the thicker tie bars connecting to the outer hoods with the
modified ones having flared and tapered ends. However, rather than completely
removing the existing tie bars, part of it is retained to support the lock gusset and
restrain motion of the steam dam. The portion extending between the steam dam to
the middle hood is removed.

(iv) Add three additional gussets to support each of the two steam dams.

9
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Further Modifications Proposed For EPU Operation — Model 2

(v) Further modify the outermost tie bars at the location where they land on the top of
the middle vane bank. Specifically, they are widened locally to a 3" width and a
vertical tapered and flared pad added to distribute some of the loads into the thicker
middle hood.

(vi) The gusset bases in (iv) extend all the way to the outer hood. This was found to
produce high stresses at the gusset pad/outer hood junction. Therefore they were
retracted by 3". Also 3" wide reinforcement strips were placed on the outer hood
top cover plates along the hood edge.

(vii) The tie bar/lock gusset assemblies in (iii) above were removed from the model (they
do not exist in the actual BFN2 unit at this point in time) and replaced by gussets
identical to those in (vi) so that a total of five new gussets are installed to support
the steam dam. These are in addition to the existing ones at the ends of the steam
dam.

These additional modifications have been incorporated into the BFN2 steam dryer model and
are reflected in the results presented in this report. The modified areas using Model 2 are shown
in Figure 2. As indicated above, the dryer was analyzed for the complete 0-250 Hz frequency
range using Model 1. The resulting stresses prompted redesign at three locations (v)-(vii) above
resulting in Model 2. Stress results were then obtained at locations (v) to (vii) using Model 2
with a reduced frequency range signal. The stresses were readjusted on the basis of the Model 1
predictions to account for the contributions from the neglected frequency components. In the
results and Tables in Section 5, locations that have been adjusted using Model 2 are indicated.
Everywhere else, the Model 1 stress predictions are reported.

10



This Document Does Not Contain Continuum Dynamics, Inc. Proprietary Information

Figure 1. Overall geometry of the Browns Ferry Unit 2 steam dryer model.

11
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New gussets

Reinforcement strip

Figure 2a. Anticipated modifications accounted for in the model and associated geometrical
details.

12
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New vertical plates

Figure 2b. Vertical plate (or pad) additions to tie bars at middle hood junction.

13
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3.2 Material Properties
The steam dryer is constructed from Type 304 stainless steel and has an operating
temperature of 550°F. Properties used in the analysis are summarized below in Table 1.

Table 1. Material properties.

Young’s Modulus Density Poisson
(10° psi) (Ibm/in’) Ratio
Structural Steel 25.55 - 0.284 0.3
Structural Steel with Added Water 25.55 1.055 0.3

Inertia Effect

The structural steel modulus is taken from Appendix A of the ASME Code for Type 304
Stainless Steel at an operating temperature 550°F. The effective properties of perforated plates
and submerged parts are discussed in Sections 3.4 and 3.6. Note that the increased effective
density for submerged components is only used in the harmonic analysis. When calculating the
stress distribution due to the static dead weight load, the unmodified density of steel

(0.284 1bm/in3) is used throughout.

3.3 Model Simplifications
The following simplifications were made to achieve reasonable model size while maintaining
good modeling fidelity for key structural properties:

o Perforated plates were approximated as continuous plates using modified elastic
properties designed to match the static and modal behaviors of the perforated plates. The
perforated plate structural modeling is summarized in Section 3.4 and Appendix C of [8].

e The drying vanes were replaced by point masses attached to the corresponding trough
bottom plates and vane bank top covers (Figure 4). The bounding perforated plates, vane
bank end plates, and vane bank top covers were explicitly modeled (see Section 3.5).

e The added mass properties of the lower part of the skirt below the reactor water level
were obtained using a separate hydrodynamic analysis (see Section 3.6).

. 3
( )]]

¢ Four steam dryer support brackets that are located on the reactor vessel and spaced at 90°
intervals were explicitly modeled (see Section 3.9).

e Most welds were replaced by node-to-node connections; interconnected parts share

common nodes along the welds. In other locations the constraint equations between
nodal degrees of freedom were introduced as described in Section 3.9.

14
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3.4 Perforated Plate Model

The perforated plates were modeled as solid plates with adjusted elastic and dynamic
properties. Properties of the perforated plates were assigned according to the type and size of
perforation. Based on [10], for an equilateral square pattern with given hole size and spacing,
the effective moduli of elasticity were found.

The adjusted properties for the perforated plates are shown in Table 2 as ratios to material
properties of structural steel, provided in Table 1. Locations of perforated plates are classified
by steam entry / exit vane bank side and vertical position.

Tests were carried out to verify that this representation of perforated plates by continuous
ones with modified elastic properties preserves the modal properties of the structure. These tests
are summarized in Appendix C of [8] and compare the predicted first modal frequency for a
cantilevered perforated plate against an experimentally measured value. The prediction was
obtained for a 40% open area plate (the maximum open area ratio of the perforated plates at
BFN2, as seen in Table 2) using the analytical formula for a cantilevered plate and the modified
Young's modulus and Poisson's ratio given by O’Donnell [10]. The measured and predicted
frequencies are in close agreement, differing by less than 3%.

1l

(see Figure 3).
Table 2

(3)]]

15
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[l

1

Figure 3. [[
3
1l

Table 2. Material properties of perforated plates.

(3)]]

3.5 Vane Bank Model

The vane bank assemblies consist of many vertical angled plates that are computationally
expensive to model explicitly, since a prohibitive number of elements would be required. These
parts have significant weight which is transmitted through the surrounding structure, so it is
important to capture their gross inertial properties. Here the vane banks are modeled as a
collection of point masses located at the center of mass for each vane bank section (Figure 4).
The following masses were used for the vane bank sections, based on data found on provided
drawings: '

inner banks, 1575 lbm, 4 sections per bank;

16
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middle banks, 1450 Ibm, total 4 sections per bank; and
outer banks, 1515 lbm, 3 sections per bank.

These masses were applied to the base plates and vane top covers using the standard ANSYS
point mass modeling option, element MASS21. ANSY'S automatically distributes the point mass
inertial loads to the nodes of the selected structure. The distribution algorithm minimizes the
sum of the squares of the nodal inertial forces, while ensuring that the net forces and moments
are conserved. Vane banks are not exposed to main steam lines directly, but rather shielded by
the hoods.

The collective stiffness of the vane banks is expected to be small compared to the
surrounding support structure and is neglected in the model. In the static case it is reasonable to
expect that this constitutes a conservative approach, since neglecting the stiffness of the vane
banks implies that the entire weight is transmitted through the adjacent vane bank walls and
supports. In the dynamic case the vane banks exhibit only a weak response since (i) they have
large inertia so that the characteristic acoustically-induced forces divided by the vane masses
and inertias yield small amplitude motions, velocities and accelerations; and (ii) they are
shielded from acoustic loads by the hoods, which transfer dynamic loads to the rest of the
structure. Thus, compared to the hoods, less motion is anticipated on the vane banks so that
approximating their inertial properties with equivalent point masses is justified. Nevertheless,
the bounding parts, such as perforated plates, side panels, and top covers, are retained in the
model. Errors associated with the point mass representation of the vane banks are compensated
for by frequency shifting of the applied loads.

3.6 Water Inertia Effect on Submerged Panels

. Water inertia was modeled by an increase in density of the submerged structure to account
for the added hydrodynamic mass. This added mass was found by a separate hydrodynamic .
analysis (included in DRF-TVA-250B supporting this report) to be 0.1928 lbm/in? on the ,
submerged skirt area. This is modeled by effectively increasing the material density for the
submerged portions of the skirt. Since the skirt is 0.25 inches thick, the added mass is equivalent
to a density increase of 0.771 Ibm/in3. This added water mass was included in the ANSYS
model by appropriately modifying the density of the submerged structural elements when
computing harmonic response. For the static stresses, the unmodified density of steel is used
throughout.

3.7 Structural Damping :
Structural damping was defined as 1% of critical damping for all frequencies. This damping
is consistent with guidance given on pg. 10 of NRC RG-1.20 [14].

3.8 Mesh Details and Element Types

Shell elements were employed to model the skirt, hoods, perforated plates, side and end
plates, trough bottom plates, reinforcements, base plates and cover plates. Specifically, the four-
node, Shell' Element SHELL63, was selected to model these structural components. This
element models bending and membrane stresses, but omits transverse shear. The use of shell
elements is appropriate for most of the structure where the characteristic thickness is small
compared to the other plate dimensions. For thicker structures, such as the upper and lower

17
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support rings, solid brick elements were used to provide the full 3D stress. Tie bars were
modeled with BEAM188 beam elements. The elements SURF154 are used to assure proper
application of pressure loading to the structure. Mesh details and element types are shown in
Table 3 and Table 4.

The mesh is generated automatically by ANSYS with refinement near edges. The maximum
allowable mesh spacing is specified by the user. Here a 2.5 inch maximum allowable spacing is
specified everywhere except in the following areas: drain pipes (1.5 inch maximum spacing);
base plates (2 inches); tie rods (0.5 inches); and the curved portions of the drain channels (1
inch). Details of the finite element mesh are shown in Figure 5. Numerical experiments carried
out using the ANSYS code applied to simple analytically tractable plate structures with
dimensions and mesh spacings similar to the ones used for the steam dryer, confirm that the
natural frequencies are accurately recovered (less than 1% errors for the first modes). These
errors are compensated for by the use of frequency shifting.

3.9 Connections Between Structural Components

Most connections between parts are modeled as node-to-node connections. This is the
correct manner (i.e., within the finite element framework) of joining elements away from
discontinuities. At joints between shells, this approach omits the additional stiffness provided by
the extra weld material. Also, locally 3D effects are more pronounced. The latter effect is
accounted for using weld factors. The deviation in stiffness due to weld material is negligible,
since weld dimensions are on the order of the shell thickness. The consequences upon modal
frequencies and amplitude are, to first order, proportional to t/L. where t is the thickness and L a
characteristic shell length. The errors committed by ignoring additional weld stiffness are thus
small and readily compensated for by performing frequency shifts.

When joining shell and solid elements, however, the problem arises of properly constraining
the rotations, since shell element nodes contain both displacement and rotational degrees of
freedom at every node whereas solid elements model only the translations. A node-to-node
connection would effectively appear to the shell element as a simply supported, rather than (the
correct) cantilevered restraint and significantly alter the dynamic response of the shell structure.

To address this problem, constraint equations are used to properly connect adjacent shell- and
solid-element modeled structures. Basically, all such constraints express the deflection (and
rotation for shell elements) of a node, R, on one structural component in terms of the

deflections/rotations of the corresponding point, Py, on the other connected component.
Specifically, the element containing P is identified and the deformations at P, determined by

interpolation between the element nodes. The following types of shell-solid element connections
are used in the steam dryer model including the following:

1. Connections of shell faces to solid faces (Figure 6a). While only displacement degrees of
freedom are explicitly constrained, this approach also implicitly constrains the rotational
degrees of freedom when multiple shell nodes on a sufficiently dense grid are connected
to the same solid face.

2. Connections of shell edges to solids (e.g., connection of the bottom of closure plates with
the upper ring). Since solid elements do not have rotational degrees of freedom, the
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coupling approach consisted of having the shell penetrate into the solid by one shell
thickness and then constraining both the embedded shell element nodes (inside the solid)
and the ones located on the surface of the solid structure (see Figure 6b). Numerical tests
involving simple structures showed that this approach and penetration depth reproduce
both the deflections and stresses of the same structure modeled using only solid elements
or ANSYS' bonded contact technology. Continuity of rotations and displacements is
achieved.

The use of constraint conditions rather than the bonded contacts advocated by ANSYS for
connecting independently meshed structural components confers better accuracy and useful
numerical advantages to the structural analysis of the steam dryer including better conditioned
and smaller matrices. The smaller size results from the fact that equations and degrees of
freedom are eliminated rather than augmented (in Lagrange multiplier-based methods) by
additional degrees of freedom. Also, the implementation of contact elements relies on the use of
very high stiffness elements (in penalty function-based implementations) or results in indefinite
matrices (Lagrange multiplier implementations) with poorer convergence behavior compared to
positive definite matrices.

The upper support ring rests on four support blocks which resist vertical and lateral
displacement. Because the contact region between the blocks and upper support ring is small,
the ring is considered free to rotate about the radial axis. Specifically nodal constraints (zero
relative displacement) are imposed over the contact area between the steam dryer upper support
ring and the support blocks. Two nodes on each support block are fixed as indicated in Figure 7.
One node is at the center of the support block surface facing the vessel and the other node is 0.5”
offset inside the block towards the steam dryer, half way to the nearest upper support ring node.
This arrangement approximates the nonlinear contact condition where the ring can tip about the
block.
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Figure 4. Point masses representing the vanes. The pink shading represents where constraint
equations between nodes are applied.
Table 3. FE Model Summary.

Description | Quantity
Total Nodes! | 137,080
Total Elements | 120,557

1. Not including additional damper nodes and elements.

Table 4. Listing of Element Types.

Generic Element Type Name Element Name ANSYS Name
20-Node Quadratic Hexahedron SOLID186 20-Node Hexahedral Structural Solid
10-Node Quadratic Tetrahedron SOLID187 10-Node Tetrahedral Structural Solid
4-Node Elastic Shell SHELL63 4-Node Elastic Shell
Mass Element MASS21 Structural Mass
Pressure Surface Definition SURF154 3D Structural Surface Effect
Beam element BEAMI188 3-D Finite Strain Beam
Damper element COMBINI14 Spring-Damper
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Figure 5a. Mesh overview.
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Figure 5b. Close up of mesh showing modified tie bars.
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Figure 5c. Close up of mesh showing drain pipes and hood supports.
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Figure 5d. Close up of mesh showing node-to-node connections between various plates.
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Figure 5e. Close up of mesh showing node-to-node connections between the skirt and drain

channels; supporting beams and base plates; hood supports and hoods.
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Figure 5f. Close up view of tie bars connecting vane cover plates and adjacent to the steam dam.
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Shell nodes DOF are related to solid element shape functions

-/

Shell elements

Surface of solid element

Figure 6a. Face-to-face shell to solid connection.

Shell nodes DOF are related to solid element shape functions

Surface of solid element

Figure 6b. Shell edge-to-solid face connection.
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Figure 7. Boundary conditions. Inside node is half way between outer surface of support block
and upper support ring.
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3.10 Pressure Loading

The harmonic loads are produced by the pressures acting on the exposed surfaces of the
steam dryer. At every frequency and for each MSL, the pressure distribution corresponding to a
unit pressure at the MSL inlet is represented on a three-inch grid lattice grid (i.e., a mesh whose
lines are aligned with the x-, y- and z-directions) that is superimposed over the steam dryer
surface. This grid is compatible with the 'Table' format used by ANSYS to 'paint' general
pressure distributions upon structural surfaces. The pressures are obtained from the Helmholtz
solver routine in the acoustic analysis [1].

In general, the lattice nodes do not lie on the surface so that to obtain the pressure differences
at the surface it is necessary to interpolate the pressure differences stored at the lattice nodes.
This is done using simple linear interpolation between the 8 forming nodes of the lattice cell
containing the surface point of interest. Inspection of the resulting pressures at selected nodes
shows that these pressures vary in a well-behaved manner between the nodes with prescribed
pressures. Graphical depictions of the resulting pressures and comparisons between the peak
pressures in the original nodal histories and those in the final surface load distributions produced
in ANSYS, all confirm that the load data are interpolated accurately and transferred correctly to
ANSYS.

The harmonic pressure loads are only applied to surfaces above the water level, as indicated
in Figure 8. In addition to the pressure load, the static loading induced by the weight of the
steam dryer is analyzed separately. The resulting static and harmonic stresses are linearly
combined to obtain total values which are then processed to calculate maximum and alternating
stress intensities for assessment in Section 5.

(

®1] This is useful since revisions in the loads
model do not necessitate recalculation of the unit stresses.
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Figure 8a. Real part of unit pressure loading MSL C (in psid) on the steam dryer at 50.2 Hz. No
loading is applied to the submerged transparent surface.
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Figure 8b. Real part of unit pressure loading MSL C (in psid) on the steam dryer at 200.89 Hz.
No loading is applied to the submerged transparent surface.
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4. Structural Analysis

The solution is decomposed into static and harmonic parts, where the static solution produces
the stress field induced by the supported structure subjected to its own weight and the harmonic
solution accounts for the harmonic stress field due to the unit pressure of given frequency in one
of the main steam lines. All solutions are linearly combined, with amplitudes provided by signal
measurements in each steam line, to obtain the final displacement and stress time histories. This
decomposition facilitates the prescription of the added mass model accou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>