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ABSTRACT

On July 15, 1987,8a steam generator tube rupture event occurred at the North Anna 
Lnit 1 plant. The cause of the tube rupture has been determined to be high cycle 
fatigue. The source of the loads associated with the fatigue mechanism is a 
combination of a mean stress level in the tube with a superimposed alternating 
stress. The mean stress is the result of manufacturing residual stress, applied stress 
and residual stress due to der'ting of the tube at the top tube support plate, while 
the alternating stress is due to out-of-plane deflection of the tube U-bend attributed 
to flow induced vibration. For tubes without AVB support, local flow peaking 
effects at unsupported tubes are a significant contribution to tube vibration 
amplitudes.  

This report documents the evaluation of steam generator tubing at Watts Bar Unit 1 
for susceptibility to fatigue-induced cracking of the type experienced at North Anna 
Unit 1. The evaluation utilizes operating conditions specific to Watts Bar Unit 1 to 
account for the plant specific nature of the tube loading and response. The 
evaluation also includes reviews of eddy current data for Watts Bar Unit 1 to 
establish AVB locations. This report provides background of the event which 
occurred at North Anna, a criteria for fatigue assessment, a summary of test data 
which support the analytical approach, field measurement results showing AVB 
positions, thermal hydraulic analysis results, and calculations to determine tube 
mean stress, stability ratio and tube stress distributions, and accumulated fatigue 
usage. This evaluation concludes that one tube in Steam Generator 1 of Unit 1 is 
potentially susceptible to fatigue and requires corrective action.
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SUMMARY OF ABBREVIATIONS

ASME - American Society of Mechanical Engineers 

ATHOS - Analysis of the Thermal Hydraulics of Steam Generators 

AVB - Anti-Vibration Bar 

AVT - All Volatile Treatment 

ECT - Eddy Current Test 

EPRI - Electric Power Research Institute 

FFT - Fast Fourier Transform 

FLO VIB - Flow Induced Vibrations 

MEVW - Modal Effective Void Fraction 

OD - Outside Diameter 

RMS - Root Mean Square 

SR - Stability Ratio 

TSP - Tube Support Plate 

OF - dlegrees Fahrenheit 

hr - hour 

ksi - measure of stress - 1000 pounds per square inch 

lb - pound 

mils - 0.001 inch 

MW - mega watt 

psi - measure of stress - pounds per square inch 

psia - measure of pressure - absolute 
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1 .0 INTRODUCTION

This report documents the evaluation of steam generator tubing at Watts Bar Unit 1 
for susceptibility to fatigue-induced cracking of the type experienced at North Anna 
Unit 1 in July, 1987. The evaluation includes three-dimensional flow analysis of the 
tube bundle, air tests performed to support the vibration analytical procedure, field 
measurements to establish AVB locations, structural and vibration analysis of 
selected tubes, and fatigue usage calculations to predict cumulative usage for critical 
tubes. The evaluation utilizes operating conditions specific to Watts Bar Unit 1 in 
order to account for plant specific features of the tube loading and response.  

Section 2 of the report provides a summary of !he Watts Bar Unit 1 evaluation results 
and overall conclusions. Section 3 provides background for the tube rupture event 
which occurred at North Anna Unit 1 including results of the examination of the 
ruptured tube and a discussion of the rupture mechanism. The criteria for predicting 
the fatigue usage for tubes having an environment conducive to this type of rupture 
are discussed in Section 4. Section 5 provides a summary of test data which supports 
the analytical vibration evaluation of the candidate tubes. A summary of field 
measurements used to determine AVB locations and to identify unsupported tubes is 
provided in Section 6. Section 7 provides the results of a thermal hydraulic analysis 
to establish flow field characteristics at the top support plate which are subsequently 
used to assist in identifying tubes which may be dynamically unstable. Section 8 
presents an update of the methodology originally used to evaluate the tube rupture 
at North Anna Unit 1. The final section, Section 9, presents results of the structural 
and vibration assessment. This section describes tube mean stress, stability ratio and 
tube stress distributions, and accumulated fatigue usage, for the small radius U
tubes in the Watts Bar Unit 1 steam generators.
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2.0 SUMMARY AND CONCLUSIONS

The Watts Bar Unit 1 steam generators have been evaluated for the susceptibility of 
unsupported U-bend tubing with denting at the top tube support plate to a fatigue 
rupture of the type experienced at Row 9 Column 51 (R9C51) of Steam Generator C 
at North Anna Unit 1. The evaluation of Watts Bar Unit 1 was based on Eddy Current 
Test (ECT) interpretation supplied by TVA.  

2.1 Background 

The initiation of the circumferential crack in the tube at the top of the top tube 
support plate at North Anna 1 has been attributed to limited displacement, fluid 
elastic instability. This condition is believed to have prevailed in the R9C51 tube 
since the tube experienced denting at the support plate. A combination of 
conditions were present that led to the rupture. The tube was not supported by an 
anti-vibration bar (AVB), had a higher flow field due to local f low peaking as a result 
of non-uniform insertion depths of AVBs, had red- iced damping due to denting at 
the top support plate, and had reduced fatigue properties due to the environment 
of the all volatile treatment (AVT) chemistry of the secondary water and the 
additional mean stress from the denting.  

2.2 Evaluation Criteria 

The criteria established to provide a fatigue usage less than 1.0 for a finite period of 
time (i.e., 40 years) is a 10% reduction in stability ratio that provides at least a 58 
percent reduction in stress amplitude (to < 4.0 ksi) for a Row 9 tube in the North 
Anna 1 steam generators (SG's). A reduction of this magnitude is required to 
produce a fatigue usage of < 0.021 per year for a Row 9 tube in North Anna and 
therefore a fatigue usage factor objecti' e of greater than 40 years. This same 
fatigue criteria is applied as the principal criteria in the evaluation of Watts Bar Unit 
1 tubing.  

The fluidelastic stability ratio is the ratio of the effective velocity divided by the 
critical velocity. A value greater than unity (1.0) indicates instability. The stress ratio 
is the expected stress amplitude in a Watts FRar Unit 1 tube divided by the stress 
amplitudir for the North Anna 1, R9CS1 tube.  

Displacements are computed for the unsupported U-bend tubes in Rows 11 and 
inward, (descending row number) using relative stability ratios to R9C51 of North 
Anna 1 and an appropriate power law relationship based on instability displacement 
versus flow velocity. Tubes having different U-bend radii will have different stiffness 
and frequency and, therefore, different stress and fatigue usage per year than the 
Row 9 North Anna tube. These effects are accounted for in a stress ratio technique.  
The stress ratio is formulated so that a stress ratio of 1.0 or less produces acceptable 
stress amplitudes and fatigue usage for the Watts Bar Unit 1 tubing for the reference 
fuel cycle analyzed. Therefore, a stress ratio less than 1.0 provides the next level of
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acceptance criteria for unsupported tubes for which the relative stability ratios, 
including flow peaking, exceed 0.9.  

The stability ratios for Watts Bar Unit 1 tubing, the corresponding stress and 
amplitude, and the resulting cumulative fatigue usage must be evaluated relative to 
the ruptured tube at Row 9 Column 51, North Anna 1, Steamn Generator C, for two 
reasons. The local effect on the f low field due to various AVB insertion depths is not 
within the capability of available analysis techniques and is determined by test as a 
ratio between two AVB configurations. in addition, an analysis and examination of 
the ruptured tube at North Anna 1 provided a range of initiating stress amplitudes, 
but could only bound the possible stability ratios that correspond to these stress 
amplitudes. Therefore, to minimize the influence of uncertainties, the evaluation of 
Watts Bar Unit 1 tubing has been based on relative stability ratios, relative flow 
peaking factors, and stress ratios.  

The criteria to establish that a tube has support from an AVB3 and therefore 
eliminate it f rom f urther considerations is that it must have at least one sided AVB, 
support present at the tube centerline. The criteria is based on test results which 
show that one sided AVB support is suff icient to limit the vibration amplitude for 
f luidelastic excitation. AVB, support is established by analysis of eddy current (EC) 
measurements and is a key factor in dletirmining the local flow peaking factors. The 
local flow peaking produces increased local velocities which cause an increase! in 
stability ratio. A small percentage change in the stability ratio causes a significant 
change in stress amplitude. The relative flow peaking factors for Watts Bar Unit 1 
tubing without direct AVB support have been determined by-test. These flow 
peaking factors normalized to the North Anna R9CS1 peaking, are applied to 
relative stability ratios determined by 3-D tube bundle flow analysis, to obtain the 
combined relative stability ratio used in the stress ratio determination.  

2.3 Denting Evaluation 

The Watts Bar Unit 1 SG's have been kept in storage to date, and may be assumed to 
have no dented tubes, and no magnetic at tube/tube supprt interfaces. However for 
conservatism in the evaluation, all of the tubes are evaluated for two possible 
conditions -corroded, but not dented; and as being dented. The effect of denting 
on the fatigue usage of the tube has been conservatively maximized by assuming the 
maximum effect of mean stress in the tube fatigue usage evaluation and by 
incorporating reduced damping in the tube vibration evaluation.  

2.4 AVB Insertion Depths 

The Watts Bar Unit 1 SGs have two sets of Alloy 600 AVBs. The 'inner' AVBs have a 
rectangular cross-section and extend into the tube bundle approximately as far as 
Row 11. Discounting tube ovality, which tends to vary with bend radius, they 
provide a nominal total clearance between a given tube and the surrounding AV~s

D0241-1 I10042M9



of [ Ja-c inch. Considering average tube ovality for a Row 11 tube, the nominal 
total tube to AVB clearance is approximately [ Ja-c inches.  

The outer AVBs have the same cross section as the inner AVBs, and extend into the 
tube bundle approximately as far as Row 14, providing a nominal tube to AVB 
clearance comparable to the inner AVBs. Since the purpose of this analyiis is to 
evaluate the potentially unsupported tubes at or near the point of maximum AVB 
insertion, only the dimensions and EC data pertaining to the inner AVBs are 
required.  

The eddy current data supplied by TVA were reviewed by Westinghouse to identify 
the number of tube/AVB intersections and the location of these intersections relative 
to the apex of a given tube. This information was used in calculations by 
Westinghouse to determine the deepest penetration of a given AVB into the tube 
bundle. For the area of interest in the Watts Bar Unit 1 steam generators, the AVB 
support of the tube can normally be verified if EC data shows both legs of the lower 
AVB, one on each side (hot leg - cold leg) of the U-bend. This data, indicated by a 
listing of two or more AVBs in the insertion depth plots, is the method of choice for 
establishing tube support.  

if only the apex of an AVB assembly is near or touching the apex of a tube U-bend, 
oily one AVB signal may be seen. In this case, adequate tube support cannot be 
assumed without supplemental input. Support can be determined if 'projection' 
calculations based on the AVB intercepts of higher row number tubes for the same 
column verify insertion depth to a point below the tube centerline. Maps of the AVB 
insertion depths for Watts Bar Unit 1 are shown in Figures 6-2 thru 6-5.  

2.5 Flow Peaking Factors 

Tests were performed modeling Watts Bar Unit 1 Series 51 SG tube and AVB 
geometries to determine the flow peaking factors for various AVB configurations 
relative to the North Anna R9CS I peaking factor. The test results were used to 
bound the ratio relative to the R9051 configuration.  

2.6 Tube Vibration Evaluation 

The calculation of relative stability ratios for Watts Bar Unit 1 makes use of detailed 
tube bundle flow field information computed by V * ATH4OS steam generator 
thermal/hydraulic analysis code. Code output includes three- dimensional 
distributions of secondary side velocity, density, arid void fraction, along with 
primary fluid and tube wall temperatures. Distributions of these parameters have 
bete generated for every tube of interest in the Watts Bar Unit 1 tube bundles based
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on currently defined f ull power operating conditions. This information was factored 
into the tube vibration analysis leading to the relative stability ratios.  

Relative stability ratios of Watts Bar Unit 1 (RowS8 through Row 12) tubing versus 
R9CS1 of North Anna 1 are plotted in Figure 9-5. These relative stability ratios 
include relative flow peaking factors. The stress ratios for Watts Bar Unit 1 are given 
in Figures 9-6 and 9-7. These also include the relative flow peaking effect, and are 
calculated based on clamped tube conditions with denting at the tube support plate.  

For Watts Bar Unit 1, examination of Table 9-2 and Figire 9-6 shows that R 1OC22 of 
steam generator 1 exceeds the limiting stress ratio criteria, and should be removed 
from service. Removal may take the form of either 'stabilIizi ng and plugging' or 
'sentinel plugging'. Of the remaining unsupported tubes in all four Unit 1 steam 
generators, the highest stress ratio is 0.56 and occurs at location R9C22 of steam 
generator 1 and R9C8 of steam generator 4. The maximum fatigue usage for this 
tube is calculated by combining the usage for Unit 1 operating history to date (no 
usage) plus the projected usage for future operation. Assuming operation at 100% 
power with the currently def ined parameters and plugging values for 100% 
availability, the maximum calculated fatigue usage is 0. 10.  

2.7 Overall Conclusion 

The analysis described above indicates that the Watts Bar Unit 1 tubes recommended 
to remain in service are not expected to be susceptible to fatigue rupture at the top 
support plate in a manner similar to the rupture which occurred at North Anna 1.  
Therefore, no modification, preventive tube plugging, or other measure to preclude 
such an event is believed necessary, other than to address tube Rl0C22 of steam 
generator 1. This conclusion is based on the power levels and flow conditions with 
some margin on steam pressure as identified in Section 7 of this report. The thermal
hydraulic analysis assumes a SG plugging level of 5 percent. An increase in Unit 
power level (steam flow rate), a significant increase in SG plugging level, or a 
decrease in steam pressure may require supplemental reanalysis.
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3.0 BACKGROUND

On July 15, 1987, a steam generator tube rupture occurred at the North Anna Unit 1.  
The ruptured tube was determined to be Row 9 Column 51 in steam generator "C.' 
The location of the opening was found to be at the top tube support plate on the 
cold leg side of the tube and was circumferential in orientation with a 360 degree 
extent." 

3.1 North Anna Unit 1 Tube Rupture Event 

The cause of the tube rupture has been determined to be high cycle fatigue. The 
source of the stresses associated with the fatigue mechanism has been determined 
to be a combination of a mean stress level in the tube and a superimposed 
alternating stress. The mean stress has been determined to have been increased to a 
maximum level as the result of denting of the tube at the top tube support plate and 
the alternating stress has been determined to be due to out-of-plane deflection of 
the tube U-bend above the top tube support caused by f low induced vibration.  
These stresses are consistent with a lower bound fatigue curve for the tube material 
in an AVT water chemistry environment. The vibration mechanism has been 
determined to be fluid elastic, based on the magnitude of the alternating stress.  

A significant contributor to the occurrence of excessive vibration is the reduction in 
damping at the tube-to-tube support plate interface caused by the denting. Also, 
the absence of antivibration bar (AVB) support has been concluded to be required 
for requisite vibration to occur. The presence of an AVB3 support restricts tube 
motion and thus precludes the deflection amplitude required for fatigue. Inspection 
data shows that an AVB is not present for the Row 9 Column 51 tube but that the 
actual AVB installation depth exceeded the minimum requirements in all cases with 
data for AVBs at many other Row 9 tubes. Also contributing significantly to the level 
of vibration, and thus loading, is the local flow field associated with the detailed 
geometry of the steam generator, i.e., AVB insertion depths. In addition, the fatigue 
properties of the tube reflect the lower range of properties expected for an AVT 
environment. In summary, thie prerequisite conditions derived from the evaluations 
were concluded to be: 

Fatioue Reguirements, Prerequisite Conditions 
Alternating stress Tube vibration 

- Dented support 
- Flow excitation 
- Absence of AVB 

Mean stress Denting in addition to applied stress 

Material fatigue properties AVT mnvironment 
- Lower range of properties
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3.2 Tube Examination Results

Fatigue was found to have initiated on the cold leg outside surface of Tube R9C51 
immediately above the top tube support plate. No indications of significant 
accompanying intergranular corrosion were observed on the fracture face or on the 
immediately adjacent OD surfaces. Multiple fatigue initiation sites were found with 
major sites located at 1 W0, 1200,1350 and 1500, Figure 3-1. The plane of the U-bend is 
located at 45o with the orientation system used, or approximately 900 from the 
geometric center of the initiation zone at Section D-D. High cycle fatigue striation 
spacings approached 1 micro-inch near the origin sites, Figure 3-2. The early crack 
front is believed to have broken through-wall from approximately 1000 to 1400.  
From this point on, crack growth is believed (as determined by striation spacing, 
striation direction, and later observations of parabolic dimples followed by equiaxed 
dimples) to have accelerated and to have changed direction with the resulting crack 
front running perpendicular to the circumferential direction.  

3.3 Mechanism Assessment 

To address a fatigue mechanism and to identify the cause of the loading, any 
loading condition that would cause cyclic stress or steady mean stress had to be 
considered. The analysis of Normal, Upset and Test conditions indicated a relatively 
low total number of cycles involved and a corresponding low fatigue usage, even 
when accounting for the dented tube condition at the plate. This analysis also 
showed an axial tensile stress contribution at the tube 0D a short distance above the 
plate from operating pressure and temperature, thus providing a contribution to 
mean stress. Combining these effects with denting deflection on the tube 
demonstrated a high mean stress at the failure location. Vibration analysis for the 
tube developed the chairacteristics of first mode, cantilever response of the dented 
tube to flow induced vibration for the uncracked tube and for the tube with an 
increasing crack angle. beginning at W0 to the plane of the tube and progressing 
around on both sides to complete separation of the tube.  

Crack propagation analysis matched cyclic deformation with the stress intensities 
and striation spacings indicated by the fracture inspection and analysis. Leakage 
data and crack open ing ana lysis provided the relationship between leak rate and 
circumferential crack length. Leakage versus time was then predicted from the crack 
growth analysis and the leakage analysis with initial stress amplitudes of 5, 7, and 9 
ksi. The comparison to the best estimate of plant leakage (performed after the 
event) showed good agreement, Figure 3-3.  

Based on these results, it followed that the predominant loading mechanism 
responsible is a flow-induced, tube vibration loading mechanism. It was shown that 
of the two possible flow-induced vibration mechanisms, turbulence and fluidelastic 
instability, that fluidelastic instability was the most probable cause. Due to the 
range of expected initiation stress amplitudes (4 to 10 ksi), the fluidelastic instability 
would be limited in displacement to a range of approximately (
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ja.c. This is less than the distance between tubes at the apex,[ 18,c. it was 
further confirmed that displacement prior to the rupture was limited since no 
indication of tube U-bend (apex region) damage was evident in the eddy-current 
signals for adjacent tubes.  

Given the likelihood of limited displacement, fluidelastic instability, a means of 
establishing the change in displacement, and corresponding change in stress 
amplitude, was developed for a given reduction in stability ratio (SR). Since the 
rupture was a fatigue mechanism, "he change in stress amplitude resulting from a 
reduction in stability ratio was converted to a fatigue usage benefit through the use 
of the fatigue curve developed. Mean stress effects were included due to the 
presence of denting and applied loadings. The results indicated that a 10% 
reduction in stability ratio is needed (considering the range of possible initiation 
stress amplitudes) to reduce the fatigue usage per year to less than 0.021 for a tube 
similar to Row 9 Column 51 at North Anna Unit 1.
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4.0 CRITERIA FOR FATIGUE ASSESSMENT

The evaluation method and acceptance criteria are based on a relative comparison 
with the Row 9 Column 51 tube of Steam Generator C, North Anna Unit 1. This 
approach is necessary because (1) methods for direct analytical prediction of actual 
stability ratios incorporate greater uncertainties than a relative ratio method, and 
(2) the stress amplitude (or displacement) associated with a specific value of stability 
ratio can only be estimated by the analysis of North Anna Unit 1. For these reasons, 
the North Anna Unit 1 tubing evaluation was done on a relative basis to Row 9 
Column 51 and a 10% reduction in stability ratio criteria was established to 
demonstrate that tubes left in service would be expected to have sufficiently low 
vibration stress to preclude future fatigue rupture events.  

To accomplish the necessary relative assessment of Watts Bar Unit 1 & Unit 2 tubing 
to Row 9 Column 51 of North Anna Unit 1, several criteria are utilized. First, stability 
ratios are calculated for the Watts Bar Unit 1 & Unit 2 steam generators based on 
flow fields predicted by 3-D thermal hydraulic models and rationed to the stability 
ratio for Row 9 Column 51 at North Anna Unit 1 based on a flow field obtained with 
a 3-D thermal hydraulic model with the same degree of refinement. These ratios of 
stability ratio (called relative stability ratios) for each potentially unsupported U
bend in the Watt-, Bar Unit 1 & Unit 2 steam generators should be equiva6'-nt to S- 0.9 
of R9CS1, North Anna 1 (meeting the 10% reduction in stability ratio criteria). This 
provides the first level of screening of susceptible tubes incorporating all tube 
geometry and flow field differences in the tube dynamic evaluation. It has the 
inherent assumption, however, that each tube has the same local, high flow 
condition present at R w 9 Column 51, North Anna Unit 1. To account for these 
differences, flow peaking factors can bo incorporated in the relative stability ratios 
and the stress ratios.  

The next step is to obtain stress ratios, the ratio of stress in the Watts Bar Unit 1 & 
Unit 2 tube of interest to the stress in Row Column 51, Nortrh Anna Unit 1, and after 
incorporating the requirement that the stability ratio to Row 9 Column 5 1 (R9C51) 
for the tube of interest is equivalent to:!ý 0.9, require the stress ratio to be ;9 1.0. The 
stress ratio incorporates, the tube geometry differences with R9CS1 in relation to the 
stress calculation and also incorporates the ratio of flow peaking factor for the tube 
of interest to the flow peaking factor for R9CS1 (f low peaking factor is defined in 
Section 4.2). This should provide that all tubes meeting this criteria have stress 
amplitudes equivalent to ;5 4.0 ksi.  

Finally,the cumulative fatigue usage for plant operation to date and for continued 
operation with the same operating parameters is evaluated. A fatigue usage of 

1 .0 may not be satisfied by meeting the stress ratio criteria using the reference 
operating cycle evaluation since the reference cycle does not necessarily represent 
the exact duty cycle to date. Therefore, the time history of operation is evaluated on 
a normalized basis and used together with the stress ratio to obtain a stress 
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amplitude history. This permits the calculation of current and future fatigue usage 
for comparison to 1.0.  

4.1 Stability Ratio Reduction Criteria 

For fluidelastic evaluation, stability ratios are determined for specific configurations 
of a tube. These stability ratios represent a measure of the potential for flow
induced tube vibration during service. Values greater than unity (1.0) indicate 
instability (see Section S. 1).  

Motions developed by a tube in the fluidelastically unstable mode are quite large in 
comparison to the other known mechanisms. The maximum modal displacement (at 
the apex of the tube) is linearly related to the bending stress in the tube just above 
the cold leg top tube support plate. This relationship applies to any vibration in that 
mode. Thus, it is possible for an unstable, fixed boundary condition tube to deflect 
an amount in the U-bend which will produce fatigue inducing stresses.  

The major features of the f luidelastic mechanism are illustrated in Figure 4-1. This 
figure shows the displacement response (LOG D) of a tube as a function of stability 
ratio (LOG SR). A straight-line plot displayed on log-log coordinates implies a 
relation of the form y a A(x)n, where A is a constant, x is the independent variable, 
n is the exponent (or power to which x is raised), and y is the dependent variable.  
Taking logs of both sides of this equation leads to the slope-intercept form of a 
straight-lint equation in log form, log y z c + n log x,where c = log A and 
represents the intercept and n is the slope. in our case the independent variable x is 
the stability ratio SR, and the dependent variable y is tube (fluidelastic instability 
induced) displacement response D, and the slope n is renamed s.  

From experimental results, it is known that the turbulence response curve (on log
log coordinates) has a slope of approximately [I]a, b,c. Test results also show that 
the slope for the fluidelastic response depends somewhat on the instability 
displacement (response amplitude). It has been shown by tests that a slope of 

Ja.b.c is a range of values corresponding to displacement amplitudes in the range 
of [ ]&ac, whereas below. [lax are 
conservative values.  

The reduction in response obtained from a stability ratio reduction can be expressed 
by the following equation: 

1 1I 6 
where DI and SRj are the known values at the point corresponding to point I of 
Figure 4-1 and D2 and SR2 are values corresponding to any point lower on this curve.
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Therefore, this equation can be used to determine the reduction in displacement 
response for any given reduction in stability ratio.  

This equation shows th~at there is benefit derived f rom even a very small percentage 
change in the stability ratio. It is this reduction in displacement for a quite small 
reduction in stability ratio that formed the basis for demonstrating that a 10% 
reduction in stability ratio would be sufficient to prevent Row 9 Column S1 from 
rupturing by fatigue.  

The fatigue curve developed for the North Anna Unit 1 tube at R9CS1 is from[ 

]a,c. Thus,

where, W~is the equivalent stress amplitude to oa that accounts for a maximum 
stress of dy, the yield strength. The -3 sigma curve with mean stress effects is shown 
in Figure 4-2 and is compared to the ASME Code Design Fatigue Curve for Inconel 
600 with the maximum effect of mean stress. The curve utilized in this evaluation is 
clearly well below the code curve reflecting t effect of an AVT environment on 
fatigue and[ ja-c for accounting for mean stress 
that applies to materials in a corrosive environment.  

Two other mean stress models were investigated for the appropriateness of their 
use in providing a reasonable agreement with the expected range of initiating stress 
amplitudes. These were the[( 

Is-cthe 

The assessment of the benefit of a reduction in stability ratio begins with the 
relationship between stability ratio and deflection. For a specific tube geometry, the
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displacement change is directly proportional to change in stress so that stress has the 
same relationship with stability ratio, 

The slope in this equation can range from C)a~c on a log scale depending on 
the amplitude of displacement. Knowing the stress resulting from a change in 
stability ratio from SRI to SR2, the cycles to failure at the stress amplitude were 
obtained from the fatigue curve. A fatigue usage per year was then determined 
assuming continuous cycling at the natural frequency of the tube. The initial stress 
was determined to be in the range of 4.0 to 10.0 ksi by the fractography analysis.  

It was further developed that the maximum initiating stress amplitude was not more 
than 9.5 ksi. This was based on[( 
correct crack tip stress intensity as the crack grew to a 90. half angle from the 

laxc. The corresponding stress level is 5.6 ksi.  

The maximum stress, 9.5 ksi, would be reduced to [ Ja.C with a 10% reduction 
in stability ratio and would have a future fatigue usage of [ ]8.c per year at 75% 
availability, Figure 4-4. The minimum stress, 5.6 ksi, would be reduced to I 18-c ksi 
with a 5% reduction in stability ratio and would have future fatigue usage of 

l axc pe' year, Figure 4-5. In addition, if a tube were already cracked, the crack 
could be as large as [ 14ac inch in length and thru-wall and would not propagate 
if the stress amplitudes are reduced to is4.0 ksi.  

Subsequent to the return to power evaluation for North Anna Unit 1, the time 
history of operation was evaluated on a normalized basis to the last cycle, 
confirming the conservatism of 9.5 ksi.[ 

cumulative fatigue usage may then be computed to get a magnitude of alternating 
stress for the last cycle that results in a cumulative usage of 1.0 for the nine-year duty 
cycle. The result of the iterative analysis is that the probable stress associated with 
this fatigue curve during the last cycle of operation was approxima~iely ( 14-c for 
R9C51, North Anna Unit 1, Steam Generator C, and that the major portion of the 
fatigue usage came in the second, third and fourth cycles. The first cycle was 
conservatively omitted, since denting is assumed, for purposes of this analysis, to
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have occurred during that first cycle. Based on this evaluation, the tube fatigue 
probably occurred over most of the operating history of North Anna Unit 1.  

A similar calculation can be performed for the time history of operation assuming 
that[ 

Ja,c. On this basis~the effect. of a 10% reduction 
in stability ratio is to reduce the stress amplitude to 4.0 ksi and results in a future 
fatigue usage of [ jax.c 

Other combinations of alternating stress and mean stress were evaluated with -3 
sigma and -2 sigma fatigue curves to demonstrate the conservatism of the 10% 
reduction in stability ratio. Table 4-1 presents the results of the cases analyzed 
clearly demonstrating that the 10% reduction in stability ratio combined with a -3 
sigma fatigue curve and with maximum mean stress effects is conservative. Any 
higher fatigue curve whether through mean stress, mean stress model, or 
probability, results in greater benefit for the same reduction in stability ratio.  
Further, for any of these higher curves, a smaller reduction in stability ratio than 
10% would result in the same benefit. In addition,there is a large benefit in terms of 
fatigue usage for relatively small changes in the fatigue curve.  

4.2 Local Flow Peaking Considerations 

Local flow peaking is a factor on stability ratio that incorporates the effect on local 
flow velocity, density and void fraction due to non-uniform AVB3 insertion depths.  
The flow peaking factor is applied directly to the stability ratio obtained from 
thermal-hydraulic analysis that does not account for these local geometry effects.  
Being a direct factor on stability ratio, a small percentage increase can result in a 
significant change in the prediction of tube response.  

Since the evaluation of Watts Bar Unit 1 tubing is relative to R9C51, North Anna Unit 
1,the flow peaking factors are also applied as relative ratios, i.e., a ratio of Watts Bar 
Unit 1 & Unit 2 tubing to R9CS1 -at North Anna Unit 1. The flow peaking relative 
instability is obtained by testing in the air test rig described in Section 5.4, where the 
peaking factor is defined as the critical velocity for R9CS 1 AVB pattern compared to 
critical velocity for a uniform AVB pattern. As explained in Section 8.0,the minimum 
value of [ J&Abc is appropriate for R9CS 1 of North Anna 1. The peaking factor for 
a tube in Watts Bar Unit 1 & Unit 2 tubing is therefore divided by [ ja.b.c and the 
resulting relative flow peaking is multiplied times the relative stability ratio based on 
ATHOS results. If the peaking factor is 1 .0,the relative flow peaking is[ 

ja~b,c.  

As a f urther demonstration of the conservatism of [la,b,c as the minimum flow 
peaking factor for R9C51,the stress amplitude of 7.0 ksi obtained from iterating on 
cumulative fatigue usage (and selected as the nominal value from fractography 
analysis) was used to back calculate the apparent stability ratio and then the
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apparent flow peaking factor. Allowing for a range of slopes of the instability curve 
from 10 to 30,the staLility ratio is in the range of 1.1 to 1.4 and the flow peaking 

factor is 'n the range of 1.8 to 2.2. This range of flow peaking agrees with the range 
of flow peaking factors measured in the air tests and is considered to be the best 
estimate of the range of the R9C5 1 flow peaking factor.  

The range of stability ratios, 1.1 to 1.4, is based on a value of 0.63 obtained with 
ATHOS results without flow peaking and with nominal damping that is a function of 
modal effective void fraction (MEVF). MEVF is calculated using the formu!a: 

a,c 

The nominal damping reflects the nominal reduction in damping that occurs with 
denting at the tube support plate. Therefore, a minimum damping scenario that is 
independent of void fraction is not considered to be credible and is not addressed in 
the evaluation that follows.  

4.3 Stress Ratio Considerations 

In Section 4. 1, a 10% reduction in stability ratio was established to reduce the stress 
amplitude on the Row 9 Column 5 1 tube of.North Anna Unit 1 to a level that would 
not have ruptured, 4.0 ksi. To apply this same criteria to another tube in the same or 
another steam generator, the differences in[ 

Jaac.
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n

axc 

where the stability ratio (SR) includes the flow peaking effect.  

By establishing their equivalent effect on the stress amplitude that produced the 
tube rupture at North Anna 1, several other effects may be accounted for. These 
include a lower mean stress (such as for non-dented tubes), different frequency 
tubes from the I jac~e hertz frequency of R19CS 1, North Anna 1, and shorter design 
basis service.  

in the case of lower mean stress, the stress amplitude that would have caused the 
failure of R9CS1, North Anna 1, would have been higher. [
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A lower or higher frequency tube would not reach a usage of 1.0 in the same length 
of time as the R9CS 1 tube due to the different frequency of cycling. The usage 
accumulated is proportional to the frequency and~therefore, the allowable number 
of cycles to reach a usage of 1.0 is inversely proportional to frequency. The 
equivalent number of cycles to give the usage of 1.0 for a different frequency tube 

J a'c.  

For a different time basis for fatigue usage evaluation, 

as'c'e.  

Knowing the magnitude of the stress ratio allows 1) the determination of tubes that 
do not meet a value of :• 1, and 2)the calculation of maximum stress in the 
acceptable tubas,

Having this maximum stress permits the evaluation of the maximum fatigue usage 
for Watts Bar Unit 1 & Unit 2 based on the time history expressed by normalized 
stability ratios for the duty cycle (see Section 7.4).
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Table 4-1

Fatigue Usage Per Year Resulting From Stability Ratio Reduction 

SR,% Stress Fatigue Mean Stress Usage 
Reduction Basis (1) Curve (2) Model Per Year 

5. 9 yrs to 
fail [(5.6)Ia-c 

5. 9 yrsto 
fail [(7.0)Ia~c 

5. 9 yrs to 
faii [(8.0)Ja~c 

10. max. stress 
amplitude (4) 
[(9. 5)ja.c 

10. max. stress 
amplitude (4) 
[(9.5)Ja~c 

10. max. stress 
amplitude (4) 
[(10.3)18.c 

10. max. stress 
amplitude (4) 
[(1 1 .6)1&,c 

10. max. stress 
based on 
duty cycle (S) 
[(9. 5)ja.c 1 

(1) This give the basis for selection of the initiating stress amplitude and its value in ksi.  
(2) Sm is the maximum stress applied with Sm a SmOan + Ss.  
(3) 1 Pa.C 
(4) Cycles to failure implied by this combination of stress and fatigue properties is notably 

less than implied by the operating history. Conseqluently this combination is a 
conservative, bounding estimate.  

(5) Cycles to failure implied by the oper iting histoe y requires ( j.c fatigue curve at 
the maximum stress of I jd.C.
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Figure 4-1. Vibration Displacement vs. Stability Ratio
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Figure 4-2. Fatigue Strength of Inconel 600 in AVT Water at 6000F
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Figure 4-3.
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Fatigue Curve for inconel 600 in AVT Water Comparison of Mean 
Stress Correction Models

4-12



Figure 4-4. Modified Fatigue with 10% Reduction in Stability Ratio for 
Maximum Stress Condition
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Figure 4.5. Modified Fatigue with 5% Reduction in Stability Ratio for 
Minimum Stress Condition
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5.0 SUPPORTING TEST DATA

This section provides a mathematical description of the fluid-elastic mechanism, 
which was determined to be the most likely causative mechanism for the North Anna 
tube rupture, as discussed in Section 3.3, to highlight the physical conditions and 
corresponding parameters directly related to the event and associated preventative 
measures. The basis for establishing the appropriate values and implications 
associated with these parameters are provided. Where appropriate, test results are 
presented.  

5.1 Stability Ratio Parameters 

Fluid-elastic stability ratios are obtained by evaluations for specific configurations, in 
terms of active tube supports, of a specific tube. These stability ratios represent a 
measure of the potential for tube vibration due to instability during service. Fluid
elastic stability evaluations are performed with a computer program which provides 
for the generation of a finite element model of the tube and tube support system.  
The finite element model provides the vehicle to define the mass and stiffness 
matrices for the tube and its support system. This information is used to determine 
the modal frequencies (eigen values) and mode shapes (eignevectors) for the linearly 
supported tube being considered.  

The methodology is comprised of the evaluation of the following equations: 

Fluid-elastic stability ratio z SR = U..,Uc for mode n, 

where Uc (critical velocity) and Uen (effective velocity) are determined by: 

UC =Pf.D I(m68.)I/ (p0D 2)MJ(1 

and; 

(P 20. i-i )U12 0j 2 
2 

EN N 

Jul 

where, 

D * tube outside diameter, inches 

U.n a effective velocity for mode n, inches/sic 

N a number of nodal points of the finite element model
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a number of degrees of freedom in the out-of-plane direction

mi'iaP mass per unit length, crossflow velocity and fluid density at node j 
respectively 

PO4mO reference density and reference mass per unit length, respectively 
(any representative values) 

8n logarithmic decrement (damping) 

41in normalized displacement at node j in the nth mode of vibration 

Zi a average of distances between node j to j-1, and j to j + I 

P M an experimentally correlated stability constant 

Substitution of Equations [ 1) and [2) into the expression which defines stability ratio, 
and cancellation of like terms, leads to an expression in fundamental termis (without 
expression, it is seen that the stability ratio is directly related to the flow field in 
terms of the secondary fluid velocity times square-root..density distribution (over the 
tube mode shape), and inversely related to the square root of the mass distribution, 
square root of modal frequency, and the stability constant (beta).  

The uncertainty in each of these parameters is addressed in a conceptual manner in 
Figure 5-1. The remainder of this section (Section 5.0) provides a discussion, and, 
where appropriate, the experimental bases to quantitatively establish the 
uncertainty associated with each of these parameters. In addition, Section 5.3 
provides the experimental basis to demonstrate that tubes with 

la.c. This implies that those tubes [ 
lax would not have to be modified because their instability response 

amplitude (and stress) would be small. The very high degree of sensitivity of tube 
response (displacement and stresses) to changes in the velocity times square-root
density distribution is addressed in Section 4.0. This is important in determining the 
degree of change that can be attained through modifications.  

it has been demonstrated by investigators that analytically determined frequencies 
are quite close to their physical counterparts obtained from measurements on real 
structures. Thus, the uncertainty in frequencies has been shown to be quite small.  
This is particularly appropriate in the case of dented (fixed boundary condition) 
tubes. Therefore, uncertainty levels introduced by the frequency parameter are 
expected to be insignificant (se also *Average Flow Field" subsection below).
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Instability Constant (Beta)

The beta (stability constant) values for stability ratio and critical velocity evaluations 
(see above equations) are based on an extensive data base comprised of both 
Westinghouse and other experimental results. In addition, previous field 
experiences are considered. Values have been measured for full length U-bend 
tubes in prototypical steam/water environments. In addition, measurements in U
bend air models have been made with both no AVB and variable AVB supports 
(Figure 5-3).  

To help establish the uncertainties associated with ATHOS flow velocity and density 
distribution predictions on stability analyses, the Model Boiler (MB-3) tests 
performed at Mitsubishi Heavy Industries (MHI) in Japan were modeled using 
ATHOS. A beta value consistent with ATHOS predicted flow conditions and the MB-3 
measured critical velocity was determined. These analyses supported a beta value of 

]ab,bc.  

A summary of the test bases and qualifications of the beta values used for these 
assessments is provided by Figure 5-2. The lowest measured beta for tubes without 
AVBs was a value of [ Ja.b.c. This value is used for the beta parameter in all 
stability ratio evaluations addressed in this Report (see also "Average Flow Field" 
subsection below).  

Mass Distribution 

The mass distribution parameter is based on known information on the tube and 
primary and secondary fluid physical properties. The total masw per unit length is 
comprised of that due to the tube, the internal (primary) fluid, and the external 
(secondary) fluid (hydrodynamic mass). Data in Reference S-2 suggests that at 
operating void fractions( 

Tube Domin 

Test data are available to define damping for clamped (fixed) tube supports.  
appropriate to dented tube conditions, in steam/water flow conditions. Prototypic 
U-bend testing has been performed under conditions leading to pinned supports.  
The data of Axisa in Figure S-4 provides the principal data for clamped tube 
conditions in steam/water. This data was obtained for cross flow over straight tubes.  
Uncertainties are not defined for the data for these tests. Detailed tube damping 
data used in support of the stability ratio evaluations addressed in this report are 
provided in Section 5.2, below.
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Flow Field - Velocity Times Sguare-Root-Densitv -Distribution

Average and U-bend-local flow field uncertainties are addressed independently in 
the following.  

Average Flow Field 

Uncertainties in the average flow field parameters, obtained from ATHOS analyses, 
coupled with stability constant and frequency, are essentially the same for units with 
dented or non-dented top support plates. if the errors associated with these 
uncertainties were large, similar instabilities would be expected in the non-dented 
units with resulting wear at either the top support plate or inner row AVBs.  
Significant tube wear has not been observed in inner row tubes in operating steam 
generators without denting. Thus, an uncertainty estimate of about [ Ja-c for the 
combined effects of average flow field, stability constant and frequency appears to 
be reasonable. To further minimize the impact of these uncertainties, the Watts Bar 
Unit 1 & Unit 2 tubes are evaluated on a relative basis, so that constant error factors 
are essentially eliminated. Thus, the uncertainties associated with the average 
velocity times square-root-density (combined) parameter are not expected to be 
significant.  

U-Bend Local Flow Field 

Non-uniform AVB insertion depths have been shown to have effects on stability 
ratios. Flow peaking, brought about by the *channeling* effects of non-uniform 
AV~s. leads to a local perturbation in the velocity times square-root-density 
parameter at the apex of the tube where it will have the largest effect (because the 
apex is where the largest vibration displacement occur). Detailed local flow field 
data used in support of the stability ratio evaluations addressed in this report are 
provided in Section 5.2. below.  

Overall UncertaI~inteAssesme~nt 

Based on the above, discussions, and the data provided in the following sections, it is 
concluded that local flow peaking is likely to have contributed significantly to the 
instability and associated increased vibration amplitude for the failed North Anna 
tube. Ratios of stresses and stability ratios relative to the North Anna tube. R9C 1.  
are utilized in this report to minimize uncertainties in fth evaluations associated 
with instability constants, local flow field effects and tube damping.  

5.2 Tube Damping Data 

The damping ratio depends on several aspects of the physical system. Two primary 
determinants of damping are the support conditions and the flow field. It has been 
shown that tube support conditions (pinned vs clamped) affect the damping ration
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significantly. Further, it is affected by the flow conditions, i.e., single-phase or two
phase flow. These effects are discussed below in more detail.  

[ ]axc indicates that the damping ratio in two phase flow is a sum of 
contributions from structural, viscous, flow-dependent, and two-phase damping.  
The structural damping will be equal to the measured damping in air. However, in 
two-phase flow damping ratio increases significantly and is dependent on the void 
fraction or quality. It can be shown that the damping contribution f rom viscous 
effects are very small.  

Damping ratios for tubes in air and in air-water flows have been measured and 
reported by various authors. However, the results from air-water flow are poor 
representations of the actual conditions in a steam generator (steam-water flow at 
high pressure). Therefore, where available, results from prototypic steam-water 
flow conditions should be used. Fortunately, within the past few years test data on 
tube vibration under steam-water flow has been developed for both pinned and 
clamped tube support conditions.  

Two sources of data are particularly noteworthy and are used here. The first is a 
large body of recent, as yet unpublished data from high pressure steam-water tests 
conducted by Mitsubishi Heavy Industries (MHI). These data were gathered under 
pinned tube support conditions. The second is comprised of the results from tests 
sponsored by the Electric Power Research Institute (EPRI) and reported in[ 

lac.  

The damping ratio results from the above tests are plotted in Figure 5-4 as a function 
of void fraction. it is important to note that the void fraction is determined on the 
basis of I jaxc [ ]ac. The upper curve 
in the figure is for pinned support conditions. This curve represents a fit to a large 
number of data points not shown in the figure. The points on the curve are only 
plotting aids, rather than specific test results.  

The lower curve pertains to the clamped support condition, obtained from 
[ ]ax. Void fraction has been recalculated on the basis of slip flow. It 
may be noted that there is a significant difference in the damping ratios under the 
pinned and the clamped support conditions. Damping is much larger for pinned 
supports at all void fractions. Denting of the tubes at the top support plate 
effectively clamps the tubes at that location. Therefore, the clamped tube support 
curve is used in the current evaluation to include the effect of denting at the top 
tube support plate.  

The I l&ac data as reported shown a damping value of 0.5% at 100% void 
fraction. The 100% void fraction condition has no two phase damping and is 
considered to be affficted principally by mechanical or structural damping.  
Westinghouse tests of clamped tube vibration in air has shown that the mechanical 
damping is only I laxC rather than the 0. 5% reported in [ Jaxc.
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Therefore the lower curve in Figure 5-4 is the [ a~c data with all damping 
values reduced by [ ]S.C.  

5.3 Tube Vibration Amplitudes With Single-Sided AVB Support 

A series of wind tunnel tests were conducted to investigate the effects of tube/AVB 

eccentricity on the vibration amplitudes caused by fluidelastic vibration.  

laxc Prior test results obtained during the past year using 
this apparatus have dlemor~strated that the fluidelastic vibration characte-stics, 
observed in the tests performed with the cantilever tube apparatus are in good 
agreement with corresponding characteristics observed in wind tunnel and steam 
flow tests using U-bend tube arrays. A summary of these prior results is given in 
Table 5-1.  

An overall view of the apparatus is shown in Figure 5-5. Figure 5-6 is a top view of 
the apparatus.  

laxc 

As shown in Figure 5-7, the tube vibration amplitude below a critical velocity is 
caused by [ 

ISc, 

Figure 5-7 shows the manner in which the zero-to-peak vibratio n amplitude, 
expressed as a ratio normalized to [ Ia,c varies when one gap remains at( 

]S.c. For increasing velocities, up to that
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corresponding to a stability ratio of [

ja~c. Figure 5-8 shows typical vibration amplitude and the tube/AVB impact 
force signals corresponding to those obtained f rom the tests which provided the 
results shown in Figure 5-7. As expected, impacting is only observed in the 

J a.c.  

It is concluded from the above test results that,[ 

J a~c.  

5.4 Tests Determined the Effects on Fluidelastic Instability of Columnwise 
Variations in AVB insertions Depths 

This section summarizes a series of wind tunnel tests that were conducted to 
investigate the effects of variations in AVB configurations on the initiation of 
f luidelastic vibration. Each conf iguration is defined as a specific set of insertion 
depths for the individual AVBs in the vicinity of an unsupported U-bend tube.  

The tests were conducted in the wind tunnel using a modified version of the 
cantilever tube apparatus described in Section 5.3. Figure 5-9 shows the conceptual 
design of the apparatus. The straight cantilever tube, [ 

lax.  

J.CFigured 5- 11 shows the AVBs, 
when the side panel of the test section is removed. Also shown is the top f low screen 
which is I

j..c. The AVB configurations tested are shown in Figure 5-12. Configuration 
I a corresponds to tube R9CS 1. the failed tube at North Anna. Conf iguration 2a
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corresponds to one of the cases in which the AVBs are inserted to a uniform depth 
and no local velocity peaking effects are expected.  

As shown in Figure 5-9,[ 

]&,C.  

All the tubes except the instrumented tubed (corresponding to Row 10) are( 
Ja~c. As discussed in Section 5.3, prior testing indicates that this 

situation provides a valid model. The instrument tube [ 
Jaxc as shown in Figure 5-10. Its [ la~c direction vibrational motion is 

measured using a non-contacting transducer.  

]axc. The 
instrumented tube corresponds to a Row 10 tube as shown in Figure 5-9. However, 
depending on the particular AVB configuration, it can reasonably represent a tube 
in Rows 8 through 11. The AVB prof ile in the straight tube model is the average of 
Rows 8 and 11. The difference in profile is quite small for these bounding rows.  

I 18-c using a hot-film anemometer located as shown 
in Figure 5-9.  

Figure 5-13 shows the rms vibration amplitude, as determined from PSD (power 
spectral density) measurements made using an FFT spectrum analyzer, versus flow 
velocity for Conf iguration la (which corresponds to tube R9C5l in North Anna).  
Data for three repeat tests are shown and the critical velocity is identified. The 
typical rapid increase in vibration amplitude when the critical velocity for fluidelastic 
vibration is exceeded is evident.  

The main conclusions from the tests are: 

1 . Tube vibration below the critical velocity is relatively small, typical of 
turbulence-induced vibration, and increases rapidly when the critical velocity 
for the initiation of fluidelastic vibration is exceeded.  

2. Configuration Ila (R9C51 in North Ann&) has among the lowest critical velocity 
of all the configurations tested.  

3. Configuration I b, with a similar geometry, but slightly higher peaking factor 
than la, has been run periodically to verify the consistency of the test 
apparatus and its calibration.
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The initial test results obtained in support of the Watts Bar Unit 1 & Unit 2 1 
evaluation are summarized In Table 5-2. The test data is presented as a velocity 
peaking ratio; a ratio of critical velocity for North Anna tube R9C51 configuration 
la, to that for each Watts Bar Unit 1 and Unit 2 1 AVB configuration evaluated.  

5.5 References 
a,c
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OBJECTIVE: 

APPARATUS:

Table 5-1 

Wind Tunnel Tests on Cantilever Tube Model 

Investigate the effects of tube/AVB fitup on flow-induced tube 

vibration.  

Array of cantilevered tubes with end supports(

J a,c.

MEASUREMENTS: 

RESULTS:

Tube vibration amplitude and tube/AVB impact forces or 
preload forces.  

a,b~c.
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Table 5-2

Fl uidelastic Instability Velocity Peaking Ratios for 
Columnwise Variation in AVB Insertion Depths 

(Watts Bar 1)

Type of insertion 
Configuration

Peaking Ratio 
Ula/Un

r a,a b, c

Note: U,, is instability velocity at Jet for type n of AVB insertion configuration.
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Figure 5-1. Fluidetastic Instability Uncertainty Assesment

NUS00WlIflU s.15-12



U-Bend Test Data

1) MB-3 Tests 
P3 values of [ a~b~c 

2) MB-2 Tests 
P3of [ Ja,b~c 

3) Air Model Tests 
p~of [ Ia,b.c without AVBs 
Tendency for 0 to increase in range of [ a~b,c with inactive 
AVBs (gaps at AVBs) 

Verification of Instability Conditions 

1) Flow conditions at critical velocity from MB-3 
2) Measured damping for the specific tube 
3) Calculated velocities from ATHOS 3D analysis 
4) P determined from calculated critical values 

Good agreement with reported P values 
5) ATHOS velocity data with P of I Ja~b.c and known damping should not 

significantly underestimate instability for regions of uniform U-bend flow
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U-Bend Test Data 

1) MB-3 Tests 
P values of[ 

2) MB-? Tests 
P of [ Ja~b~c

] a~b~c

3) Air Model Tests 
Sof [ Jab,C without AV~s 
endency for Pi to increase in range of [ J.b~c with inactive 

AVBs (gaps at AVBs) 
Tendency for Pi to decrease toward a lower bound of [ a.b~c 
with active AVBs 

Verification of Instability Conditions 

1) Flow conditions at critical velocity from MB-3 
2) Measured damping for the specific tube 
3) Calculated velocity from ATHOS 3D analysis 
4) P3 determined from calculated critical values 

Good agreement with reported 0 of [ Ia.b,c and known 
damping should not significantly underestimate instability for 
regions of uniform U-bend flow 

Figure 5-2. Instability Constant -
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Figure 5-3. Instability Constant, I,Obtained for Curved Tubes from Wind 
Tunnel Test on the 0.214 kcale U-Send Model
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ab~c 

Figure 5-4. Damping vs. Slip Void Fraction
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7 ab~c 

Figure 5-5. Over View of Cantilever Tube Wind Tunnel Model
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