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1.0 INTRODUCTION & SCOPE

Constellation Energy Group has contracted with Continuum Dynamics, Incorporated (CDI) to
perform a stress analysis of the Nine Mile Point Unit 2 (NMP2) steam dryer for operation at
Extended Power Uprate (EPU). The stress analysis methodology used for this evaluation does
not consider the presence of cracking in the steam dryer structure; however, several reportable
indications were identified while performing an in-vessel visual inspection (IVVI) of the Nine
Mile Point Unit 2 (NMP2) steam dryer [1] during the Spring 2008, RFO11 outage. The
indications were observed in the upper support ring, the drain channel to skirt vertical weld, and

in the tie bar to hood weld heat affected zone (HAZ).

CDI has subsequently contracted with Structural Integrity Associates (gl) to perform the

following:

1. Fracture mechanics evaluation of observed indications to determine likelihood for further
crack growth and potential for generation of loose parts or loss of ability of the steam
dryer to perform its design function. The output of this work will help determine if .

repairs are required for any of the indications.

2. Vibration assessment of observed indications to determine what effect the observed
cracking will have on the dynamic characteristics of the steam dryer. The output of this
work will help determine if cracking must be considered in the EPU stress analysis for

the Nine Mile Point Unit 2 (NMP2) steam dryer.

The fracture mechanics evaluation is discussed first followed by the vibration assessment. Each

component (upper support ring, drain channel, and tie bars) are discussed separately.

Report No. 0801273.401 Revision 1 1-1 g Structural Integrity Associates; Inc.
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2.0 OBSERVED CRACKING L

B b o L

The BWRVIP-139 [4] and-SIL 644 [15] inspections documented in Reference [1] have identified

steam dryer indicationsin thé-following components: . -1 bz s~ v o sb e i

. -Drain Channels "~ &% "¢ v, s Dha s i
~e"..Upper Support Ring: i et 0 TR L T
o " Tie Bar attachméntwelds - -3 "7l af 6 e ERNS

e Vane Bankitie fod cam'it tack welds ~ ' 5 1
o’ Liﬁiﬁé’f&i"d to lﬁ‘g;ﬁteck welds " R A e Lt
This evaluation considers the indications in the drain channel, upper support ring and tié¢' Bar
attachment welds. The cam nut tack welds and the lifting rod lug tack welds have no impact on
the steam- dryer structural response as these a'non structural welds. Thesé tack welds ate lockmg
...... B TS R PTTT S L U UG g TE
The upper SUppott fing cra‘ckmg i§ ddéumented in Indlcatidﬁ Notification Form 08@42 (INF "(:)85 ¢
24) of Réference[1]. This form identifies 89 reportable indications aisff’i‘bﬁted‘ atoutid-the” * 1"
circumference of the upper support ring. The majority of the indications are located at the lower
corner of the outer surface of the ring; however, approximately 3 indications (#55, #56, #57 from
INF-08-24 [1]) are seen to initiate at the upper corner of the outer surface. Four (4) indications
are oriented horizontally (#9, #13, #55, #56 from INF-08-24 [1]); whereas, the remaining 85
indications are vertical. Although the INF does not report a horizontal dimension for any of the
horizontal indications, the bounding horizontal indication length is given by Constellation
Energy Group as 10 inches [2]. The vertical indications can be sized from the images contained
in the INF. The bounding dimension for the vertical indications is 1 inch. Because the
indications were identified during IVVI], no depth dimension could be determined; all
dimensions are considered to be lengths. Table 2-1 summarizes the bounding indication lengths-
considered for this evaluation. Considering the large number of cracks in the upper support rihg,
photographs of each indication are not provided in this report; however, for information,

representative photographs are contained as Figures 2-1 and 2-2.

INF-08-21 [1] identifies two reportable indications, E and H, in the Drain Channel weld DC-V3-
320. INF-08-22 [1] identifies one reportable indication, G, in the Drain Channel weld DC-V7-

Report No. 0801273.401 Revision I' 2-1 @ Structural Integrity Associates, Inc.



140. All three indications are located in the vertical weld joining the 1/8” drain channel to the
¥4” skirt and are oriented approximately perpendicular to the weld.“Thé rlghtends ofeach
indication appear to stop at the weld.and the left ends are in the-skirt material: There are nosigns
that these indications are propagating into the drain channel material or through the.weld. The- .
lengths of indications E, H, and G, respectively, are reported as 1.61, 1.64, and 0.67 inches. The
INFs also report the length from the previous inspection from which an apparent; growth can be
determined. Table 2-1 summarizes the 2008 indication lengths considered.for this-evaluation.
Table 2-2 summarizes the apparent crack growth for each indication.over the previous... .
operational cycle. Figures 2-3 through 2-5 show inspection photographs,of the;d_rfgiir_;ehannel
indications. . . .. ae

B L S T L S RS S PR A B PR P TRL RS U P
A_lso note ,that,although the 2008 FV VI report [1] does not identify cracking in the tiebar. . . -
attachment welds, Constellation Energy Group has requested that the Tie Bar cracking ., = ... ...
prev1ously identified be evaluated with respect to EPU operation., Figures 2-6. through 2-7are
representative photographs of the tie bar cracking provided by, Constellatlon Energy Group [3]

i i L KTy X :
1 t ! IR
i ; b ¢
i ; o ) A 3
i n ] SR ;
i . H I
; £ ST . E
: sy
i g ot
¢ v ¢ E I “ 3 L "
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Table 2-1. Summary of Indlcatlon Drmensmns Considered in Evaluation.

Location Orlgntatlon 2008 Plll;lens1on, ' Note
Bounding value provided by
Upper Support Ring Horizontal 10 Constellation Energy Group
(2]
. - Bounding value taken from
Upper Support Ring Vertical 1 INF-08-24 [1]
DC-v3-320 | Perpendicular to 1.61 Indication E in INF-08-21 [1]
) vertical weld
DC-V3-320 Perpendicular to 1.64 Indication H in INF-08-21 [1]
vertical weld
DC-v7-140 | Ferpendicular to 0.67 Indication E in INF-08-22 [1]
. Vg:rt_lcal weld :

Table 2-2. Apparent 1-cycle Crack Growth for Dram Channel Indrcatrons

2006 Dlmensmn, 2008 Dlmensmn, - - Apparent Crack -
Locatlon ‘ |- Growth, -
SR | DR o in . N 3
DC-V3-320 _ -
Indication E L7 Lel ,0'44
DC-V3-320 o
Indication H 144 164 0.2
DC-V7-140 C _
Indication G 0.49 0.67 0.18
Report No. 0801273.401 Revision 1 2-3 g Structural Integrity Associates; Inc.
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Figure 2-2. Representative Photograph of Horizontal Indications in Upper Support Ring.
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Area “E” AS FOUND RF011 (Spring 08 Area “E” AS LEFT RF010 (Spring 06,

RFO11 results — Area E is a relevahf linear indications with branching

Figure 2-3. INF-08-21 Photograph of DC-V3-320 Indication E [1].

Area ‘H” AS FOUND RF011 (Spring 08, Area "H” AS LEFT RF010 (Spring 06,
. =Z3ln :

RFO011 results Area H is a relevant indication = 1.64”

Figure 2-4. INF-08-21 Photograph of DC-V3-320 Indication H [1].
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Area “G” AS FOUND RFO011 (Spring 08) Area “G” AS LEFT RF010 (Spring 06)

Figure 2-5. INF-08-22 Photograph of DC-V7-140 Indication G [1].

e L
DEF »0a44iHE OGS

Figure 2-6. Representative Photograph of Tie Bar Cracking.

Report No. 0801273.401 Revision 1 2-6 ﬁ Structural Integrity Associates, Inc.




Figure 2-7. Representative Photograph of Tie Bar Cracking.
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3.0 INPUT DATA

This section summarizes the input data used to characterize the problem. Input is summarized

for each component addressed in this report (Upper Support Ring, Drain Channel, Tie Bar)

31 Upper Support Ring Input Data

The following inputs are used to chara;:terize the problem:
e Geometry
e Material
e Location and nature of boundary conditions

e Extent of observed cracking (Sée Section 2.0)

3.1.1 Upper Support Ring Geometry

The upper support ring is a 3.5 inch by 9.5 inch (width x height) rectangular type 304 stainless .
steel member [6]. The upper support rings are generally cut from annealed plate then cold

formed into the ring [4]. Two half rings are spliced together with a bolted splice plate to form

the entire circumference of the upper support ring [4]. This component rests on top of the dryer

support brackets welded to the Reactor Pressure Vessel (RPV) wall. This component is a

structural member to which the skirt and outer hoods are attached. The radius of curvature of the

inside surface of the ring is 119.5 inches [6]. Figure 3-1 illustrates the general location of the

Upper Support Ring in the steam dryer assembly.

3.1.2 Upper Support Ring Material

The upper support ring is Type 304 stainless steel plate with the following material properties:
e Elastic Modulus, E, at 550 °F = 25.5E6 psi
e Poisson’s Ratio, v, =0.3

e Density, p, = 0.283 Ib/in®

Report No. 0801273.401 Revision 1 3-1 g Structural Infegrity Associates, Inc.



3.1.3 Upper Support Ring Boundary Conditions

The upper support ring rests on four steam dryer support brackets evenly spaced around the RPV
inner diameter. The supports.are rectangular brackets welded to the RPV. The azimuthal \
locations of the brackets are 4°, 94°, 184°, and 274" [6]. The dryer skirt is welded to the upper ..
support ring with a single sided fillet weld at the bottom of the ring. The outer hoods are welded
to the top of the upper support ring with single sided fillet welds as well.

3.2 Drain Channel Vertical Weld Input Data

The following inputs are used to characterize the problem:
e Geometry
e Material
* Location and nature of boundary conditions

e Extent of observed cracking (See Section 2.0)

3.2.1 Drain Channel & Skirt Geometry

The steam dryer skirt is a-%4” thick shell with a radius of curvature of ~119 inches [6].- The
height of the skirt and drain channel from the weld at the base of the upper support ring to the .
free end at the bottom of the steam dryer is ~92 inches [6]. The cracking observed-adjacent to .
the drain channel weld occurs in the skirt shell between the drain channels. The width of the gap

between the drain channels is 23” [6]. Figure 3-1 provides a general schematic of the geometry.

3.2.2 Drain Channel & Skirt Material
The dryer skirt and drain channel are Type 304 stainless steel plate:with the following material
properties:

e Elastic Modulus, E, at 550 °F = 25.5E6 psi

s Poisson’s Ratio,’v, = 0.3

e Density, p, = 0.283 Ib/in®
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3.2.3 Drain Channel & Skirt Boundary Conditions

The drain channel and skirt are welded to the base of the upper support ring at the top of the skirt
and drain channel plates. The bottom 30” of the drain channel and skirt are submerged in reactor
coolant. The drain channel plate is welded to the skirt to form the drain channel enclosure. A

lower ring forging is welded to the skirt at the base of the skirt.

3.3  Tie Bar Input Data

The following inputs are used to characterize the broblem:
e Geometry
e Material
¢ Location and nature of boundary conditions

o Extent of observed cracking (See Section 2.0)

3.3.1 Tie Bar Geometry

The tie bar is a structural member of rectangular cross-section désigned to provide support
between the top hoods of adjacent dryer vane banks. This component helps to retain the dryer
shape and is attached to the top hood with fillet welds. . Figure 3-2 identifies the tie bar locations
considered in this evaluation and illustrates the general location of the ti¢ bars on the steam dryer

assembly.

3.3.2 Tie Bar Material

The tie bar and top hoods on the dryer are Type 304 Stainless Steel. The attachment welds are
most likely applied with ER308 weld material. :

3.3.3 Tie Bar Boundary Conditions

For this evaluation the tie bar is considered a rigid member, rigidly attached to a plate with

pinned boundary conditions.
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Upper Support Ring

Drain Channel

Skirt

Figure 3-1. NMP2 Steam Dryer Model Showing Upper Support Ring, Drain Channel, and Skirt.
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Flgure 3-2. Orientation of Tie Bars on Steam Dryer Assembly [4]
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40  FLAW EVALUATION

This section individually documents flaw, evaluations performed for the:indications observed in
the NMP?2 steam dryer.  The results,of these:evaluations:will be used to;perform the vibration

assessment of the cracked steam dryer components in-Section 5.0..% .. #1iugs

4.1 Upper Support Ring Cm

ThlS sectlon descrlbes the evaluatlon performed for the steam dryer upper support rmg

tial

Conservatlve methods are used to determlne a boundmg assessment of the expected crack

growth.

» R S :;.f;'r/.)-"ﬁ"‘,-,f"’f.i:" D S A N B PCUO R - P R PR UL A E
4.1.1 Assumptions

T -
Sated ~a¢.aii‘

The following assumptions are used to augment the analysis, methods descrlbed below: :

;1. Upper support ring cracking has been,observed in other. plants; this, cracking | has typlcally

ry !

been attributed to IGSCC. driven by the residual stresses induced in.the material during
“the cold formmgprocess L A R TS R R Cae

gt R IR PP A S I

2. . The radius of curvature to ring-thickness ratio, R/, is sufﬁ01ently large that the upper
3. The ‘.Vertlca_l __1:ndlcat1,ons‘n}\the upper support ring-can ;be,mode‘led_,a_s. corner cracksin a
plate or bar. T e g et e e

4., An aspect.ratio, a/c, of 1.0 is assumed for all vertical indications. B -

5. The horizontal indications in the upper support ring cqui‘be conservatively modeled as
through wall cracks in an infinite plate., . ... . . -~ .,

6. The mode 1 stress intensity factor, Ki,:is expected to be small; therefore .a plastic zone
size correction is not included in the linear elastic, fracture mechanics (LEFM) solution.

7. The altematmg stress 1ntens1ty factor.used for calculation of fatlgue crack growth (FCG),
AKj, is obtained from the range of alternating,stress intensity. contributed by flow induced

.vibration (FIV) loading.only. -, . . - . .. g i

HEN

8. System thermal cycles, seismic and hydraulic loads contribute an insignificant number of
cycles during the next operating period; therefore, they make a negligible contribution to

FCG compared to FIV loading and are not calculated here.
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9. Deadwerght steady state thermal loads, dlfferentral pressure, and weld residual stresses
contribute to the mean K; rather than AKI, therefore, they are consrdered only in the '

'+ = selection of a conservative R-ratio and not specifically considered in calculation of a - ' -

.«»:mean Kj. Assuming an-R-ratio of-1:incorporates the:maximum effects of mean stress on®’

the expected FCG of the steam-dryerindications. . -7 i e s

4.1.2 Methods

The fracture mechamcs evaluatlon of the upper support rmg 1nd1cat10ns is performed usmg the

followmg methods

1. FIV stresses at EPU conditions are obtained from the uncracked finite element model
(FEM) as provided by CDI [6]. SR
2. The maXimum ‘stress intensity obtained fromall [ocations through the'ring thicknéss and
15 i gtotind the entiré'Gifcumiférénce of the rini is assumed to 4ot as 4 miembrane stress on'the
v gach ctack fate.” This conseivatively applies the miaximum stress to-all indications.
3. Each indication is treated separately. Closely spaced flaws will eXperience areduction in
““drivitig force-caused by ‘ani effective “shielding” of the flaws; treatmg them as single -
flaws, remote from other ﬂaws ‘maximizes the calculated K. ™ ‘
4: ‘Both FCG ahd Stréss Corrosion Crack Growth’ (SCC) dre evaluated 'sepa'r‘%ite‘ly ‘which is
consistent with the methods of ASME BP&V Code, Section XI [7]. ™ -~
a. The expected FCG-growth is déterriiined \ using the methods contamed in'Article
" CL3000 of the ASME B&PV' Code, Section XI[7]." ' :
b. The expected SCC crack growth for éach indication is calculhted"‘as'Sumihg a
 100% capa01ty “factor, a two year fuel cycle ‘and the accepted boundmg IGSCC
‘growth rate of 5x107 in/hr per crack tip. = - ol e s '
5. For the-vértical indications the K; solution ‘given by Raju aiid'Newman'for a Sotner
< teracked piatefsﬁbjected‘”t'o a'membrane load isuséd [8]. - 7 ¢ et e st
6. For the horizontal indications a center cracked panel solution for a uniforrn fembrane

o estréssedistribution is used [9]- ¢ T T s T e S e

. 2 R NS PR . T R . et Lo o Y s
R PR T I AT Lo e sy e e A LT T U
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4.1.3 Results

Recognizing that the flaws observed in this component are attributed to IGSCC, a crack growth

contribution from IGSCC is calculated for the next operational cycle and given bélow as:

Adp = 29736525995 04 P 5310757 Zg g7
Cn e i Y dayeoehryg o flaw _tip Doy

Vertical Indications T R

From Table 2-1 the bounding vertical indication dimension is 1 inch. This flaw dimension is
 increased by the predicted SCC crack growth over the next cycle to calculate-a'bounding AK; fot’
a FCG calculation. The flaw aspect ratio:is Kept constant at 1;therefore; the:corner crack: - = "
dimension evaluated for ECG is 1.877 inch. Raju and Newman [8] give the Mode T'stress = - I

intensity solution for-a corner: cracked plate at any .angle‘along the crack front to.be: . | -+ i

IR ! Tt ! T
gt 4, S : it :
K, =oF ﬂE ¢
Tk “;:
Where: o is a uniform stress distribution, psi

a isl the crack depth measured through the plate thickness, in

Q is the shape factor for an ellipse given by the complete elliptic

integral of the second kind.

. .. F is the boundary,correction factor given by equations or.taken
i e -frometablesin [8] s, v ki
AT TP EEI O LR Y DR PRSI S I R (RS ST TSN TRN SO NI SIS I H ST

The, maximum stress intensity;.at any location. in the upper supp.brt._.ring is given:by CDI.[6] as
343 psi. This stress intensity is conservatively assumed to be the maximum principal stress ;.
acting normal to the crack face, uniform across the thickness of the ring and constant around the
entire circumference of the ring. Then, the resulting range of K; considered for FCG is obtained

from:

A
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a/c=1
a“l 877 S R L A P I R LS T RS S EERA T
EL8TIBS2058 . o e e e

6=0.343 ksi
Q=2.464 . - (See page 1-242 of [8]) o
F=1.30 - ‘ (Boundlng Value for alc=1 1nterpolated from a/t“O 5 and a/t=0.8,
see page 1-244 of [8]) '
AK=0.69 ksi-in"> S
Horizontal Indications . .« © o o0 0 e oo T e e '

From Table:2-1 the bounding-horizontal indication dimension is 10-inches. ' This: flaw dimension
is’increased"by the predicted: IGSCC crack growth-at each crack tip over.the next cycleto. .. : -+
calculate a bounding AK; for a FCG crack growth calculation: - The. flaw-dimension evaluated. for:
FCG is 11.75 inches. Reference [9] gives the Mode I stress intensity solution for a center

cracked panel, assuming the width of the pahel is much greater than a, as:
PR . S0

K =ovm @)

i 4 e

U U SN P8, by, '

v NI e el MRS EIN
\

- 2:Where+; * '0?i§a uniform- stress distribution, psi-
.+ “ais'the crack half length;in" ' -
The miaximum stréss intensity at ariy'i’ocat?i‘d'ﬁ iinrthé'upper 'suppoﬁjring is given by CDI [6] as
343 psi. This stress intensity is consefvatively assumed to'be the maximum principal stress
acting normal to the crack face, uniform across the thickness of the ring and constant around the
entire citcumference of the ring.* Thén, the resulting rangé of K considered for FCG 'i§ obtained:

from; - D A SRR I T S T N

a=5:877 1 Tt e el e e et e T g T e T e
6=0.343 ksi . |
AK=1.47 ksi-in"3
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i
Table 4-1 summarizes the maximum range of alternating stress intensity and-AK; for the vertical
and horizontal indications in the Upper Support Ring. Review of the FCG growth correlations
for Austenitic stainless steel in an air environment given.in Figure C-8410-1 [7], contained in
this report as Figure 4-1, shows that, for an R ratio of 0.9 (the largest given in this figure), a very

small incremental fatigue crack growth is expected for a AK; < 3. ksi-in®>.

Neither the vertical nor horizontal indications are expected to exhibit significant growth from
fatigue or SCC such that the upper support ring creates loose parts or inhibits the steam dryer
assembly from performing its design function. This assessment is supported by the substantial
field experience from the operating fleet in which upper support ring cracking has existed for
many years without exhibiting continuous growth. The field experience supports the judgment
that the flaws are IGSCC initiated by the high residual stresses on the OD of the support ring
induced from the cold forming process used to fabricate the sections. These residual stresses are
relieved as the crack is formed and do not drive further growth.- FCG is.shown to bé negligible

considering the low range of alternating stresses in the upper support ring. -

4.2 Drain Channel

This section describes the flaw evaluation of the indications in the drain channel vertical welds.
Conservative methods are used to determine a bounding assessment of the expected crack

growth.

4.2.1 Assumptions

The following assumptions are used for the subjecf flaw evaluation: _
1. The flaw exists in the base metal and is oriented perpendicular to the weld and HAZ;
.therefore, it has the characteristics of a fatigue crack.
2. The flaw configuration can be modeled as a center crack in an infinite plate.
3. The mode I stress intensity factor, Kj, is expected to be small; therefore, a plastic zone
size correction is not.included in the LEFM solution.
4. The alternating stress intensity factor used for calculation of FCG, AKj, is obtained from

the range of alternating stress intensity contributed by FIV loading only.
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5. The subject geometry is a thin plate; therefore, the stress state will be characterized by a .
plane stress condition. This will result in one of the three principal stresses being close to
zero. In this case it is conservative to assume the crack driving force is bounded by the -
ASME B&PV Code defined stress intensity acting as a membrane stress along the entire -
surface of the crack face. The stress intensity will always be equal or larger to the largest
principal stress component for this configuration. Further, for plates, the through-wall
stress distribution will exhibit tensile stresses on one side and compressive stresses on the
opposite side. This stress distribution suggests that the flaw would likely not grow
through-wall.
6. System thermal cycles, seismic and hydraulic loads contribute an insignificant number of
cycles during the next operating period; therefore, they make a negligible contribution to
FCG .compared to FIV loading and are not calculated here. -
7. Deadweight, steady state thermal loads, differential pressure,'and weld residual stresses
contribute to the mean Ky rather than AKj; therefore, they are considered only in the
selection of a conservative R-ratio and not specifically considered in calculation of a
mean K;. Assuming an R-ratio of 1 incorporates the maximum effects of mean stress on .

the expected FCG of the steam dryer indications.

4.2.2 Methods

The fracture mechanics evaluation of the drain channel indications is performed using the
following methods:

1. The EPU FIV range of alternating stress intensities output from the existing uncracked
FEM of the NMP2 steam dryer for a region spanning the length of the vertical weld by 7
inches wide across the weld are reviewed. A bounding range-of alternating stress
intensity is selected.

2. The bounding range of alternating stress intensity is conservatively scaled by a weld
factor of 1.8 to incorporate peak stress effects. '

3. The range of stress intensity factor experienced as a tesult of the EPU FIV loading is
calculated using a center cracked panel‘solution for a uniform membrane stress

distribution [9].
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4. The FCG expected during the next operational cycle is determined using the methods -
contained in Article C-3000 of the ASME B&PV Code, Section XI [7]. Note that since
_ the flaw exists in the base metal and is.not considered to be IGSCC, no SCQ growth must

be calculated.
4.2.3  Results
From Table 2-1 the bounding indication dimension from welds DC-V3-320 and DC-V7-140is
1.64 inches. From Table 2-2, the bounding apparent crack growth for all indications was 0.44
inches. The conservative flaw dimension used to calculate expected FCG over the next cycle is.

taken as 2.08 inches. Reference [9] gives the Mode I stress intensity solution for a center. |

cracked panel, assuming the width of the pane is much larger than'a, as:
K, =o\m N Q@ .

Where: o is a uniform stress distribution, ksi

a is the crack half length, in

Figure 4-2 shows the EPU FIV stress intensity distribution along the length of weld. DC-V3-320

[6]. In this figure, the portions of the skirt and drain channel above and below water are

identified. Figure 4-3 shows the EPU FIV stress intensity di_sfribution along the length of weld
DC-V3-320 and at the edges 6f the 7” region adjacent to and approximately centered over the
vertical weld. , These figures show that the maximum stress intensity of ~800 p§j occurs toward
the bottom of thé vertical weld and attenuates to ~200 psi up the length of the weld. The stress
intensity is also shown to attenuate rapidly away from the sﬁbmerged portion of the skirt but
remain relatively constant above the water level. The approximate vertical locations of each of
the three indicatifgns,in the DQ-V3-3_20 and DC-Y]-MO welds.a;'e also. identified on Figure 4-3
[2]. ' The stress distribution from th_e:,DC-V3ﬁ320 weld is uséﬁc\lfor the D'C-V7f1.;40 weld as well.
Tab1¢$4-.2 summarizes_ the maximum stress inténsity along the v_ertica_l_ weld for the skirt and \

drain channel both above and below the water level.
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Although there is no evidence that the indications in the drain channel vertical welds are actually
in the drain channel and none of the indications are at the location of 'rri;lXimum stress, the flaw
evaluation is performed using both the bounding stress from the region applied as a uniform
membrane stress and using a more representative stress from the skirt material applied asa

uniform membrane stress. Then the resulting range of K considered for FCG is obtained from:

a=1.04 inches

Gdrain channei=0.846 ksi
Weld Factor=1.8
AK;=2.75 ksi-in"

a=1.04 inches
Oskir=0.215 ksi
Weld Factor = 1.8
AK;=0.70 ksi-in"*

Note that these results are very conservative in that they take no credit for the rapid attenuation
of stresses in the drain channel as the crack g’roWs' away from the weld. Rather the peak stress is
assumed to rémain at the peak value and be uniform across the entire crack face as the crack
grows deeper-into the skirt aWay from the weld. Further, for both the drain channel and skirt
calculation the weld factor of 1.8 is applied to further increase the stresses. This conservatively
assumes that the peak stress effects which are confined to a local region at the weld root are

applied across the entire crack face regardless of crack size.

Table 4-1 summarizes the maximum range of alternating stress intensity and AK for the drain’
channel indications. Review of the FCG correlations for austenitic stainless steel in an air
enVironmeht given in Figure C-8410-1 [7], contained in this report as F igure 4-1, shows that, for
an R ratio of 0.9 (the largest given in this figure), a very small incremental fatigue crack growth

is expected for a AK; < 3 ksi-in"".
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These results show that regardless of where an indication exists along the length of the drain
channel vertical weld and regardless of whether it occurs in the drain channel or skirt, the

expééted FCG is minimal.

The drain channel indications are not expected to create loose parts or inhibit the steam dryer
assembly from performing its design function. This assessment is supported by the substantial
field experience from the operating fleet in which drain channel cracking has existed for many

years without causing significant failures of steam dryer components. '

4.3 Tie Bars

The ‘IGSCC iridications observed in four of 37 tie bars on the NMP2 steam-dryer have previously
been evaluated and shown to be acceptable for operation at Current Licensed Thermal Power
(CLTP) [10]. These indications have been observed-since‘"RF09 (2004) and have been monitored
during each refueling outage without any observed crack growth [2]. The location and structure
of the indications are indicative of IGSCC initiated as a result of the ‘high residual stresses caused
by welding the Tie Bars to the dryer hoods. . The indications are seen to remain in the HAZ and
not propagate ou.ts'ide of this region. Further, all indications remain jagged and do not exhibit the
characteristics of FCG. If FCG were a significant contribution to propagation of these flaws then
growth would have been observed over the previous operating cycles. Even with the increase in
steam dryer loads resulting from EPU operation the béhavior of these‘ﬂaws is not expected to
change. Continual monitoring of these locations can confirm this assessment and identify if
additional growth occurs in the future. The location and accessibility of these components
makes repair of the locations possible if future conditions warrant. The current extent of
cracking is small and is not expected to create loose parts or inhibit the design function of the

steam dryer assembly.
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Table 4-1. Summary of K; results for NMP2 Steam Dryer Indications.

. Crack Dimensions, Stress, K,
Location . . .. 0.5

in psi Ksi-in

Upper Support Ring 1.877 343 0.69
Vertical Indications (Corner Crack)

Upper Support Ring 11.75 343 147
Horizontal Indications (Through wall) )

: 2.04 B
Drain Channel (Through wall) 846 . 2.75
. 2.04 A o
Skirt (Through wall) 215 0.70

Note: Dimensions listed in Table correspond to 2a for center cracked panel solutions.

Table 4-2. Summary of Maximum EPU FIV Stress Intensity Along Weld DC-V3-320.

Locatiohﬂi Jon i Max St.yréss,;
. pst
Skirt 194
Submerged Skirt 215
Drain Channel 172
Submerged Drain Channel 846
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Figure 4-1. Reference Fatigue Crack Growth Curves for Austenitic Stainless Steels in Air
Environments [Fig. C-8410-1,-7].
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Nine Mile Point 2 Steam Dryer Weld DC-V3-320
EPU FIV Stress Results, Weld Nodes Only
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Figure 4-2. NMP2 EPU FIV Stress Intensity Along Weld DC-V3-320.
Nine Mile Point 2 Steam Dryer Weld DC-V3-320
EPU FIV Stress Results
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Figure 4-3. NMP2 EPU FIV Stress Intensity Along and Adjacent to Weld DC-V3-320.
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5.0  VIBRATION ASSESSMENT
This section documents the vibration assessment performed for the upper support ring and the
drain channels in the NMP2-steam dryer. . Each component is addressed separately:below.

P S SR IO N T P chard :

5.1 Upper: Support Ring . - . ... . L a e

This séction describes the evaluation performéd for the stéam dryer Upper support ring.
Conservative methods até used o assess theé’ expected effect of cracking on the dynamlc

charaéteristics‘of this component. " =~ Sl s D d D8

5.1.1 Assumptions

The following assumptions are used to augment the analysis methods described béio{’;z'

I. *'The upper support ring is tréated as'a straight bé‘e‘ifn'of rectangular ¢ross-section °

" rather than a ring of rectangular cross-sectioni. Curved bedims fot Wwhich the radius of
cufvature is in the plane of bending and foriwhich thé tadius of éiitvature is at least -
ten times the beam depth aré generally tréateéd as'straighit béams [11]. THe ratio of the

~radius'6f curvaturé to the béam width for'the NMP2 upper support rifg'is 119:5/3.5 =
34.1; therefore, it is acceptable to treat the upper support ring as a ‘straight beany for'
this evaluation.

2. Only the indications oriented vertlcally are con51dered in this evaluatlon The -
circumferential indication is not oriented stich that it will affect the stlffness of the
support ring for either in plane or transverse vibration.

3.7 All vertical indications ate assumed to:be.edge cracks extending across the entirei: -

~.couter surface of the.upper-support ring. ‘This assumption is very conservative. .. s
i weonsidering that the maximum length of all vertical cracks is‘conservatively predicted
. - : to:be approximately1.877” at the end of thenext operating cycle; whereas; this: . -
assumption defines-all.cracks to.be 9.5 long.

4. Each IGSCC indication is assumed‘to have an opening width, 8, 0£0.010 inches. - -

- This value is consistent with typical assumptions'used for fracture mechanics
evaluations of IGSCC." + =+~ =~ . et 0 B
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5. All 85 vertical indications are lumped together to form one indication of crack
opening width equivalent to the sum of all indications.  Tn other words a single notch-

- is considered:in this evaluation with a width of 85*0.01:= 0.85-inches.. This ...

- equivalent notch is placed at the location of maximum moment:in the beam model.in.
order to maximize the reduction in stiffness. In a general case where multiple flaws
are distributed throughout the beam length some would occur at areas of large

_mement, contributing greatly, to the reduced stiffness, and others would occur at areas
..of ‘s:mgli moment, contributing much less to.the reduced stiffness. For this analysis all
flaws are locatéd such that they contribute the maximum amount.towards a reduction

in beam stiffness.

‘

5.1.2 Methods _

[ SO T

The effect of crackmg on the dynamic characterlstlcs of the upper. support ring.is estimated by
evaluating the effect of a notch on the free vibration of_,gi;be'am. Taqug a straight beam of
arbitrary cross-section and mechanical properties, using Euler-choﬁ]li beam theory to
characterize its-behavior, letting external. moments equal zero, and solving the equations of
equilibrium gives the fol'l.ko‘ing partial differential equation for the transverse digplacement of a

2 o 2 . . P R
':E(x) ]( ) 0 y(x t)j] m(x).a;%)_’ 0<x < e (3)

Equation (3).can be interpreted as the equivalence of a potential energy term given by the
product of stiffness and displacement terms, and a kinetic energy term given by the-product of
mass and displacement terms. The solution of Equation (3) depends on the boundary and initial
conditions defined.for the beam: Generally, for beams-of uniformly distributed parameters,
where I(x), E(x), and m(x).are constant, exact solutions can be found. -These.solutions follow the
same general approach briefly summarized below [12}:

1.. . Let free vibration be characterized by synchronous motion in the.beam;.then

2. The displacement solution is separable in the spatial and temporal terms,

yx0=Y(x)-G) “4)
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3. ,;‘Th.i‘s“ allows Eq. (3) to be reduced to the following form,. -
d’y (x)

i[E(H() } B e R C A

4. The temporal term is assumed to take the form of G(¢) = C cos(wt — ¢) (6)

Equation (5) is the differential eigenvalue problem. Notice that there is nothing inherently-- © -
“dynamic” about the stiffness term; it is a function of the spatial variable only and can be
analyzed from a static perspective. Stiffness is characteristic of the geometry and mater1a1 and is

applicable to both dynamic and static problems.

For our problem the material will be assumed to be uniform; therefore, E(x) is constant. _Next; e
the effect of cracking on the dynamic characteristics of the upper support ring is estimated by
evaluating the effect of a notch on the stiffness of a beam. Then, a reduced stiffness can be used
to estimate a change in the natural modes of vibration caused by the ¢racking.” Euler-Bernoulli
beam theory is again used to derive equations for the static deflection shape of a beam. The |
presence of cracks in the beam is incorporated by defining an incremental length of beam with a
section height reduced by the crack depth. In other words, the length of the cracked’éection is
defined by the crack opening width of the crack and the cross-sectional area of the cracked
section is glven by the remaining ligament at the cracked section of the beam. The equatlons of
beam deflection are solved for this beam model. Continuity is enforced at the junction between

cracked and uncracked sections through the use of appropriate boundary conditions. - . , .. " v

For umform beams characterized by a ]ength at least 10 tlmes the depth the dlsplacement of a

beam is govemed by the apphed moment and 1s descrlbed by [12]

U AL DU, IR TN
RS T N ot

d*Y(x
a&g : Do

M(x)=E-I-

Con51der the s1mple case of a fixed free beam of constant cross- sectlon supportmg a statlc load

’

applied at 1ts free end. Solutlon of Equatlon (7) w1ll requlre two boundary eondltlons These

. . v.',p

. . B o . - Loy
o (AR ‘ A " . B . P tod N ot .
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conditions are obtained by defining appropriate equations for the deflection or beam fotation at

either boundary. Possible boundary conditions are:

. e
[

Y(0)=0 i o L e et 1 i{8a)

Y(L)=4" ;... ' : - - o mmindmrer T 0L (8b)

P

dY(O) RIS -':. : . e T "‘,.. I P R C
——(9 0 0 ' 8
dx 0= TR LB

Ta OTE e

Thus, for the simple case described above, the solution can be obtained from:

d’Y(x) M(x) o
d’ . E:l. e
|28 r

ar(0) = 6(0) =Q T e A SNt (9¢)"" - IR

Equatlon (9a) can be solved usmg the boundary condltlons glven in. equatlons (9b) and (9c) to y

determine the constants of i 1ntegrat10n The resultmg equatlon for the d1splaced shape is:
()= L (v -3Lx ) - (10)

Next, the dlsplaced shape of a cracked beam can be determmed usmg the same method but
con51dermg a comp051te beam formed of segments w1th dlfferent cross-sectlonal areas.

Segments representing the cracked sections are defined by the cross-sectional area of the
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. remaining ligament at the cracked section. The uncracked segments are defined by the
uncracked cross-sectional area of the beam. Any number of cracks can be considered by forming
a composite beam composed of cracked and uncracked sections. The equation of the deformed
shape will be piecewise continuous for each segment of the beam. The solution can be obtained
by solving Equation (9a) with appropriaté boundary conditions defined at the left and right
boundaries of each section. The constants of integration for each section will be expressed as a
function of the constants of integration from the previous section. For the case as defined by
Assumption 5 the resulting beam problem is shown in Figure 5-1. This case is described by the

following equations:

Section 1: Cracked Section at fixed boundary condition:

d’Y,(x) _ M(x)

-0 —E-Il For0<x<3d ' (1ay
. Y,(0)=0 (11b)
d};io)=91(.0)=0 o » o (llc)

Section 2; Uncracked-Section: .: -
-

d’Y,(x) _ M(x) .' |

= " Ford<x<L - "~ (12a)
dx E.-1, ‘ ‘ ’
Y,6)=Y(8) . : T , (12b) -
dr,(6) _ dY,(6)

z e ‘(120)
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The solution to this problem can be shown to be:

’ 2 3 . . .
Y@):%}(%J‘?] Cx+Ci, For0<x<s - ' (13a)
1 . : : .
C, =C, =0 - : (13b)
P (Lx* X*
YZ(JC)=E T—'—g’ +C2’1x+C2’2 FOI'SSXSL (13C)
2
2
e, =52 | =L (13d)
1T F 2 \ L1,
3 2 _
c, LBl _Lo L=t (13¢)
2TE3 2 | g

Although the presence of cracking changes the moment of inertia at the cracked section it can
also be expressed as an equivalent Modulus of Elasticity for a beam keeping the moment of
inertia constant. This approach is convenient if explicitly including cracks in an analytical
solution is laborious. Comparison of the maximum deflection for the cracked case to the
maximum deflection for the uncracked case can be expressed as an equivalent modulus of
elasticity for an uncracked beam of constant cross-section. The effect of various crack depth to
beam thickness ratios, a/W, as well as different equivalent crack opening width to beam length
ratios, 8/L, are evaluated to assess the sensitivity of the upper support ring to cracking. A

modified Elastic Modulus is calculated parametrically for:

a/W = [0.075,0.600]

&/L =[0.00001,1]
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From these results the effect of different crack sizes and numbers of cracks on the global
stiffness of a simple beam model can be estimated. 'fhe term glpbal is used because this
approach éffectively distributés the effect of the cra.ck' along thé lengfh of an uncracked beam
such that'the cracked beam and equiivablent uncracked béam exhibit the éame maximum
deflection. The beam models are equivalent only at the boundaries and location of maximum
deflection. The approximation of the effect that cracking has on the deflection of the beam
allows us to invest.igate the efféct on the beam stifﬁess, which és seen in Eq. (5), is necessary to

assess the effect on the natural frequencies of a cracked beam.

Finally, it is noted that the natural frequencies of a beam are given in Reference [13] as:

f‘i ﬂiZ (2)0.5

“2d\m 4

The values for A vary depending on mode number and boundary conditions of .‘the, beam. The
mode shape is given by transcendental equations independent of material or geometry. It can be
seen that Eq. (14) is applicable to all modes. It is noted that for the cracked case, where crécking
constitutes a small percentage of the beam length, the total length, L, the beam mass, m, and the
Modulus of Elasticity, E, can be assumed invariant. Cracking effectively changes the moment of
inertia at the crack location. As discussed above, it is possible fo assume a constant moment of
inertia along the beam length and express the effect of cracking as a modified elastic modulus;

hence, the effect of cracking on the dynamic characteristics of the beam can be estimated by

modifying the elastic modulus of the beam in Equation (14). -

Recognizing that the approach used to estimate a cracked structure’s natural frequency based
upon an equivalent uncracked structure’s dynamic characteristics is tied to a method which
assumes uniformly distributed properties, it is judged prudent to limit use of this approach to

notched sections less than or equal to 5% of the total beam length.
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5.1.3 Results

The results of the parametric cases identified above are presented in Figures 5-2 and 5-3. Table
5-1 summarizes the constants of integration, incremental deflections for the cracked and
uncracked beam segments, total deflection, and the equivalent elastic moduli for all parametric

cases.

The following results are obtained for the specific case of the NMP2 upper support ring

cracking:

1. To determine an a/W ratio applicable for NMP2, the area of the largest crack face is

calculated as:

2
= eomer_ _ 5 77 in?

corner

where the vertical cracks are assumed to be quarter circular cracks of length, a. Recall
that the largest vertical cracks exhibited a length of ~1.877 inches after one cycle of SCC
growth and FCG was shown to be insignificant.

2. An equivalent edge crack depth is calculated by forcing the crack face areas of the edge
and corner cracks to be equivalent: '

_ Acorner = ﬂ =0.292 in. |

a -
“ge g 9.5 -

3. The a/W for the edge crack is determined by:

aedge — Acorner _ 2.77

- - - 0.083
w  wH (3.59.5

4. As stated in Assumption 5, for the 85 corner cracks observed in the NMP2 upper support

ring an equivalent lumped crack opening width 6=0.85 inches is considered.
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5. Recall that the equivalent modulus was defined using the static deflection shape of a

fixed-free beam where the effect of all cracks was accumulated at the location of
maximum moment. The characteristic length used for this evaluation Sﬁoul& be defined
consistent with the apprbaéﬁ'used to determine the effect.ive moduius. Approximating the
fundamental mode of the ring in transverse vibration by a fixed free beam of
characteristic length defined by the distance between adjacent support blocks gives a
length of: |

I ='272’R _ 119.5- 7 _o4 'in
4 4

This length is chosen since the vibration mode will be symmetric about a line assumed to
occur between two support blocks diametrically opposite each other and will exhibit
maximum displacement at the other two support blocks. Since the beam is not clamped to
the blocks this mode will not be restrained. This is considered to be the shortest length
that can be defined using assumptions consistent with.the manner in which the modified

elastic modulus was obtained.

This results in a 8/L=0.009, which corresponds to an equivalent notched length less than
1% of the total beam length and is within the assumed limits of the approximate methods

used here.

. From Figures 5-2 and 5-3, using a 8/L=0.009, and interpolating between-an a/W=0.075

and an a/W=0.150, a ratio of effective elastic modulus to uncracked elastic:modulus of

approximately 0.99 is obtained.

. -From equation (14) the effect of the observed cracking on the natural frequencies of the

upper support ring can be conservatively estimated to be a reduction in the uncracked
natural frequencies of less than 0.5%. For cracking this minor:the éffect of cracking on

the mode shapes is also expected to be negligible.
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5.2 Drain Channel Vertical Weld

This section describes the evaluation performed for the steam dryer drain channel vertical weld.
Conservative methods are used to assess the éxpected effect of cracking on the dynandic

characteristics of this component.

5.2.1 Assumptions

The following assumptions are used to augment the analysis methods described below:
1. The drain channel and skirt are treated as flat plates for the purposes of evaluating
the effect of cracking on the vibration characteristics of a panel.
2. The boundary conditions assumed for the skirt plate between the drain channels are:
a. Clamped at the skirt to upper support ring weld
b. Pinned at the skirt to drain channel welds
c. Free at the base of the skirt
3. The effect of hydrodynamic mass on the submerged portion of the drain channel and
skirt shell is neglected in this evaluation. It is not the intent of this analysis to
determine the actual natural frequency of the cracked component; rather, it is desired
to assess whether cracking is expected to change the response of the plate such that it

must be considered in the dryer FEM.

5.2.2 Methods

The effect of cracking on the dynamic characteristics of the skirt adjacent to the drain channel
weld DC-V3-320 and DC-V7-140 is assessed by performing parametric modal analyses of a
plate with cracking assumed for various crack length to plate width ratios, a/W, and crack
position to plate height ratios, x/H. Results for cases which bound the size and location of drain
channel cracks observed in NMP2 will be used for the vibration assessment. Figure 5-19
illustrates the cracked plate configuration considered for this evaluation. Table 5-2 summarizes
the range of a/W and x/H considered and introduces the format in which the modal frequencies

from the cracked panel solutions will be presented.
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The ANSYS finite element analysis program is used to perform this evaluation [14]. The 2-D
elastic shell element, SHELL63, is used for this analysis. Cracking is simulated by meshing the
geometry with coincident but uncoupled nodes along the crack face. Since the focus of this
analysis is the change in stiffness and its effect on vibration modes of the skirt rather than the
stress intensity factor at the tip of the assumed crack;, no crack-tip elements are incorporated into

the model.

The frequency content of the acoustic loads acting upon the surfaces of the BWR steam.dryers is.
typically less than ~250 Hz; therefore, it is considered sufficient to show that if the change in
modal frequencies, for the modes below 250 Hz, are small then the effect on the dynamic-

characteristics of the component is small.

5.2.3 Results

Figure 5-20 shows the mesh and boundary conditions applied for a solution convergence check:
performed to ensure that the mesh density used was sufﬁciént to resolve the modes.of interest.
Table 5-3 summarizes the modal frequencies for all modes less than 250-Hz and reports a percent
change in predicted frequency for each mesh density. The results shown in Table 5-3 confirm
that the baseline mesh density applied to the FEM is sufﬁciént. All subsequent cracked panel
analyses are performed uSing the mesh density and boundary conditions shown in Figure 5-20.
The element size for this analysis is defined as 1 in. x 1 in. The refined mesh densities evaluated

for the mesh check had element sizes of %2” x 2™ and 1/g,” x 5.

For illustrative purposes, Figure 5-21 shows the configuration of a crack considered in the panel

for the a/W=0.3 and x/H=0.6 parametric case.

Tables 5-4 through 5-18 summarize the modal frequenciés for all modes less fhan 250 Hz for all
20 parametric crack cases. Also shown in these tables are the ratios between the cracked
frequency and the uncracked frequency for the same mode. Figures 5-4 through 5-18 graphically
depict the frequency ratio over the parametric response surface. The results show that even for
cracking extending %2 of the distance across the panel, the frequencies in the range of interest are

reduced by less than 5%. The average reduction in natural frequency across all crack sizes and
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locations considered and considering all modes less than 250 Hz is less than 1%. Considering
the maximum crack length observed in the NMP2 drain channel weld, 1.6”, the a/W for this case
is 0.07. For a crack length to panel width ratio this small, the efféct on the predicted natural
frequencies of the cracked panel, in the frequency range for which significant modal -
participation is expected, is insignificant; therefore, no ché.nges to the existing uncracked dryer

FEM must be made to account for the drain channel cracking.

Figures 5-22 through 5-36 compare the cracked and uncracked mode shapes of the panel.-
considered in this analysis for one of the 20 parametric cases evaluated (x’H=0.4, a/W=0.1). The
results are illustrative of the effect of cracking on the dynamic characteristics of the panel for a
flaw size which bounds the NMP2 drain channel indications. It is seen that cracking has an
insignificant effect on the mode shape of the panel. Figure 5-37 shows the cracked mode shape
for Mode 15 for the x’H=0.4 and a/W=0.3 parametric case. This plot illustrates that for higher
modes and larger crack sizes, cracking will exhibit a greater effect on the mode shape local to the
crack; however, even for this case, the overall mode shape remains substantially the same and

the modal frequency exhibits only a very small change.
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Table 5-1. Tabulation of Parametric Cracked Beam Calculations

&/L

€1 1 xx

€1.2 xx

€2 1 x|

€22 xx

Incremental Disp @ Cracked Section
incremental Disp @ Uncracked Section|

Max Displacement from Sum of Incremental
Max Displacment from Beam Solution)
Displacement Ratio (cracked / uncracked
Modulus Ratio (cracked / uncracked

-0.385

-0.406

-0.322

-0.270

-0.210

-0.073

0.000

-0.385 -0.385 -0.391 -0.396
40.385 -0.385 -0.385 0.386 -0.386 -0.388 -0.388 -0.391 -0.397 -0.413 -0.435 -0.465 -0.475 -0.481 -0.485 -0.486 -0.487 -0.487
-0.385 -0.385 -0.385 -0.386 -0.386 -0.388 -0.388 -0.391 -0.397 -0.413 -0.435 -0.465 -0.475 -0.481 -0.485 -0.486 -0.487 -0.487
1.000 1.000 1.001 1.002 1.003 1.006 1.008 1.016 1031 1.072 1.129 1.208 1.232 1.248 1.258 1.263 1.265 1.265
1.000 1.000 0.999 0.998 0,997 0.994 0.992 0.985 0.970 0.933 0.885 0.828 0.812 0.801 0.795 0.792 0.791 0.790

€1 1 xx|

€1_2 xx

€2_1 xx

€2 2 xx

Incremental Disp @ Cracked Section
Incremental Disp @ Uncracked Section)|

Max Displacement from Sum of Incremental
Max Displacment from Beam Solution|
Displacement Ratio (cracked / uncracked!
Modulus Ratic (cracked / uncracked]

2/W=0.300

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.001 -0.009 -0.035 <0.130 -0.196 -0.353 -0.441 -0.533 -0.627
-0.385 -0.385 -0.386 -0.387 -0.388 -0.391 -0.392 -0.399 -0.412 -0.442 -0.468 -0.444 -0.401 -0.267 -0.184 -0.094 0.000
-0.385 -0.385 -0.386 -0.387 -0.388 -0.391 -0.392 -0.399 -0.413 -0.451 -0.503 -0.575 -0.597 X -0.621 -0.625 -0.627 -0.627
-0.385 -0.385 -0.386 -0.387 -0.388 -0.391 -0.392 -0.399 -0.413 -0.451 -0.503 -0.575 -0.597 -0.612 -0.621 -0.628 -0.627 -0.627
1.000 1.000 1.002 1004 1008 1.015 1.019 1.037 1072 Li7e 1.307 1493 1550 1.588 1611 1623 1628 1.628
1.000 1.000 0.998 0.996 0.993 0.985 0.982 0.964 0.932 0.854 0.765 0.670 0.645 0.630 0.621 0.616 0.614 0.614

€11 xd

€12 xx

€21 x«

€22 xx

Incremental Disp @ Cracked Section|
Incremental Disp @ Uncracked Section)|

Max Displacement from Sum of incremental
Max Displacment from Beam Solution)
Displacement Ratio (cracked / uncracked
Modulus Ratio (cracked / uncracked

a/W=0.600

-0.385

-0.385

-0.3%0

-0.394

-0.467

-0.569

-0.730

-0.591

-0.470

-0.326

-0.385 -0.385 -0.387 -0.3%0 -0.394 -0.403 -0.407 -0.428 -0.470 -0.585 -0.745 -0.963 -1.031 -1.076 -1.103 -1.117 -1.122 -1.123
-0.385 -0.385 -0.387 -0.3%0 -0.394 -0.403 -0.407 -0.428 -0.470 -0.585 -0.745 -0.963 -1.031 -1.076 -1.103 -1.117 -1.122 -1.123
1.000 1001 1.006 1011 1.023 1.046 1.057 1113 1221 1519 1.935 2502 2.676 2.793 2.864 2.900 2914 2915
1.000 0.999 0.934 0.989 0978 0.956 0.946 0.899 0.819 0.658 0.517 0.400 0.374 0.358 0.349 0.345 0.343 0.343

C1.1 xx|

C1.2 xx

€21 x

€22 xx

Incremental Risp @ Cracked Section|
Incremental Disp @ Uncracked Section

Max Displacernent from Sum of incremental
Max Displacment from Beam Solution|
Displacement Ratio (cracked / uncracked
Modulus Ratio (cracked / uncracked
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-4.236

X 0.000 X . -1.252 -1.880 -3.391 -5.118
-0.385 -0.387 -0.402 -0.419 -0.452 -0.519 -0.552 -0.713 -1.020 -1.824 -2.797 -3.549 -3.433 -3.057 -2.475 -1.736 -0.894 0.000
-0.385 -0.387 -0.402 -0.419 -0.452 -0.519 -0.552 -0.716 -1034 <1911 -3.134 -4.801 -5.313 -5.657 -5.865 -5.972 -6.012 -6.017
-0.38% -0.387 -0.402 -0.419 -0.452 -0.519 -0.552 -0.716 -1.034 -1911 -3.134 -4.801 -5.313 -5.657 -5.865 -5.972 -6.012 -6.017
1000 1.004 1.044 1.088 1175 1.348 1.434 1.860 2.686 4.963 8137 12.456 13.797 14689 15.230 15.508 15610 15.625
1.000 0.996 0.958 0.919 0.851 0.742 0.697 0538 0.372 0.201 0.123 0.080 0.072 0.068 0.066 0.064 0.064 0.064
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| Crack width, 8 |

V Edgecrack of depth, aw<

Note: For this analysis, bending is evaluated about the weak axis to maximize the effect of cracking; hence the orientation of the
applied load and beam cross-section.

Figure 5-1. Composite Beam Composed of 1 Cracked and 1 Uncracked Section.
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Effective Modulus of Elasticity for Fixed-Free Beam
With Crack at Fixed End

1.200
1.000
0.800 |

0.600 |
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0.400 |

0.200

0.000 |

0.00001 0.0001 0.001 0.01 0.1 1
8/L

—4—d/W=0.075  .gg.3/W=0.150 ... 3/W=0.300  .en.3d/W=0.600

Figure 5-2. Ratio of Effective Elastic Modulus to Uncracked Elastic Modulus for a Cracked
Beam for Various a/W and d/L.

Effective Modulus of Elasticity for Fixed-Free Beam
With Crack at Fixed End
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Figure 5-3. Ratio of Effective Elastic Modulus to Uncracked Elastic Modulus for a Cracked
Beam for Various a/W and &/L, Zoomed to NMP2 Effective &/L.
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Table 5-2. Matrix of Parametric Crack Cases Considered.

T Taw

=i C01 | 02 | 03 | o4 | o5
o] ez Casel | Case2 | Case3 | Cased | Case5S
: x/H S 0.4 Case6 | Case7 | Case8 | Case9 | Case 10
R 0.6 | Case1l | Case12 | Case 13 | Case 14 | Cased5
0.8 Case 16 | Case 17 | Case 18 | Case 19 ‘Case'20

Note: 1. The baseline case for the uncracked structure is Case 21.

Table 5-3. Summary of Modal Frequencies <250 Hz for Three Mesh Densities

Model Mode2 Mode3 Mode4 ModeS5 'Modeﬁf" Mode 7 Mdde8‘

' Mesh1l | 4223 4783 5872 7473 9581 12201 153.36 167.40
" Mesh2 . | 4223 - 4783 5873 7475 9585 122.07 15345 167.39
“Mesh3 . | 4224 4788 5885 7499 9625 122.66 15428 167.39
%Change12 | 000 000 002 003 004 005 006  -0.01
% Change2:3- |, 0.02: ~ 010 :.020. 032  .042 - -048. - 054 - .0.00
Mode9 Mode10 -Modeil Model2 Mode13 Mode14 . Mode 15
* Mesh 1 172.93 18369  189.90  199.75  221.04  231.64  247.50
Mesh 2 172.95 ' “183.74° ° '190.03 * 199.84 ~ 221.19  231.82  247.73
Mesh 3 172.99 183.87 19113  200.10  221.61  233.23 248.36
% Change 1-2 001 003 007 0.05 0.07 0.08 0.09
% Change2-3 | ~ 0.02 0.07 0.58 0.13 0.19 0.61 0.25
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. Table 5-4. Summary of Parametric Results for Mode 1 and Ratio of Cracked / Uncracked

Frequencies

a/W
o=1 42.23 Hz 0.1 0.2 0.3 0.4 0.5
0.2 42.23 42.23 42.22 42.18 42.12
x/H 0.4 42.23 42.23 42.22 42.20 42.16
0.6 42.23 42.23 42.23 42.22 42.20
0.8 42.23 42.23 42.23 42.23 42.22

a/W

=1 42.23 Hz 0.1 0.2 0.3 04 0.5

0.2 1.000 1.000 1.000 0.999 0.997
x/H 0.4 1.000 1.000 1.000 0.999 0.998
0.6 1.000 1.000 1.000 1.000 0.999
0.8 1.000 1.000 1.000 1.000 1.000
?ggg /;// © 1.000-1.000
. 0.999 // # 0.999-1.000
0.999 / #0.999-0.999
0.998 1+ ®0.998-0.999
0,298 /// m 0.998-0.998

0997 1° - o
0.997 l/ % . % 0.997-0.998
0.996 / m 0.997-0.997
0.1 ‘ ® 0.996-0.997

a/w

Figure 5-4. Ratio of Cracked / Uncracked Frequency, Mode 1.
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Table 5-5. Summary of Parametric Results for Mode 2 and Ratio of Cracked / Uncracked .

Frequencies
a/W
=2 47.83 Hz 0.1 0.2 0.3 0.4 0.5
0.2 47.83 47.83 47.82 47.8 47.74
x/H 0.4 47.83 47.83 47.82 47.78 47.71
0.6 47.83 47.82 47.79 47.72 47.59
0.8 47.83 47.83 47.81 47.77 47.69
a/W
0= 47.83 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 1.000 1.000 0.999 0.998
x/H 0.4 1.000 1.000 1.000 0.999 0.997
0.6 1.000 1.000 0.999 0.998 0.995
0.8 1.000 1.000 1.000 0.999 0.997
1.000
s #0.999-1.000
5908  0.998-0.999
0.997 ¥ 0.997-0.998
0.996 I Y ® 0.996-0.997
0895 / T R ¥ 0.995-0.996
o /// - D 0.8 ® 0.994-0.995
0.993 -
0.992 - e  0.993-0.994
15 \\;:“ y 02 4y 09920993
’ 0.5
a/W

Figure 5-5. Ratio of Cracked / Uncracked Frequency, Mode 2.
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. Table 5-6. Summary of Parametric Results for Mode 3 and Ratio of Cracked / Uncracked

Frequencies
a/W
®=3 58.73 Hz 0.1 0.2 0.3 0.4 0.5
0.2 58.72 58.72 58.70 58.64 58.48
x/H 04 58.72 58.70 58.65 58.51 58.27
0.6 58.72 58.72 58.70 58.64 58.48
0.8 58.72 58.71 58.66 58.53 58.29
a/W
=3 58.73 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 1.000 0.999 0.998 0.996
x/H 0.4 1.000 0.999 0.999 0.996 0.992
0.6 1.000 1.000 0.999 0.998 0.996
0.8 1.000 1.000 0.999 0.997 0.993

® 0.998-1.000
® 0.996-0.998
® 0.994-0.996
® 0.992-0.994
m 0.990-0.992
m 0.988-0.990

a/W

Figure 5-6. Ratio of Cracked / Uncracked Frequency, Mode 3.
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Table 5-7. Summary of Parametric Results for Mode 4 and Ratio of Cracked / Uncracked

a/W

Report No. 0801273.401 Revision 1

5-20

x/H

Frequencies
a/W
o= 74.75 Hz 0.1 0.2 0.3 04 0.5
0.2 74.73 74.71 74.62 74.39 73.94
x/H 04 74.73 74.73 74.71 74.61 74.28
0.6 74.73 74.71 74.65 74.45 74.05
0.8 74.73 74.70 74.60 74.35 73.90
a/W
0= 74.75 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 0.999 0.998 0.995 0.989
x/H 0.4 1.000 1.000 0.999 0.998 0.994
0.6 1.000 0.999 0.999 0.996 0.991
0.8 1.000 0.999 0.998 0.995 0.989
¥ 0.995-1.000
:0.990-0.995
® 0.985-0.990
® 0.980-0.985

Figure 5-7. Ratio of Cracked / Uncracked Frequency, Mode 4.

ﬁ Structural Integrity Associates, Inc.




. Table 5-8. Summary of Parametric Results for Mode 5 and Ratio of Cracked / Uncracked

Frequencies
a/W
=5 95.85 Hz 0.1 0.2 0.3 0.4 0.5
0.2 95.81 95.77 95.59 95.14 94.35
x/H 0.4 95.81 95.77 95.60 95.15 94.37
0.6 95.81 95.78 95.63 95.22 94.48
0.8 95.81 95.79 95.68 95.36 94.68
a/W
=5 95.85 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 0.999 0.997 0.993 0.984
x/M 0.4 1.000 0.999 0.997 0.993 0.985
0.6 1.000 0.999 0.998 0.993 0.986
0.8 1.000 0.999 0.998 0.995 0.988

0.995-1.000
M 0.990-0.995
® 0.985-0.990
® 0.980-0.985

® 0.975-0.980

a/W

Figure 5-8. Ratio of Cracked / Uncracked Frequency, Mode 5.
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Table 5-9. Summary of Parametric Results for Mode 6 and Ratio of Cracked / Uncracked .

Frequencies
a/W
o= 122.01 Hz 0.1 0.2 0.3 0.4 0.5
0.2 122.00 121.98 121.82 121.32 120.16
x/H 0.4 122.01 | 122.00 | 121.90 | 121.51 | 120.35
0.6 122.01 122.00 121.94 121.61 120.44
0.8 122.01 122.00 121.93 121.57 120.44
a/W
0= 122.01 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 1.000 0.998 0.994 0.985
/H 0.4 1.000 1.000 0.999 0.996 0.986
0.6 1.000 1.000 0.999 0.997 0.987
0.8 1.000 1.000 0.999 0.996 0.987

¥ 0.995-1.000
m 0.990-0.995
= 0.985-0.990

® 0.980-0.985
W 0.975-0.980

a/W

Figure 5-9. Ratio of Cracked / Uncracked Frequency, Mode 6.
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. Table 5-10. Summary of Parametric Results for Mode 7 and Ratio of Cracked / Uncracked

Frequencies
a/w
0= 153.36 Hz 0.1 0.2 0.3 0.4 0.5
0.2 153.35 153.35 | 153.25 | 152.66 150.38
x/H 04 153.35 153.30 | 153.02 152.15 150.21
0.6 153.35 153.27 152.90 151.89 150.12
0.8 153.35 153.34 153.21 152.58 150.39
a/W
0= 153.36 Hz 0.1 0.2 03 0.4 0.5
0.2 1.000 1.000 0.999 0.995 0.981
x/H 0.4 1.000 1.000 0.998 0.992 0.979
0.6 1.000 0.999 0.997 0.990 0.979
0.8 1.000 1.000 0.999 0.995 0.981
1.000
0.995 0.995-1.000
. 0.990 #0.990-0.995
0.985  0.985-0.990
0.980 s ® 0.980-0.985
0.975 C T #0.975-0.980
0570 j/ ¥ 0.970-0.975
GBS T 0.965-0.970
0.1 i
a/W

Figure 5-10. Ratio of Cracked / Uncracked Frequency, Mode 7.
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Table 5-11. Summary of Parametric Results for Mode 8 and Ratio of Cracked / Uncracked .

Frequencies
a/W
®=8 | 167.40 Hz 0.1 0.2 0.3 0.4 0.5
0.2 167.39 | 167.35 | 167.21 | 166.98 | 166.80
x/H 0.4 167.39 | 167.37 | 167.29 | 167.16 | 167.00
0.6 167.39 | 167.38 | 167.35 | 167.29 | 167.24
0.8 167.39 | 167.39 | 167.38 | 167.36 | 167.31
a/W
0= 167.40 Hz 0.1 0.2 0.3 04 0.5
0.2 1.000 1.000 0.999 0.997 0.996
x/H 0.4 1.000 1.000 0.999 0.999 0.998
0.6 1.000 1.000 1.000 0.999 0.999
0.8 1.000 1.000 1.000 1.000 0.999

® 0.999-1.000

®0.998-0.999
®0.997-0.998

® 0.996-0.997
® 0.995-0.996
® 0.994-0.995

Figure 5-11. Ratio of Cracked / Uncracked Frequency, Mode 8.
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. Table 5-12. Summary of Parametric Results for Mode 9 and Ratio of Cracked / Uncracked

Frequencies
a/W
W= 172.93 Hz 0.1 0.2 0.3 0.4 0.5
0.2 172,92 | 17291 | 172.85 | 172.70 | 172.30
x/H 0.4 172,92 | 17291 | 172.83 | 172.66 | 172.30
0.6 172.92 | 172.86 | 172.69 | 172.42 | 172.18
0.8 172.92 172.89 | 172.77 | 172.52 172.11
a/W
o= 172.93 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 1.000 1.000 0.999 0.996
x/H 0.4 1.000 1.000 0.999 0.998 0.996
0.6 1.000 1.000 0.999 0.997 0.996
0.8 1.000 1.000 0.999 0.998 0.995

% 0.999-1.000
©0.998-0.999
#0.997-0.998
m 0.996-0.997
m 0.995-0.996
% 0.994-0.995
m 0.993-0.994
m0.992-0.993

a/W

Figure 5-12. Ratio of Cracked / Uncracked Frequency, Mode 9.
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Table 5-13. Summary of Parametric Results for Mode 10 and Ratio of Cracked / Uncracked .

Frequencies
a/W
©®=10 | 183.69 Hz 0.1 0.2 0.3 04 0.5
0.2 183.69 183.68 | 183.56 | 183.01 180.6
x/H 0.4 183.69 183.62 183.37 182.86 181.68
0.6 183.69 183.68 | 183.56 | 183.01 180.22
0.8 183.69 | 183.62 | 183.36 | 182.83 | 181.91
a/W
©=10 | 183.69 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 1.000 0.999 0.996 0.983
x/H 04 1.000 1.000 0.998 0.995 0.989
0.6 1.000 1.000 0.999 0.996 0.981
0.8 1.000 1.000 0.998 0.995 0.990
1.000
DA%  0.995-1.000
0.990 ¥ 0.990-0.995
0.985 m 0.985-0.990
0.980  0.980-0.985
0.975 ¥ 0.975-0.980
0.970 ® 0.970-0.975
a/W

Figure 5-13. Ratio of Cracked / Uncracked Frequency, Mode 10.
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. Table 5-14. Summary of Parametric Results for Mode 11 and Ratio of Cracked / Uncracked

Frequencies
a/W
=11 | 189.90 Hz 0.1 0.2 0.3 0.4 0.5
0.2 189.89 189.85 189.56 | 188.45 186.25
x/H 0.4 189.89 189.81 | 189.43 188.33 185.88
0.6 189.89 189.85 189.56 | 188.55 186.49
0.8 189.88 189.81 189.43 188.36 186.36
a/W
®=11 | 189.90 Hz 0.1 0.2 0.3 04 0.5
0.2 1.000 1.000 0.998 0.992 0.981
x/H 04 1.000 1.000 0.998 0.992 0.979
0.6 1.000 1.000 0.998 0.993 0.982
0.8 1.000 1.000 0.998 0.992 0.981
1.000
0.995 - ©0.995-1.000
. 0.990 ¥ 0.990-0.995
0.985 # 0.985-0.990
0.980 ® 0.980-0.985
0.975 ¥ 0.975-0.980
g ¥ 0.970-0.975
0.965
® 0.965-0.970
a/W

Figure 5-14. Ratio of Cracked / Uncracked Frequency, Mode 11.
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Table 5-15.

Summary of Parametric Results for Mode 12 and Ratio of Cracked / Uncracked
Frequencies
a/W
=12 | 199.75 Hz 0.1 0.2 0.3 0.4 0.5
0.2 199.75 | 199.68 | 199.40 | 198.83 | 198.24
x/H 0.4 199.75 199.73 199.52 198.61 196.02
0.6 199.75 | 199.68 | 199.38 | 198.73 | 197.55
0.8 199.75 | 199.66 | 199.35 | 198.77 | 197.68
a/w
®=12 | 199.75Hz | 0.1 0.2 0.3 0.4 0.5
0.2 1.000 1.000 0.998 0.995 0.992
x/H 0.4 1.000 1.000 0.999 0.994 0.981
0.6 1.000 1.000 0.998 0.995 0.989
0.8 1.000 1.000 0.998 0.995 0.990
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®0.995-1.000
® 0.990-0.995
® 0.985-0.990
® 0.980-0.985
® 0.975-0.980

m 0.970-0.975

0.2 02  x/H

a/W

Figure 5-15. Ratio of Cracked / Uncracked Frequency, Mode 12.




Table 5-16. Summary of Parametric Results for Mode 13 and Ratio of Cracked / Uncracked

Frequencies

a/W
=13 | 221.04 Hz 0.1 0.2 0.3 0.4 0.5
0.2 221.03 220.89 | 220.37 219.41 218.28
x/H 0.4 221.04 | 220.91 | 220.44 | 219.53 | 217.09
0.6 221.04 | 220.94 | 220.50 | 219.49 | 216.49
0.8 221.04 | 220.97 | 220.55 | 219.06 | 214.31

a/W
=13 | 221.04 Hz 0.1 0.2 0.3 04 0.5
0.2 1.000 0.999 0.997 0.993 0.988
x/M 0.4 1.000 0.999 0.997 0.993 0.982
0.6 1.000 1.000 0.998 0.993 0.979
0.8 1.000 1.000 0.998 0.991 0.970

®0.990-1.000
® 0.980-0.990
#0.970-0.980
 0.960-0.970
H 0.950-0.960

a/W

Figure 5-16. Ratio of Cracked / Uncracked Frequency, Mode 13.
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Table 5-17. Summary of Parametric Results for Mode 14 and Ratio of Cracked / Uncracked .

Frequencies
a/W
®=14 | 231.64 Hz 0.1 0.2 0.3 0.4 0.5
0.2 231.62 | 231.49 | 230.88 | 229.42 | 227.28
x/H 04 231.63 | 231.61 | 231.32 | 229.73 224.13
0.6 231.63 231.58 | 231.19 | 229.32 | 223.55
0.8 231.62 | 231.48 | 230.81 | 229.20 | 226.66
a/W
©=14 | 231.64 Hz 0.1 0.2 0.3 0.4 0.5
0.2 1.000 0.999 0.997 0.990 0.981
X/H 0.4 1.000 1.000 0.999 0.992 0.968
0.6 1.000 1.000 0.998 0.990 0.965
0.8 1.000 0.999 0.996 0.989 0.979
1.000
0:230 # 0.990-1.000
0.980 B 0.980-0.990
0.970 ®0.970-0.980
090 T T ® 0.960-0.970
0.950 - _// T, 08 m0.950:0.960
0.940 —Kmﬁmrwmm = 0.940-0.950
0.1 0.2 :3 M;T:” 02  x/H
’ 0.5
a/W

Figure 5-17. Ratio of Cracked / Uncracked Frequency, Mode 14.
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. Table 5-18. Summary of Parametric Results for Mode 15 and Ratio of Cracked / Uncracked

Frequencies
a/W
=15 | 247.50 Hz 0.1 0.2 0.3 0.4 0.5
0.2 247.50 247.35 246.72 244.92 238.02
x/H 0.4 247.50 247.41 246.79 244.75 241.17
0.6 247.51 247.45 246.87 244.67 240.94
0.8 247.51 247.46 246.87 244.10 236.20
a/W
=15 | 247.50 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 0.999 0.997 0.990 0.962

x/H 04 1.000 1.000 0.997 0.989 0.974
0.6 1.000 1.000 0.997 0.989 0.973

0.8 1.000 1.000 0.997 0.986 0.954
#1.000-1.010

. 0.990-1.000
#0.980-0.990

= 0.970-0.980

= 0.960-0.970

¥ 0.950-0.960

0930 ¥—0 0.940-0.950

% m;“‘“‘;:\/o_z (JH 09300940

: 0.5
a/w

Figure 5-18. Ratio of Cracked / Uncracked Frequency, Mode 15.
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W

Figure 5-19. Crack Configuration Evaluated for NMP2 Drain Channel Cracking..

Figure 5-20. Mesh Density and Boundary Conditions Selected for Modal Analysis of Cracked
Panel
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. ) AREAS AN

ocT 1 zoos
TYPE. NUM 20:38:06

Crack

PARAMETRIC CASE X/H=0.6, A/W=0.3

Figure 5-21. Sample Panel Area Showing Location of Crack in Panel.
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NODAL SOLUTION AN

DEC 23 2008
11:50:33

STEP=1

8UB =1
FREQ=42.233
usuM (AVG)
REYS=0

DMX =4.22

SMX =4.22

. 937761 1.876 2.813 3.751
. 4688681 1.407 2.344 3.282 4.22

1
NODAL SOLUTION AN

DEC 23 2008
13:09:10

STEP=1

SUB =1
FREQ=42.233
usuMm (AVG)
R8Y8=0

DMX =4.226

SMX =4.226

0 .939071 1.878 2.817 3.756
. 469536 1.409 2.348 3.287 4.226

Figure 5-22. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 1, x/H=0.4, a/W=0.1.
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NODAL SOLUTION

STEP=1

8UB =2
FREQ=47.828
UsSuM (AVG)
RIYS=0

DMX =3.959
8MX =3.959

879774 1.76

1.32

AN

DEC 23 2008
11:50:54

3.959

NODAL SOLUTION

STEP=1

sUB =2
FREQ=47.828
UsuM (AVG)
REYS=0

DMX =3.964

gMX =3.964

966 1.762
1.321

AN

DEC 23 2008
13513343

3..964

Figure 5-23. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,

Mode 2, x/H=0.4, a/W=0.1.
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AN

NODAL SOLUTION

DEC 23 2008
STEE=1 11:51:06
8UB =3
FREQ=58.717
usuM (AVG)
RSYS=0
DMX =4,145
aMX =4.145

0 . 921013 1.842 2.763 3.684
. 460507 1.382 2.303 3.224 4.145

NODAL SOLUTION
DEC 23 2008

STEP=1 13:14:09

8UB =3

FREQ=58,716

usuM (AVG)

R3YS=0

DMX =4.15

gMX =4,15

0 .922199 1.844 2.767 3.689
L4611 1.383 2.305 3.228 4.15

Figure 5-24. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 3, x/H=0.4, a/W=0.1.
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NODAL SOLUTION

STEP=1

SUB =4
FREQ=74.728
usuM (AVG)
RYI=0

DMX =4.324
aMX =4.324

999 1.922

AN

DEC 23 2008
11:51:18

4.324

NODAL SOLUTION

STEP=1

SUB =4
FREQ=74.727
usuM (AVG)
RSYS=0

DMX =4.33

SMX =4.33

AN

DEC 23 2008
13:14:34

3.849
68

4.33

Figure 5-25. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,

Mode 4, x/H=0.4, a/W=0.1.
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1
NODAL SOLUTION AN
DEC 23 2008
STEp=L 11:51:30
8UB =5
PREG=95.814
usuM (AVG)
REYS=0
DMX =4.453
sMx =4.453

0 . 989645 1.979 2.969 3.959
.494822 1.484 2.474 3.464 4,453

. AN

NODAL SOLUTION
DEC 23 2008

RYRReL 13:15:42
8uUB =5

FREQ=595.81
usuM (AVG)
ROYS=0

DMX =4.459

SMX =4.459

0 .990961 1..982 2.973 3.964
. 49548 1.486 2.477 3.468 4,459

Figure 5-26. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 5, x/H=0.4, a/W=0.1.
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NODAL SOLUTION

STEP=1

SUB =6
FREQ=122.008
usuM (AVG)
REYS=0

DMX =4.531
aMx =4.531

503415

\

2.014

AN

DEC 23 2008
11:51:39

3.524 4.531

NODAL SOLUTION

8TEP=1

8UB =6
PREQ=122.005
usuM (AVG)
Rgys=0

DMX =4,536
8MX =4.536

504038

=

2.016

3.024

AN

DEC 23 2008
13:16:13

4.536

Figure 5-27. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 6, x/H=0.4, a/W=0.1.
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AN

DEC 23 2008
STEP=1 11:51:489

8uB =7
FREQ=153.358
UsuM (AVG)
RIYS=0

DMX =4.571

SMX =4.571

NODAL SOLUTION

0 1.016 2.032 3.048 4.063
507917 1.524 2.54 3.555 4,571
\
NODAL SOLUTION AN
DEC 23 2008
PIER=1 13:16:31
suB =7
FREG=153.351
usuM (AVG)
REYS=0
DMX =4.578
sMx =4.578

1.017 2.035 3.052 . 069
.508644 1.526 2.543 3.561 4.578

Figure 5-28. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 7, x/H=0.4, a/W=0.1.
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. NODAL SOLUTION m

DEC 23 2008
ATEREL 11:51:57
suB =8

FREC=167. 4

UsuM (AVG)

RIYS=0

DMX =4.586

SMX =4.586

i} 1.019 2.038 3.057 4.076
.509526 1.529 2.548 3.567 4.586

NODAL SOLUTION AN

- DEC 23 2008
arER=l 13:17:09
8UB =B

PREG=167.39

usuM (AVG)

RSYS=0

DMX =4.,594

oMxX =4.594

1.021 2,042 3. 082 ~4. 083
.510409 1.531 2.552 3.573 4.594

Figure 5-29. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 8, x/H=0.4, a/W=0.1.
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NODAL SOLUTION AN

pEC 23 2008
SIRE=L 11:52:07
8UB =9

FREG=172. 926

usuM (AVG)

R8YS=0

DMx =3.782

sMx =3.782

0 . 840339 1.681 2.521 3.361
. 42017 1.261 2.101 2.941 3.782

L
NODAL SOLUTION AN
DEC 23 2008

BTEESL 13:17:28

sUB =9
FREQ=172. 922
usuM (AVG)
R3YS=0

DMX =3.787

SMX =3.787

0 .B41554 1.683 2:.525 3.366
. 420777 1.262 2.104 2.945 3.787

Figure 5-30. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 9, x/H=0.4, a/W=0.1.
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. NODAL SOLUTION ‘ ul

DEC 23 2008
ATRPEL 11:52:18
suUB =10

FREQ=183. 694
UsuM (AVG)
RaY8=0

DMX =3.856

8SMX =3.856

0 .B56937 1.714 2571 3.428
.428468 1.285 2.142 2.999 3,856

NODAL 8SOLUTION AN

DEC 23 2008
13:17:58

STEP=1

8uB =10
FREQ=183.687
usuM (AVG)
R8Y8=0

DMX =3.859

gMX =3.859

0 .B57565 1.715 2.573 3.43
. 428783 1.286 2.144 3.001 3,859

Figure 5-31. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 10, x/H=0.4, a/W=0.1.
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1
NODAL SOLUTION AN

DEC 23 2008
11:52:29

STEP=1

sUB =11
FREQ=189.896
usuM (AVG)
REY8=0

DMX =4,589

SMX =4,589

1.02
. 509937 1.583 2.55 3:57 4,589

NODAL SOLUTION AN

DEC 23 2008
13:18:18

STEP=1

auB =11
FREC=189.885
UsuM (AVG)
R8Ys=0

DMX =4.5%4

SMX =4.594

1.021 2.042 3.063 i 4.084
.51048 1.5831 2.552 3,573 4.594

Figure 5-32. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 11, x/H=0.4, a/W=0.1.
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. NODAL SOLUTION AN

DEC 23 2008
STEP=1 11:52:38
SUB =12
FREQ=199.755
UsSuM (AVG)
R8YS=0
DMX =3.954
8MX =3.954

0 878692 1.757 3,636 3.515

. 439346 1.318 2.197 3.075 3.954

NODAL SOLUTION AN
DEC 23 2008

STEE=L 13:18:37
SUB =12
FREQ=199.755
uUsuM (AVG)
R3YS=0
DMX =3.959

SMX =3.959

0 .B879853 1.76 2.64
1

. 439927

3:.519
32 2.2 3.079 3.959

Figure 5-33. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 12, x/H=0.4, a/W=0.1.

Report No. 0801273.401 Revision 1 5-45 ﬁ Structural Integrity Associates, Inc.



: AN
NODAL SOLUTION

DEC 23 2008

Araped 11:52:56

8UB =13
FREQ=221.043
usuM (AVG)
RSYS=0

DMX =4.063

8Mx =4.063

0 . 902883 1.806 2.709 3.612
. 451441 1.354 2.257 3.16 4.063

NODAL SOLUTION

DEC 23 2008
13:19:05

STEP=1

suB =13
FREQ=221.038
usuM (AVG)
Raye=0

DMX =4.067

sMX =4.067

.903705 1.807 2.711 3.615
. 451852 1,356 2.259 3.163 4.067

Figure 5-34. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 13, x/H=0.4, a/W=0.1.
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. NODAL SOLUTION ‘ ul

DEC 23 2008
nIBp=) 11:53:13
8UB =14

FREQ=231.639
usuM (AVG)
R3YS=0

DMX =4.595

9MX =4.595

021 2.042 3.064 4.085
.510584 1.532 2.553 3.574 4.595

NODAL SOLUTION 4 ul

DEC 23 2008
13:19:25

STEP=1

8UB =14
FREQ=231.629
UsuM (AVG)
RIYS=0

DMX =4.601

gMX =4.601

. 5 .068 .
.511275 1.534 2556 3.:.579 4.601

Figure 5-35. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 14, x/H=0.4, a/W=0.1.
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AN

DEC 23 2008

1
NODAL SOLUTION

STEE=L 11:53:26
gUB =15

FREG=247.505

usuM (AVG)

RSYS=0

DMX =4.171

aMx =4.171

0 . 926968 1.854 5. 781 3.708
. 463484 1.39 2.317 3.244 4.171

AN

DEC 23 2008
STEP=1 13:19:43
8UB =15
FREQ=247.504
usuM (AVG)
R3YS=0
DMX =4.,174
SMX =4.,174

NODAL SOLUTION

. 927625 1.855 2.783 711
. 463813 1.391 2+319 3.247 4.174

Figure 5-36. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 15, x/H=0.4, a/W=0.1.
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NODAL SOLUTION AN

DEC 23 2008
8TEP=1 13:28:07
8UB =15
FREQ=246.793
usuM (AVG)
REYS=0
DMX =4.26
9MX =4.26

0 . 946613 1.893 2.84 i 3.786
. 473306 1.42 2.367 3.313 4.26

Figure 5-37. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 15, x/H=0.4, a/W=0.3.

Report No. 0801273.401 Revision 1 5-49 ﬁ Structural Integrity Associates, Inc.




6.0 CONCLUSIONS

Considering the results of this evaluation and the operating experience for this and other BWR

- steam dryers with similar indications, the following conclusions are made:

1. The subject indications are not expected to exhibit significant further fatigue crack

growth.

2. The IGSCC indications in upper support ring are predicted to experience further IGSCC
growth; however, the end of cycle flaw sizes remain small compared to the section
thickness and the ligament remaining at the end of the next operational cycle is adequate

to react the applied loading and prevent collapse of this component.

3. None of the indications considered in this evaluation have the potential:to create.loose,

parts during the next operational cycle.

4. All indications should be inspected during the next refueling outage to identify any

additional crack growth,

5. The cracking observed in the NMP?2 steam dryer will not affect the vibration response of
the steam dryer sufficiently such that the FEM created for the EPU stress analysis needs

to be modified to incorporate cracking.
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