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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, RF01 1 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 (SI) 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 U Structural Integrity Associates; Inc.



2.0 OBSERVEDCRACKING

The BWRVIP.- t39 [4] and SIL 644 [45] inspections documented in Reference [11] have identified

steam dryer indicationsin the following componeflts: .. .1 .. .

-, Drain Charnnels"- ".

.Upper Support Ring,"j jI.,

Tie Barfatiahmentwelds . . .,

* Vane Bank'tie'rod camhint tack welds ..

*Liftung'rou~' to lug" 6kl~ wlus

This evaluation considers the indications in the drain channel, upper support ring and tie' bar "

attachment welds. The cam nut tack welds and the lifting rod lug tack welds have no impact on

the steam'"dryr structural rest5'onseas thesea &non 'structural welds.These tack ,•lds~aie locking

devices andiwillhbe; addressed witfh" epair meaisures.;

The upper sup'po-t ring c'ra~c'k'in'g i's iented in Indicati6n Notificatiin Form 08-224 (INF 08-'

24) of Referehc& [1 ]. This form identifies 89 repdotableifinicationis disftibdted aiouiidi'th..-

circumference of the upper support ring. The majority of the indications are located at the lower

comer 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 comer 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 ring,

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 1,- 2-1, • Structural Integrity Associates, Inc.



140. All three indications are located in the vertical weld joining the 1/8" drain channel to the

¼" skirt and are oriented approximately perpendicular to the weld. The right ends of each

indication appear to stop at the weld.and the left ends are in the skirt material. Ther'e are' no: signs

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 preyious

operational cycle. Figures 2-3 through 2-5 show inspection photographsof thedrain channel

indications.,

Also note that although the 2008 IVVI report [1] does not. identify cracking in the tie bar..

attachment welds, Constellation Energy Group has requested that the Tie Bar cracking
previously identifiedbe evaluated with respect to EPU operation_ Figures 2 6 through 2g7 are

representative photographs of the tie bar cracking provided by Constellation Energy Group [3]

............................

Report No."0801273.401 Revision I 2w:ý
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Table 2-1. Summary of Indication Dimensions Considered in Evaluation.

Location Orientation 2008 Dimension, Note
in

Bounding value provided by
Upper Support Ring Horizontal 10 Constellation Energy Group

[2]

Upper Support Ring Vertical IBounding value taken from
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 vertical weld 0.67 Indication E in TNF-08-22 [1]

Table 2-2. Apparent I-cycle Crack Growth for Drain Channel Indications.
2008 Dimension , Apparent Crack..... : •2006Dimensliioný,: " 20W8Dimiension, ' -,.

Location. 20 i Growth,.,
in in in

DC-V3-320dcationE 1.17 1.61 0.44Indication E

DC-V3-320dcation 1.44 1.64 0.2Indication H

DC-V7-140
Indication G 0.49 0.67 0.18

Report No. 0801273.401 Revision I 2-3
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Figure 2-1. Representative Photograph of Vertical Indications in Upper Support Ring.

Figure 2-2. Representative Photograph of Horizontal Indications in Upper Support Ring.
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011 results - Area E is a relevant linear indications with branching

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

Area "H" AS LEFT RFI-W

RFOI results - Area H is a relevant indication = 1.64

Figure 2-4. INF-08-21 Photograph of DC-V3-320 Indication H [I].
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Area "G" AS FOUND RF01 I (Spring 08) Area"G" AS LEFT RF010 (Spring 06)

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

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

3.1 Upper Support Ring Input Data

The following inputs are used to characterize the problem:

* Geometry

* Material

* Location and nature of boundary conditions

" Extent of observed cracking (See 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:

• Elastic Modulus, E, at 550 *F = 25.5E6 psi

* Poisson's Ratio, v, = 0.3

* Density, p, = 0.283 lb/in 3

Report No. 0801273.401 Revision I 3-1
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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%, 940, 1840, 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:

* Geometry

* Material

* Location and nature of boundary conditions

* Extent of observed cracking (See Section 2.0)

3.2.1 Drain Channel & Skirt Geometry

The steam dryer skirt is a, ¼" thick shell with a radius of curvature of -1 19 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:

* Elastic Modulus, E, at 550 *F = 25.5E6 psi

* Poisson's Ratio,"v, = 0.3 "

* Density, p, = 0.283 lb/in 3
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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 problem:

* Geometry

* Material

* Location and nature of boundary conditions

• 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 designed 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 tie 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.

Report No. 0801273.401 Revision 1 3-3 V Structural Integrity Associates, Inc.



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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Figure 3-2. Orientation of Tie Bars on Steam Dryer Assembly [4].
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4.0 FLAW EVALUATION

This section individually documents flaw. evaluations- performed for the indications ,observed in

the NMP2 steam dryer., The re.sults~of theselevaluations will be used to;perform the vibration

assessment of the cracked steam dryer components in. Section 5.0..,',

4.1 Upper Support Ring

This section describes the evaluation performed for the steam dryerupper support ring.

Conservative methods are used to determine a bounding assessment of the expected crack.

growth.

4.1.1 Assumptions

The following assumptions are used to augment,the analysis.methods described below,:.
,1. Upper supportring cracking has beenobserved in otherlplants; this tyrackin hastpically

been attributed to IGSCC, driven by.the residual stresses induced in.the material during

the cold forming process. ';-.-, . ... .,.

2. The radius of curvature toyring thickness ratio, R/t, -is sufficiently, large that the upper

support ring can be treated as a straight beam ratherthan aring. . .. ,

3.: The vertical.indications in,.he upper support ringcan be.modeled as comer cracks-in a

plate or bar. - .. , ;..,.. ,

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

5. The horizontal indications in the upper supportring canbe conservatively modeled as

through.wall cracks in an infinite lat. ..

6. The mode I 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 altemating stress intensity factor. used for calculation of fatiguecrack growth (FCG),

AKI, is obtained from the range of altemating~stress intensityv contributed by flowV induced

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

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. Deadweight, steady state thermal loads, differential pressure, and weld residual stresses

contribute to the mean K1 rather than AKI; therefore, they are considered only in the

selection~of a conservative R-ýrafio and not specifically considered'in calculation ofa -a

n1-*mean Kj; Assuming an.R-ratio of1:;incorporates the:maximum'effects of mean ktress on"

the expected FCG of the steam dryer indications.,:. "

4.1.2 Methods :'

The fracture mechanics evaluation of the upper support iifig ind" ii6ns is per"formedusin.g the

following meth6ds : "

1. FIV stresses at EPU conditions are obtained from the uncracked finite element model

(FEM) as provided by CDI [6].

2. The'rmakim mumi stress intensity'obtained from all l0cationý.through the' ring"thickrie's ahd

• • around: the" entire ci'-cumference of the ririg is asstrrhed to' aict as a membrane stress on the

.each crack face.ý This i6nservatively applies the ffinaximum stress todall 'iidicati6ns.

3. Each indication is treated separately. Closely spaced flaws will experience a reduction in

'drivihl'force~causedb'y"ii effective."shielding" of th&flaWs; treatiiigtherii as Si ngle

flaws, remote from other flfixs, maximizes thei ialculated&K.i

4: Both FCG and Sti-essCbo0ro'sion'Crack* Growth' (SCC) are evaluated separately which is

consistent with the methods of ASME BP&V Code, Section XI [7]. _-J

a. The expected FCG-growth is determined using the methods containihdin•Article

C-3000:0f the ASME B&PVCd'6,dsetion'XI'[7].'

b. The expected SCC crack growth for each indicatio'n is- calculated'as'suming a

100% 'capacity fiator,'a tWo year fuetcycle, hand the accepted boundifig-IGSCC

growth rate of 5xl0-'in/hrper crack tip.' ' ''' . .

5. For the-veriica l indications 1the K1 solution 'given by, Raju anidNewman' for a c'fi-er

"'cracked plate s`bjected to amrhembiane load isýused [8]. " ' ' ' ,

6. For the horizontal indications a center cracked panel solution for a uniforrhn membrane

istress'distribution is used [9 ., ' ' '
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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 beow as:

AaIGSCc 2 yr. 3 65 .2 5 days 2 4 hr'5 10 - -in .•0-.87 7  in
yr day,:. .. hr: ' flawtip

Vertical Indications

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 AKI for

a .FCG.calculation.. The flaw aspect ratio:is kept constant'at I1';therefore; theý &iorrier 6rack,

dimension evaluated for FCG is 1.877' inch. Raju and Newman [8] give .the'Mode !Istress

intensity, solutionfor-a cornef cracked plate at any angle 'along the crack front, to be:,'

K, o-F n*- (1)

Where: cy is a uniform stress distribution, psi

a is, the, ,ra~ck, depth. measured through the plate thickness, in

Q is the shape fac-tor for an ellipse given by the complete elliptic'

integral of the second kind.

Fis theboundary corctionfactor given by~equations ortakn

-from tables in . , ;. .; - , . .

The, maximum stress intensitysat any location, in , the u is giveniby [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:
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a/c=lI

a=1.877

a/t=1.877/3.5= t54

7=0.343 ksi

Q=2.464

F=1.30

(See page 1-242 of [8])

(Bounding value for a/c=l interpolated from a/t=0.5 and a/t=0.8,

see page 1-244 of [8])

AKi=0.69 ksi-in°,

Horizontal Indications . . 4 . - .- . .. ,

From Table 2-,1 the -bounding'horizontalindication dimenSion- is .10 inches. Thisflaw dimension

is increased-by the predicted: IGSCC crack growth'at eachcracktip over, the next cycle ,to :

calculate a bounding AKI for aFCG'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 panel is much greater than ,a, as:

K, (2)

Where:, 'o' is 'a uniform- stress distribution, psi

a -is'the crack half length,'in"-'

The maximum 'stress intensity at any ibcatidfio in:'the'hpp]er support ting 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 cir'ctiumuference of the fing.i Then, the -res'ulting r'arige` of'K1 considered for FCG'i;'obtainfed'

from: 4 *,4 ,4

a=51977 .. ..

a=5 .7 . ,. >. . ,.'- '4

a=0.343 ksi 4 -

AKI=1.47 ksi-in°'5
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Table 4-1 summarizes the maximum range of alternating stress intensity and-AKi 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 AKI < 3. ksi-in°5.

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 isshown to .be 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 usedfor the subject 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, K1, 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, AKI, 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 calculatedhere.

7. Deadweight, steady state thermal loads, differential pressure,, and weld residual stresses

contribute to the mean KI rather than AKI; therefore, they are considered only in the

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

mean KI. 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 rangeof 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 dresult 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 methodsI

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 consideredto be IGSCC, no SCC growth must

be calculated.

4.2.3 Results

From Table 2-1 the bounding indication dimension from welds DC-V3-320 and DC-V7-140 is

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'nu (2),

Where: a 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 distribution along the length of weld

DC-V3-320 and at the edges of the 7" region adjacent to and approximately centered over the

vertical weld. These figures show that the maximum stress intensity of -800 psi occurs toward

the bottom of the 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 submerged portion of the skirt but

remain relatively constant above the water level. The, approximate vertical locations of each of

the three indications in the DC-V3-320 and DC-V7-140 welds are also identified on Figure 4-3

[2].- The. stress distribution from the DC-V3-320 weld is used for the DC-V7-140 weld as well.

Table 4-2 summarizes the maximum stress intensity along the vertical 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 ofmaximum 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 as a

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

a=1.04 inches

0 dra'in channel=0. 8 4 6 ksi

Weld Factor= 1.8

AKI=2.75 ksi-in°5

a=1.04 inches

Askirt=0. 2 15 ksi

Weld Factor = 1.8

AKI=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 grows away from the weld. Rather the peak stress is

assumed to remain 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 toa 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 AKI for the -drain'

channel indications. Review of the FCG 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 AKI < 3 ksi-in°5. '
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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

expected 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 indications 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 outside 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 behavior 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.

Location Crack Dimensions, Stress, K1,
in psi Ksi-in°'

Upper Support Ring 1.877
Vertical Indications (Comer Crack)

Upper Support Ring 11.75 343 -1.47
Horizontal Indications (Through wall)

2.04
Drain Channel (hog 846 2.75(Through wallI)

Skirt 2.04 215 0.70
(Through wall)

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.

Lcto ... ' ,Max Stress,Location , , " .1, ...
psi

Skirt 194

Submerged Skirt 215

Drain Channel 172

Submerged Drain Channel 846

Report No. 0801273.401 Revision I 4-10
R Structural Integrity Associates, Inc.



3 X 10-4

104~

S

10-6

10-7

1 2 5 10 20 50 100

A&K(ks1;1Mh3

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. steamdryer. .Each component is addressed separately: below.

5.1 Upper Support Ring . .-:I; .,

This sction describes the e-valuation performed for the steam dryer "uipper supp6rt rinrg.

Conservative'imeth6ds aite usedto asýsess the expected effect of crackinig on the dynamic

characteristics6f this cbmponeiit.. '. ..

5.1.1 Assumptions

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

1'. "The upper"support ringis treated asa straight be'a'm'of rectangular'dcrbss-section
rathei than a ring of rectangular tr6ss-secti'6A. Curved beaiths -fo which the radius of

cuiwature is in the plane:of bending and fdr'Which th6'fadius of cfrvature is at least

ten tihies ihe beam depth dr6 geherally' tr-atf~d hs:straight beams [11]. The ratio of the

radius'6f curvature" to i'te beam width foiitte NMP2 uppe~r support rinigis 119.5/3.5

34.1; therefore, it is acceptable to treat the upper support ring as a'straigh•t 'ban" fo 1ri

this evaluation.

2. Only the indications oriented vertically are considered in this evaluation. The,

circumferential indication is not oriented such that it will affect the stiffness of the

support ring for either in plane or transverse vibration.

311 All vertical! indications are assumed tobeedge cracks extending across the'entirei-

(:'outei surface ofthe.upper.support, ring. This assumption is very conservative,

,','considering that the maximum length 6f all vertical cracks is conservatively predicted

,to:be approximately J1.877" at the end of the next operating cycle; whereas; this.,

assumption defines all:cracks to~be 9:5" long. - . 1 .

4. Each IGSCC indication is assumedlto have an opening width, 8, of 0.010 inches. ."

* This value' is consistent with typical assumptions used for fracture mechanics

evaluatiohsofIGSCC. ' 1.. ,
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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.: "In other words a single notch

is considerediin this evaluation with a'width of 85*0,01 0.85inches , 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

moment, contributing greatly, to the reduced stiffness, and others would occur at areas

of small moment, contributing much less to..the reduced stiffness. For this analysis all

flaws are located such that they contribute the maximum amount.towards a reduction

in beam stiffness.

5.1.2 Methods

The effect of cracking on the dynamic characteristics of the upper. support ring.is estimated by

evaluating the effect of a notch on the free vibration of a~beam. Taking a straight beam of

arbitrary cross-section and mechanical properties, using Euler-Bernou~li beam theory to

characterize its behavior, letting external moments equal zero,. andsolving the equations of

equilibrium gives the following partial differential equation for the transverse displacement of a

beam in bending .t. ..

a2 " .. . . . ....2y(x,).. .. . . . .a 2 E !x").I(x) - 2 - = r(x) 2 0 L

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 definedifor the beam. Generally,. for beams, of uniformly distributed parameters,

where I(x), E(x), and m(x).are constant, exact ýolutions can be found. .These, solutions follow the

same general approach briefly summarized below .[12]:

1.. .Let free vibration be characterized by synchronous motion -in thebeam;.,then

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

y(x, t) = Y(x) G(t) (4)
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3. This allows Eq. (3) to be reduced to the following form,,

d d 2X~
dx E(x) (x) dX )() Y(X)

4. The temporal term is assumed to take the form of G(t) = C cos(wot - 0) (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 material and: is

applicable to both dynamic and static problems. Y

For our problem the material will be assumed to be uniform; therefore, E(x) is constant. Next,

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 m6des of vibration:caue~d by the cl-acking. iEu'ler-Bermoulli

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 section is

defined by the crack opening width of the crack and the cross-sectional area of the cracked

section is given by the remaining ligament at the cracked section of the beam. The equations 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.

For uniform beams characterized by a length at least 10 times the depth, the displacement of a

beam is governed by the applied moment and'is described by [12]:

M(x) = E. 4 d 2Y(x)J7
. dx2 . ,(7) .- •"

Consider the simple case of a fixed-free beam of constant cross-section supporting a static load

applied at its free end. Solution of Equation (7) will require two boundary conditions. These
-,, ,. ,. .
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conditions are obtained by defining appropriate equations for the deflection or beamn rotation at

either boundary. Possible boundary conditions are:

Y(o) = 0 t

Y(L) = ,) -• 0

dx

SJ . . .. (8a)

(8c)

dY(L), 9(L) B
dx . .. I '(8d) '

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

.....................................I

d'Y(x) = M(x)-

dx2  7Ej.

Y(O) = 0

dY(o) = o(0) =-0
dx

(9d)

" : .L, '

(9b)

(9c)

Equation (9a) can be solved using the boundary conditions given in equations (9b) and (9c) to

determine the constants of integration. The resulting equation for the displaced shape is:

x-3LX (10)

Next, the displaced shape of a cracked beam can be determined using the same method but
• .' : . ., : • ' . , ' "" '

considering a composite beam formed of segments with different cross-sectional 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 appropriate 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 2 l j(x) _ M(x)
dx 2 E.- I1

YI (o) = 0

dY1 (0) -1 (0) =0

dx

For O< x< 6 (I Ia)

(1 Ib)

(1 1c)

Section 2: Uncracked'Section:

dzy2 (x) _ M(x)

dx2 E412
(12a)For 6_<x <L

(12b)

dY2(.5) _dY (.5)
dx dx

(1 2c)
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The solution to this problem can be shown to be:

Yix=PL LX22.X For0<x <• (13a)

C1,1 = C 1 ,2 = 0 (13b)

P LX X3
Y2 (x) = I 2 + C2,1X + C2,2

E12 (2 6 ) '

C2,1 = L5 L 2 ____

C22E 3 2 1• 2I,

For 6_<xL (13c)

(13d)

(13e)

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, 5/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]

6/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. The term global is used because this

approach effectively distributes the effect of the crack along the length of an uncracked beam

such that the cracked beam and equivalent uncracked beam exhibit the same 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 investigate the effect on the beam stiffness, which as 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:

i2 0El5°
fi= A,--L (14)2 7L2' m .

The values for X 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 cracking

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 to 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

A corner -- corner - 2.77 in 2

4

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 comer cracks to be equivalent:

AC ..... 2.77
redge = e- H = 0.292 in.

ede H -9.5

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

aedge Acor r 2.77Cr = 0.083
W WH (3.5)9.5

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

ring an equivalent lumped crack opening width 8=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 should be defined

consistent with the approachused to determine the effective modulus. 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:

'2 7R 119.5. *7L 2 l5 94 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.

6. 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.

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

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

approximately 0.99 is obtained.

8. 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 effect 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 expected effect of cracking on the dynamic

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 changein 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 sufficient 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 sufficient. 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 ½/" x V2" and 1/3" x 1/3".

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 frequencies for all modes less than 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 Y2 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

Report No. 0801273.401 Revision I 5-11 R4Structural Integrity Associates, Inc.



locations considered andconsidering 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 effect on the predicted natural

frequencies of the cracked panel, in the frequency range for which significant modal

participation is expected, is insignificant; therefore, no changes 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 thedynamic 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
a/w4.07S

gaselline

C1-2 -xC l_1_xx

C2_2los -C2-2_xxI
Incremental Disp @ Cracked Section

Incremental Oisp @ Untracked Section -038S
Max Displacement from Sum of Incremental

Max Drsplacment from Beam Solution

Displacement Ratio (cracked / untracked
Modulus Ratio (cracked / uncracked

a/wO.o150

Bosell~l

Cl~ror -C1 2-x

C2_1 xx

C22ixx

Incremental Disp @ Cracked Section
Incremental Disp @ Untracked Sectio -0.38

Max Displacement from Sum of incremental
Max issplacment from Beam Solution

Displacement Ratio (cracked / untracked
Modulus Ratio (cracked / untracked

-0.385 -0-385 -0-385 -0.386 -0.386 -0.388 -0388 -0.391 -0.396 -0.406 -0.408 -0.364 -0.322 -0.270 -0.210 -0.143 1 -0.073 0.000
-0-385 -0389 -0-38S -0386 -0-386 -0.388 -0.03 .0-391 -0.397 -O413 -0.435 -0.46S -0.47S -0.481 -0.4s -0.486 -0.487 -0.487
-0385 -0 385 -0,385 -0 386 -0 386 -0 388 -0338 -0 391 -0.397 -0,413 -0.435 -0.46S -0.475 -0.481 -0.485 -0.486 -0-487 -0.487

1.000 1.0400 11-001 1.0012 1.0- 3 0 1.008 1 1.016 1.031 1 1.072 1.129 1.-20 1.232 1"--248 1.258 1.263 1-26S 1.216
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 0.401 0.795 0.792 0.791 0.790

6/L

-0.385 -0.385 -0.386 --0387 -0.388 -0.391 -0.392 -0.399 -0.412 -0.442 -0.468 -0.444 -0.401 -0.341 -0.267 -0.194 -0.0 94 0000
-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 -0.625 -0.627 -0.627
-0-385 -0 .33 -0.386 -0.387 -0.38 -0-391 -0.392 -0.399 -0.413 -0451 -0.503 -0.575 -0.597 -0.612 -0.621 -0.625 -0.627 -0.627
1.000 1.000 1,002 1.004 1.008 1.015 1.019 1.037 1.072 1.170 1.307 1.493 1.550 1.588 1.611 1.623 1.628 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

a/W0.0300
eaxenneCiia -•

C121a

C21xxl
C22-x -

incremental Oisp @ Cracked Section
Incremental Disp @ Untracked Sect -0.385

Max Displacement from Sum of increment-
Max Displatment from Beam Solut

Displacement Ratio (cracked / uncracked
Modulus Ratio (cracked / untracked

a/W-O.600

Clia -

C1_2y X
C2_1-xxl - I

C2-2-x -

incremental Disp @ Cracked Section
Incremental Disp @ Uncracked Section -0.38

Max Displacement from Sum of incrementat
Max Displarment from Beam Solution

Displacement Ratio (cracked /uncracked
Modulus Ratio (cracked / uncracked

-0-385 -0.389 -0387 -0390 -0.394 -0.403 -0.407 -0428 -0.467 -01569 -0.682 -0.730 -0.6 0 -0.591 -0.470 -0.326 -0.167 0.000

-0.385 -0.3895 -0.387 -0.390 -0.394 -0-403 -0.407 -0.428 -0.7 055 -. 4 093 -. 3 106 -. 0 117 -. 2 113
-0385 -038S -0387 -0.390 -0.394 -0-403 -0407 -.. 428 -0.470 -01585 -0.745 -0.963 -1.031 -1.076 -1.103 -1.117 -1122 -1.123

1.000 1.001 1,006 1.011 1.023 1.046 1..57 I1. 113 1.22 1.59 0.931 2.502 2.676 2.3 2.86 2.9 0.94 2.91.

1.000 0.999 0.4 0.989 0.7 0.95 0.4 0.9 .1 .5-.1 .0 .7 .5 .4 .4 .4 .4

~IL

-0385 -0.387 -0.402 -0.419 -0.452 -0-519 1 -0-552 -0.713 -L020 -1.824 -2.797 -3.549 -3433 -3.057 -2.475 -1.736 -0.894 0.000

-03385 -0.387 -0.402 -0.419 -0.452 -0.519 -0-552 -0.716 -1.034 -1.911 -3.134 -4.801 -5.313 -5.657 -5.865 -5.972 -6.012 -6.017

-038S -0387 -0402 -0419 -0452 -0519 -0ý552 -0,716 -1034 -1911 -3.13A -4.801 -5.313 -5.657 -5.86 -5.972 -6.012 -6.017

1.43 1.004 1044 1.098 1.175 1.3,8 1.434 1.860 2.686 4.963 8.137 12.466 13.797 14.689 15.230 15.508 15.610 15.625

1.000 0.996 0.958 0.913 0.851 0.742 0.697 0.538 0.372 0201 0.123 0.080 0.072 0.068 0.066 0.064 0.064 0.064
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Edge crack of depth, a
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/ Crack width, 85 P1
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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
*1

I
l 0.600

0.400

0.200

0.000

0.00001 0.0001 0001 0.01 0.1 1
S/L

j....a/W=0.075 _......a/W=0. 150 a/W=0.300 -a/W=0.600

Figure 5-2. Ratio of Effective Elastic Modulus to Uncracked Elastic Modulus for a Cracked
Beam for Various a/W and 6/L.

Effective Modulus of Elasticity for Fixed-Free Beam
With Crack at Fixed End

1.000

0.980

0.960

Ii

0.940

0.920

0.900

0.001 0.01
S/L

I a/W=0.075 -- _ a!W=O. 150 a/W=0.300 - a/W=0.600

Figure 5-3. Ratio of Effective Elastic Modulus to Uncracked Elastic Modulus for a Cracked
Beam for Various a/W and 6/L, Zoomed to NMP2 Effective 6/L.
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Table 5-2. Matrix of Parametric Crack Cases. Considered.

a/w •

i 0 0.2 0.3 0.4 0.5

-0.2 Case 1 Case 2 Case 3 Case 4 Case 5

0.4 Case 6 Case 7 Case 8 Case 9 Case 10X/H"
0.6 Case 11 Case 12 Case 13 Case 14 Case.15

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

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8

Mesh 1 42.23 47.83 58.72 74.73 95.81 122.01 153.36 167.40

Mesh 2 4 42.23 47.83 58.73 74.75 95.85 122.07 153.45 167.39

Mesh 3 " 42.24 47.88 58.85 74.99 96.25 122.66 154.28 167.39

% Change 1-2 0.00 0.00 0.02 0.03 0.04 0.05 0.06 -0.01

%Change 273- [,.0022.ý 0.10 0.20 0.32 .. ,0.42._, 0.48 .0.54 . 0.00

Mode 9 Mode 10 Mode il Mode 12 Mode 13 Mode 14 Mode 15

• Mesh 1 172.93 183.69 189.90 199.75 221.04 231.64 247.50

Mesh 2 172.95 " '183.74:1 190.03 199.84 22'1.19 231.82 247.73

Mesh 3 172.99 183.87 191.13 200.10 221.61 233.23 248.36

% Change 1-2 0.01 0.03 0.07 0.05 0.07 0.08 0.09

% Change 2-3 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 I and Ratio of Cracked / Uncracked
Frequencies

a/W

co=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

0.4 42.23 42.23 42.22 42.20 42.16

x/H 0.6 42.23 42.23 42.23 42.22 4220

0.8 42.23 42.23 42.23 42.23 42.22

a/W

co=1 42.23 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 1.000 0.999 0.997

0.4 1.000 1.000 1.000 0.999 0.998

x/H 0.6 1.000 1.000 1.000 1.000 0.999

0.8 1.000 1.000 1.000 1.000 000

1.000

1.000

0.999

0.999

0.998

0.998

0.997
0.997
0.996

0.1

a 1.000-1.000

0.999-1.000

* 0.999-0.999

" 0.998-0.999

. 0.998-0.998

" 0.997-0.998

" 0.997-0.997

" 0.996-0.9970.2 0.3

0.8

0.2 x/H
0.4 0.5

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
co=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

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
cw=2 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

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
0.999 - ---

0.998
0.997

0.996 --- . .

0.995

0.994
0.993

0.992

a 0.999-1.000

a 0.998-0.999

0 0.997-0.998

.0.996-0.997

.0.995-0.996

0.8 @ 0.994-0.995

- 0.993-0.994

x/H .0.992-0.993

0.4 0.5
0.1 0.2 0.3

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

0o=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

0.4 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

co=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

0.4 1.000 0.999 0.999 0.996 0.992

x/H 0.6 1.000 1.000 0.999 0.998 0996

0.8 1.000 1.000 0.999 0.997 0.993

1.000

0.998

0.996

0.994

0.992

0.990

0.988 t .

0.1 0.2 0.3 0.4

a 0.998-1.000

n 0.996-0.998

- 0.994-0.996

0.992-0.994

-70.8 N 0.990-0.992

0 0.988-0.990
//

0.2 x/H

0.5

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
Frequencies

a/W
ro=4 74.75 Hz 0.1 0.2 0.3 0.4 0.5

0.2 74.73 74.71 74.62 74.39 73.94

0.4 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

o)=4 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

0.4 1.000 1.000 0.999 0.998 0.994

x/H 0.6 1.000 0.999 0.999 0.996 0.991

0.8 1.000 0.999 0.998 0.995 0.989

1.000

0.995

0.990

0.985

" 0.995-1.000

0.990-0.995

• 0.985-0.990

0.8 U 0.980-0.98

0 .980 - •.. . . .. . . ... .

0.1 0.2 0.3 0.4 0.2 x/H

04 0.5

a/W

Figure 5-7. Ratio of Cracked / Uncracked Frequency, Mode 4.
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Table 5-8. Summary of Parametric Results for Mode 5 and Ratio of Cracked / Uncracked
Frequencies

a/W

co=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

0.4 95.81 95.77 95.60 95.15 94.37

x/H 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
0o=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

0.4 1.000 0.999 0.997 0.993 0.985

x/H 0.6 1.000 0.999 0.998 0.993 0.986

0.8 1.000 0.999 0.998 0.995 0.988

1.000 i

0.995 ..

0.990 ..

0.985 4
0.980

0.975 -
0.1

" 0.995-1.000

" 0.990-0.995

u' 0,985-0.990

U 0.980-0.985

" 0.975-0.980

0.2

- 0.8

-102 x/H

0.5
0.3 0.

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
co=6 122.01 Hz 0.1 0.2 0.3 0.4 0.5

0.2 122.00 121.98 121.82 121.32 120.16

0.4 122.01 122.00 121.90 121.51 120.35

x/H 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

o=6 122.01 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 0.998 0.994 0.985

0.4 1.000 1.000 0.999 0.996 0.986

x/H 0.6 1.000 1.000 0.999 0.997 0.987

0.8 1.000 1.000 0.999 0.996 0.987

1.000

0.995

0.990

0.985

0.980

0.975

0 0.995-1.000

E 0.990-0.995

w 0.985-0.990

U 0.980-0,985

* 0.975-0.980

-- Tr

2

0.8

0.2 x/H

5
3 4

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

wo=7 153.36 Hz 0.1 0.2 0.3 0.4 0.5

0.2 153.35 153.35 153.25 152.66 150.38

0.4 153.35 153.30 153.02 152.15 150.21

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

co=7 153.36 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 0.999 0.995 0.981

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

0.990

0.985

0.980

0.975

0.970 -t
0.965

0.1

0.995-1.000

" 0.990-0.995

" 0.985-0.990

" 0.980-0.985

0.975-0.980

* 0.970-0.975

" 0.965-0.970

- -- 0.8

0.2 x/H0.4 0.5
0.2

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

0
a/W

(o=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

0.4 167.39 167.37 167.29 167.16 167.00

x/H 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

o=8 167.40 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 0.999 0.997 0.996

0.4 1.000 1.000 0.999 0.999 0.998

x/H 0.6 1.000 1.000 1.000 0.999 0.999

0.8 1.000 1.000 1.000 1.000 0.999

1.000 -

0.999

0.998

0.997

0.996

0.995

0.994

0.1

0 0.999-1.000

N 0.998-0.999

* 0.997-0.998

* 0.996-0.997

a 0.995-0.996

n 0.994-0.995

0.2 0.3

. -- 0.8

0.2 x/H
0.4 0.5

a/W

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

o)=9 172.93 Hz 0.1 0.2 0.3 0.4 0.5

0.2 172.92 172.91 172.85 172.70 172.30

0.4 172.92 172.91 172.83 172.66 172.30

x/H 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)=9 172.93 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 1.000 0.999 0.996

0.4 1.000 1.000 0.999 0.998 0.996

x/H 0.6 1.000 1.000 0.999 0.997 0.996

0.8 1.000 1.000 0.999 0.998 0.995

1.000 -CQW
0.999

0.998

0.997 - •

0.996
0.995
0.994

0.993
0.992

0.1

* 0.999-1.000

0.998-0.999

* 0.997-0.998

m 0.996-0.997

m 0.995-0.996

9 0.994-0.995

m 0.993-0.994

E 0.992-0.9930.2 0.3

... / 0.8

0.4 0.5
OA 0.5

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
(o=10 183.69 Hz 0.1 0.2 0.3 0.4 0.5

0.2 183.69 183.68 183.56 183.01 180.6

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

o)=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

0.4 1.000 1.000 0.998 0.995 0.989

xH 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

0395 n 0.995-1.000

0.990... 0,990-0.995

0.8 E 0.985-0.990

0 U_.... 0.980-0.985

0.975 0.8 * 0.975-0.980

0.970 . . n 0.970-0.975

0.1 0.2 0.3 0.- 050.2 x/H
0.4 05

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

o=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

0.4 189.89 189.81 189.43 188.33 185.88

x/H 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

o=11 189.90 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 0.998 0.992 0.981

0.4 1.000 1.000 0.998 0.992 0.979

x/H 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 -.

0.990

0.985

0.980

0.975

0.970

0.965 t--

0.995-1.000

a 0.990-0.995

a 0.985-0.990

a 0.980-0.985

m 0.975-0.980

N 0.970-0.975

m 0.965-0.970

2

. 0.8

0.2 x/H

4 5
3

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
o=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

0.4 199.75 199.73 199.52 198.61 196.02

x/H 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

cD=12 199.75 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 1.000 0.998 0.995 0.992

0.4 1.000 1.000 0.999 0.994 0.981

x/H 0.6 1.000 1.000 0.998 0.99 0.989

0.8 1.000 1.000 0.998 0.995 0.990

1.000

0.995

0.990

0.985

0.980

0.975 /

0.970

0.1

N 0.995-1.000

a 0.990-0.995

* 0.985-0.990

w 0.980-0.985

0.8 U 0.975-0.980

n 0.970-0,975/

0.2 0.3 0.2 x/H
0.4 0.5

a/W

Figure 5-15. Ratio of Cracked / Uncracked Frequency, Mode 12.
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Table 5-16. Summary of Parametric Results for Mode 13 and Ratio of Cracked / Uncracked
Frequencies

a/W
co=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

0.4 221.04 220.91 220.44 219.53 217.09

x/H 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
o)=13 221.04 Hz 0.1 0.2 0.3 0.4 0.5

0.2 1.000 0.999 0.997 0.993 0.988

0.4 1.000 0.999 0.997 0.993 0.982

x/H 0.6 1.000 1.000 0.998 0.993 0.979

0.8 1.000 1.000 0.998 0.991 0.970

1.000 7"

0.990

0.980

0.970

0.960

0.950 _-

0.1

N 0.990-1.000

n 0.980-0.990

1, 0.970-0.980

* 0.960-0.970

" 0.950-0.960

0.2 S 0.2 x/H

0.5
0.3 0.4

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
Freciuencies

a/w

(o=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

0.4 231.63 231.61 231.32 229.73 224.13

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
o)=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

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

0.990

0.980

0.970

0.960

0.950 A

0.940

0.1

" 0.990-1.000

" 0.980-0.990

* 0.970-0.980

" 0.960-0.970

" 0.950-0.960

" 0.940-0.950

0.2

0.8

S0.4x/H0.3 0.4 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

o=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

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

o)=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

0.4 1.000 1.000 0.997 0.989 0.974

x/H 0.6 1.000 1.000 0.997 0.989 0.973

0.8 1.000 1.000 0.997 0.986 0.954

1.010 -

1.000

0.990

0.980

0.970 <

0.960

0.950
0.940 .w

0.930

0.1

X/
0.40 0.25/

* 1.000-1,010

0.990-1.000

" 0.980-0.990

* 0.970-0.980

" 0.960-0.970

0.950-0.960

* 0.940-0.950

* 0.930-0.940
--- r_-

0.2 0.3 H

a/W

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

1 - a -----> 1

×

N

< - 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

TYPE NUM

Crack

AN
OCT 1 2008

20: 3:06

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

STEP=I

PREQ=42. 233
USUM (AVG)
.SYS-D
DMX =4.22
SMX =4,22

AN
DEC 23 2008

11:50:33

0 .937761
1.407

1. 876 2. 813 3.751
468881 2.344 3.282 4.22

NODAL SOLUTION

STEPI-1
SUB =1
FREC=42.233
USUM (AVG)
RSYS=0
DNX =4.226
SMX =4.226

AN
DEC 23 2008

13:09 10

0 . 9397UI
.469536 1.409

1.878 2.817
2.348

3.756
3.287 4.226

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

STEP=1
SUB -2
FREQ=47 .828
U5DM (AVG)
NSYS=
DMx =3.959
SMX =3.959

AN
DEC 23 2008

11:50:54

0 .879774
1.32

1.76 2. 639 3.519
439887 2.199 3. 079 3. 959

NODAL SOLUTION

STEP=I
SUB =2
FREQ=47.828

USUM (AVG)
RSYS=0

DMX =3.964
SKX =3.964

AN
DEC 23 2008

13:13:43

0 .880966 1.762 2. 643 3.524
3.964.440483 1. 321 2.202 3.083

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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NODAL SOLUTION

STEP=l
SUB =3
FREN=58. 717
USUM (AVG)
S.SYS0
DMX =4.145
SXX =4.145

AN
DEC 23 2008

11:51:06

0 * 921013
1.382

1.842 2.763 3.684
.460507 2.303 3.224 4.145

NODAL SOLUTION

STEP=1
SUB =3
FEQ=58. 716
USUM (AVG)
RSYS=0
DMX =4.15
SMX =4.15

AN
DEC 23 2008

13:14:09

.4

-
0 .922199

1.383
1.844 2.767 3.689

4. 15.4611 2.305 3.228

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 -%-
DEC 23 20080T82=1 1i 5 1: 18

SUB =4

PREQ=74.728
usUM (AVG)
RSYS=0

DMX =4.324
smx =4.324

0 .960999 1.922 2.883 3.844
.480499 1.441 2.402 3.363 4.324

NODAL SOLUTION AN
DEC 23 2008

8TEP=1 13:14:34SUB =4

FREQ74.727
USUM (AVG)
R8y0=0

DMX =4.33
SMX =4.33

0 .96227 1.925 2.887 3.849
.481135 1.443 2.406 3.368 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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NODAL SOLUTION AN
DEC 23 2008

:TOP--I 11 : 51:30
UB =5

F1REO95.814
US14M (AVG)
R;SYSO
D4X =4.453
SMX =4.453

0 .989645 1.979 2.969 3.959
.494822 1.484 2.474 3.464 4.453

NODAL SOLUTION AN
DEC 23 2008

STEP=1 13:15:42
SUB =5
FREQ=95.81
USUM (AVG)
RSYS=0O
DM1X =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.

S
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NODAL SOLUTION AIN
DEC 23 2008BTEP=I11 51: 39

SUB =6

FREQ=1Z2.008
USUM (AVG)
RByS=0

DMx =4.531
SMX =4.531

0 1.007 2.014 3.02 4.027
.503415 1.51 2.517 3.524 4.531

NODAL SOLUTION 1W

STEP=1 DEC 23 2008

SUB =6 13:16:13

FREQ=IZZ.005
U3UM (AVG)

DMX =4.536

SMX =4.536

0 1.008 2.016 3.024 4.032
.504038 1.512 2.52 3.528 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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NODAL SOLUTION

STEP=-1
SUB =7
FrE0153.358
USUM (AVG)
RSYS=O
DMX =4.571
SMX =4.571

AN
DEC 23 2008

11:51:49

3.048 4. 063
3.555 4.571

0 1.016
.507917

2.032
2.541.524

NODAL SOLUTION

STSP1=
SUB =7
FREQ=153. 351
USUM (AVG)
RSYSO=
DMX =4.578
SMX =4.578

AN
DEC 23 2008

13:16:31

-4

U 1. 017
.508644

2. 035
1.526 2.543

3, 052
3.561

4. 069
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

STEP=1
SUB -8

FREQJ.67 . 4
USUM (AVG)
R8y•Y0
DMX =4.586
S14X =4.586

/%N
DEC 23 2008

11:51:57

0 1. 019
.509526

2. 038 3. 057 4.076
4.5861.529 2.548 3.567

NODAL SOLUTION

STEP=I
SUB =8
FREQ=L67.39
UEJUM (AVG)
RSYS=0
DMX =4.594

SMX =4.594

AN
DEC 23 2008

13:17:09

V

0 1. 02l
.510409

2. 042 3.062 4. 083
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 1W
DEC 23 2008

STUB=I 11:52:07

FREQ=172. 928
uISU, (AVG)
RSyS•=0
DMX =3.782
SNX =3.782

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

NODAL SOLUTION jW

DEC 23 2008
STEP=I 13:17:28
SUB =9
FRSEQ=172, 922
USUM (AVG)
RSYS=O
DMX =3.787
SMX =3.787

0 .841554 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=O.1.
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NODAL SOLUTION

STEP--
SUB =10
FrE';0183. 694
09051 (AVG)

RSYS90
DMX =3.856

914X =3.856

AN
DEC 23 2008

11:52:18

0 .856937 1.714 2.571 3. 428
3.856.428468 1.285 2. 142 2.999

NODAL SOLUT!ION

STEP=I
SUB =10
FREO=183.687
USUM (AVG)
RSYS=0
DMX =3.859
smx =3.859

AN
DEC 23 2008

13:17:58

qW

U
428783

.857565
1.286

1.715
2.144

2.573
3.001

3.43
3.859

Figure 5-3 1. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 10, x/H=0.4, a/W=0. 1.
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NODAL SOLUTION 1%N

DEC 23 2008
STEP1 11 :52 :29
sUB =11
FREQ=189.896
USUM (AVG)
RSYS=O

DMX =4.589
DMX =4.589

0 1. 02 2.04 3. 06 4.079
. 509937 1.53 2.55 3.57 4.589

NODAL SOLUTION
DEC 23 2008

STEP=1 13 :18 18
SUB =11

FREQ= 189. 885
USU4 (AVG)
RSYS=0
DMX =4.594
SMX =4.594

0 1.021 2.042 3.063 4.084
.51049 1.531 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

STEP=1
SUB =12
FREQ=199. 755
USUM (AUG)
RSYS=O
DMX =3.954
SMX =3.954

AN
DEC 23 2008

11:52:38

0 .878692 1.757 2.636 3. 515
.439346 1.318 2.197 3.075 3.954

NODAL SOLUTION

STEP=1
SUB =12
FREQ=199.755
USUM (AVG)
RSYS=0
DMX =3.959
SMX =3.959

AN
DEC 23 2008

13:18:37

3.519
3.079 3.959

0 .879853
1.32

1.76 2. 64
439927 2.2

Figure 5-33. Modal Comparison Between Uncracked (Top) and Cracked (Bottom) Panels,
Mode 12, x/H=0.4, a/W=0.1.
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NODAL SOLUTION -M---
DEC 23 2008

STEP=1 11: 52 :56
SUB =13
FREý=221. 043
USUM (AVG)
RSY5-0
DMx =4.063
smx =4.063

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

NODAL SOLUTION 1W
DEC 23 2008

STEP=I 13 :19 :05
SUB =13
PREk8221. 038
USUM (AVG)
RSYS80
DMX =4.067

smx =4.067

0 . 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

STEP=I
SUB =14
FPE0=231. 639
USUM (AVG)
RSYS=0
DMX =4.595
SMX =4.595

AN
DEC 23 2008

11:53:13

0 1. 021
.510584

2. 542 3. 64 4.085
1.532 2.553 3.574 4.595

NODAL SOLUTION

STEP=1
SUB =14
FREQ=231. 629
USuM (AVG)
RSYS=0
DMX =4.601
SMX =4.601

AN
DEC 23 2008

13: 19:25

0 1.023
.511275 1.534

2. 045 3. 068 4.09
2. 556 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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NODAL SOLUTION ---

DEC 23 2008
STEP-1 11:53326
SUB =15
P REQ247.505
U20 (AVG)
RSYS=0

DMX =4.171
SMX =4.171

0 .926968 1.854 2.781 3.708
.463484 1.39 2.317 3.244 4.171

0

NODAL SOLUTION I
DEC 23 2008

STEP=I 13:19i43
SUB =15
PREQ=247.504
usDM (AVG)
RSYSO0
DNX =4.174
314X =4.174

0 .927625 1.855 2.783 3.711
.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 M

STEP =I DEC 23 2008

SUB =15 13;28:07

F9.EQ246.793
USUM (AVG)
RSYSDO
DMX =4.26 NX

SMX =4.26

0 .946613 1.893 2.84 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 : 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 NMP2 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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