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Omaha Public Power District 
444 South 16th Street Mall 

January 14, 1991 Omana.Neoraska 68102-2247 
LIC-9 1-0003L 402/636-2000 

U. S. Nuclear Regulatory Commission 
Attn: Document Control Desk 
Mail Station Pl-137 
Washington, DC 20555 

Reference: Docket No. 50-285 

Gentlemen: 

Subject: Licensee Event Report 90-28 for the Fort Calhoun 
Station 

Please find attached Licensee Event Report 90-28 dated January 
14, 1991. This report is being submitted voluntarily due to 
potential NRC and industry interest.  

Further inspections resulting from this event and other 
activities planned for the next refueling outage will be 
discussed at a meeting with NRC personnel to be scheduled later 
in 1991.  

If you should have any questions, please contact me.  

Sincerely, 

W. G. Gates 
Division Manager 
Nuclear Operations 

WGG/djm 

Attachment 

c: R. D. Martin, NRC Regional Administrator 
W. C. Walker, NRC Project Manager 
R. P. Mullikin, NRC Senior Resident Inspector 
INPO Records Center



NRC FORM 3"6 U NUCLEAR REGULATORY COMMISSION APPROVED CYS NO .i'-'O01' 

'6 'I1 
EAPIES 410"g2 

ESTIMATED SUROEN PER RESPONSE "0 DCMPLV *TY "S 
INFORMATION COLLECTION PE•I, JESTr Soo -AS =CAYVA•D 

LICENSEE EVENT REPORT (LER) CO"MME,.,TS RE[GARDING ,uFDEN ESTIMATE "0 "."E RECCF40S 

AND REPORTS MANAGEMENT BRANCH VP S201 S %UCEAR 

REGULATORY COMMISSION IYASHINGTON CC =:s55 AN0 TO 

THE PAPERWORK REDUCTION PROJECT "311OOtO4 OSPICE 

OF MANAGEMENT AND BUDGET OIASHINGTON OC ::503 

FACILITY NAME III 
DOC)ET NUMEII E21 4 aGE .7 

Fort Calhoun Station Unit No. 1 01510o io o 2 8 5.¶ oFil 8O 
TITLE Mdl 

Leakaoe Through Control Element Drive Mechanism Housina 
"EVENT DATE 151 L LE$ NUMUIR 61 REPORT DATE 171 OTHER FACILITIES INVOLVED 3i1 

MONTH DAY YEAR YeAR SOUEN.A 't IN'IA MONTH DAY MsEA ACKET C "UM8,ERISlI 

NuUlMBE NUMBERI 100 0 001 

1121 4 49 0ý 910 0 1218 00 114 911 4 0 5 0 10 10 1 

TMI1i RýORT IS SUSIIT7EO PURSUANT TO THE RILOUIREMINT2 OP 10 CFA § *C .. .o e So @-.f lit) 

OP1RATI•N__ 
MOCsE (1 11 20 4021b) 20.4061.1 Sa 721u1 121,.I 72 71111 

POWER 2.40 (60WIIIII 5W34101) 1 50 721.,1211"vl X 72.71 1 A1 
kLEVEL~ -- --IIU 5.6.12 C 2.I~~~ X O 01"ER Ft$•c', ,', AbW,,< 

)10 1 awe 4,,,0` ,, rest N•IC fo,'' 

: 2,A.6111111111 50 73111211,1 h0 7321a II A) I A1 

20 6 ,1181111W 50=1u211k.) h.h,-II. Voluntary Report 
2 2,OI&II1110 A 50 73L1 2W1.1 SC1 573 211allI 

LICIENS1E6 CONTACT FOR THIS LER 112) 

NAME 
ELEPIONE NUMSEP 

NA~l[ AREA ,CODE 

, Secial Services Engineer 410 1215 313 1- 1 618 13 1 d 

COWITI TE ONE LINE FOR EACH COMPONENT FAILURE OE1SCAIIUEO IN THIS REPORT 1131

' yts ip ,#@ "N jXrPectd SUBMISSION OAMh I I X o N 

On December 14, 1990, an investigation of unknown Reactor Coolant 
System (RCS) leakage identified the source as installed spare Control 
Element Drive Mechanism (CEDM) housing number 9. Subsequent removal 
and inspection identified two axial cracks in an inside diameter weld 
overlay region approximately two feet from the bottom flange of the 
housing. Similar installed spare CEDM housing number 13 was also 
removed and inspected, revealing two similar cracks in the weld 
overlay region.

The cause of this event was lack of venting, which created conditions 
conducive to transgranular stress corrosion cracking (TGSCC) in the 

spare housings. This report is submitted voluntarily due to potential 
NRC and industry interest.  

Blank flanges were installed in place of CEDM housings 9 and 13. A 
procedure change has been implemented to assure complete venting of 
two other similar housings. Other appropriate CEDM housings have been 
examined with no cracks found. An enhanced RCS leakage monitoring 
program has been implemented.

NRC Form 3U(6491
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At Fort Calhoun Station Unit No. 1, the Control Element Drive 
Mechanism (CEDM) housings are primary pressure boundary components.  
They were designed and fabricated to the requirements of the 1965 
Edition, including the Winter 1967 Addenda, of the ASME Boiler and 
Pressure Vessel Code, Section III, for Class A vessels. Each CEDM 
housing is mounted on a nozzle flanged pipe that is welded to the 
reactor vessel closure head.  

The reactor vessel head nozzle flange is made of SA-182 Grade 316 
stainless steel. The CEDM housings are fabricated from SA-182 and SA
312 Grade 347 or Grade 348 stainless steel. Each CEDM housing is 
omega-seal welded to the nozzle flange and then bolted to the nozzle 
flange with eight (8) threaded studs. Each stud is torqued in place 
with a hex nut over a pair of spherical washers.  

As originally constructed, there were a total of forzty-one (41) CEDM 
housings attached to the reactor vessel head. These forty-one (41) 
housings were identical in design to each other but utilized in 
different ways. Thirty-seven (37) of these locations have always been 
considered "active" CEDM housings since they house Control Element 
Drive Mechanisms which attach to Control Element Assemblies (CEAs).  
The remaining four (4) CEDM housings were installed spares originally 
designed for future use. Two (2) of these spares, at location numbers 
7 and 11 on the reactor vessel head, are now being used to house the 
Heated Junction Thermocouple (HJTC) probes. The other two (2) spare 
CEDM housings, at location numbers 9 and 13, contained only internal 
natural circulation spoiler assemblies and were essentially "passive" 
since initial plant startup. These two spare housings served no 
safety function other than maintaining the integrity of the primary 
pressure boundary.  

On October 21, 1990, Reactor Coolant System (RCS) unknown leakage was 
identified and quantified at 0.1 to 0.2 gpm during operation at 100 
percent power. Between October 21, 1990 and December 14, 1990, this 
leakage increased to and stabilized at approximately 0.4 gpm. During 
this period, extensive walkdowns of various plant systems including 
Reactor Coolant, Chemical and Volume Control, Safety Injection, 
Containment Spray, Sampling, and Waste Disposal Systems were 
performed. The source of the leakage, however, was not identified.  
The leak rate was verified by hand calculations using tank curves and 
verifying that the amount of water added to the RCS equaled the leak 
rate. Several possible leakage collection points were eliminated and 
it was determined that the leak was most likely an uncollected reactor 
coolant leak in containment.

NRC FOm 54EA 1161)
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On December 14, 1990, the reactor was placed in hot standby mode to 
look for the RCS leak on or around the Reactor Vessel head. An 
investigation team looking for the source of the unknown RCS leakage 
had narrowed the possibility for the leakage path to the Reactor 
Vessel head area. The receipt of alarms from fire detection 
instruments in the reactor vessel head area due to borated spray was 
further confirmation of the leakage location. The inspection of the 
head revealed a leak coming from the spare CEDM number 9 housing. The 
reactor was then placed in cold shutdown mode to allow further 
investigation and corrective actions.  

On December 19, 1990, spare CEDM housing number 9 was removed, and a 
visual inspection was performed by ABB-Combustion Engineering (ABB-CE) 
personnel. Axially oriented cracks were identified on the inside 
diameter of the pressure housing, one of which had penetrated through
wall. The cracking was localized in a weld overlay area of the 
housing which exists on all the CEDM housings to provide positive 
positioning of applicable housing internals. On December 20, 1990, a 
2.5 foot section of the housing containing the cracks was cut out and 
sent to ABB-CE facilities for metallurgical analysis.  

On December 20, 1990, ABB-CE personnel performed an external visual 
inspection of CEDM housing numbers 1 and 4 for possible steam 
impingement damage, as these housings were located in the area where 
steam was leaking from CEDM housing number 9. No damage was found.  
The inspection team also completed an external visual inspection of 
CEDM numbers 7, 11, 14, 15, 17, 32, 34, and 38 to determine if any 
cracking was apparent on these housings. No defects were found on any 
of the housings that were inspected. Further investigation revealed 
that no damage was present on any other systems, the head, seismic 
skirt, CEDM housing externals, or fasteners.  

As a result of the cracking found on CEDX housing number 9, the 
decision was made to remove CEDM housing number 13 from the reactor 
vessel head for a detailed examination, since it had been subject to 
the same conditions as housing number 9. On December 21, 1990, CEDM 
housing number 13 was removed and ABB-CE personnel performed an on
site visual inspection of the housing. The visual inspection of the 
number 13 housing also revealed axially oriented cracks in the area of 
the weld overlay, similar to those found on number 9. A 2.5 foot 
section of the number 13 housing containing the cracks was then cut 
out and sent to ABB-CE facilities for analysis.

NRC F.m 1.A ISMU)
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CEDM blind flange assemblies were designed and fabricated by ABB-CE to 
replace the numbers 9 and 13 housings that had been removed. The 
blind flange assemblies were installed by ABB-CE personnel on December 
27, 1990. The modification involved a change to the sealing mechanism 
from the original omega-seal welded design to a metal 0-ring design.  
The CEDM flanges on the Reactor Vessel head have existing 0-ring 
grooves which were originally used for the installation of blind 
flanges and O-rings used in initial hydrostatic testing of the head by 
Combustion Engineering. ABB-CE and Omaha Public Power District (OPPD) 
determined the acceptability of this modification for the remainder of 
Cycle 13 since there is no difference in the probability of occurrence 
or the consequences of primary coolant leakage from an omega-seal 
compared to an O-ring. Furthermore, in both sealing arrangements, the 
integrity of the joint is maintained by eight studs, spherical washer 
pairs, and nuts.  

Upon receipt at the ABB-CE facilities in Windsor, CT, the sections of 
CEDM housings 9 and 13 were re-examined to verify the locations of the 
through-wall crack and the indications on the inside diameter of the 
housings. Two crack-like indications were identified in each of the 
housings. The housings were then sectioned to perform a more detailed 
visual inspection of the inside diameter surfaces. Visual exams were 
performed both with the naked eye and with low power magnification 
using a stereo microscope.  

When short sections of the housings containing the indications were 
removed and cut longitudinally, the outside diameters decreased by 
0.020 inches on number 9 and 0.023 inches on number 13. The nominal 
outside diameter is 8.627 inches and the nominal inside diameter is 
7.189 inches. This decrease in diameter is attributable to residual 
stresses in the housing resulting from the weld overlay. The 
corresponding stress associated with the decrease in diameter was 
calculated to be on the order of 10 ksi. The tensile hoop stress 
introduced by an operational pressure of 2100 psi would be an 
additional 10.4 ksi which results in a total tensile stress in the 
weld overlay area of greater than 20 ksi. Under stagnant oxygenated 
conditions, this tensile stress level would be sufficient to result in 
transgranular stress corrosion cracking in the SA 312 Type 348 
stainless steel pressure housing material. When a similar 
longitudinal cut was made on a section of the housing that did not 
contain the weld overlay, the measured diametrical change was only 
0.0015 inches. This diametrical change indicates that the residual 
stresses in the housing material alone are quite low.

NRC FP.m J IMAiM"
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The portions of the housings containing the reducer section and the 
two full penetration butt welds were also sectioned longitudinally to 
establish whether there were any additional indications in other areas 
of the housings. The reducer sections were examined visually and a 
dye penetrant examination was performed on the reducer section from 
CEDM housing number 9. There were no indications revealed by these 
examinations in any location other than those previously found in the 
weld overlay.  

Based on these examinations, only two (2) axially oriented cracks were 
confirmed in each housing. Number 9 had one (1) through-wall crack 
and one (1) crack which was approximately 85 percent through-wall.  
The through-wall crack had a length of approximately 2-7/8 inches on 
the inside diameter and 3/4 inch on the outside diameter. The two (2) 
cracks in the number 13 housing were determined to be approximately 95 
percent and 70 percent through-wall. All four (4) cracks had aspect 
ratios (length on the inside diameter surface to depth of penetration) 
in the range of 3.7 to 3.9.  

Fractographic examination of the cracks revealed all were initiated 
from the inside diameter of the housings. The initiation sites were 
all near the upper edge of the weld overlay region. The cracks then 
propagated outward into the wall of the pressure housing, extending 
nearly symmetrically downward through the weld overlay region and 
upward into the base metal of the pressure housing. The cracks were 
found to be nominally axial, but some of the cracks and portions of 
cracks were skewed off axial by approximately 15 degrees. The 
fracture surfaces of two (2) of the cracks had a clearly defined 
"ring" pattern that indicates that crack initiation occurred between 
1981 and 1984. These dates were obtained by counting the number of 
rings observed on photographs of the fracture surfaces and then 
correlating each ring with one cycle of cold shutdown (with RCS 
drained down) and heat-up.  

Scanning Electron Microscopy (SEM) of the crack surfaces and 
metallographic analysis of cross sections of the cracks were performed 
to identify the mode of cracking. The evaluations found all the 
cracking to be transgranular stress corrosion cracking (TGSCC). No 
impurity elements were found on the fracture surfaces. The types of 
austenitic stainless steels from which the CEDM housings are 
fabricated are known to be susceptible to TGSCC when exposed to 
adverse environmental conditions in the presence of tensile stress in 
the material. As discussed previously, it was found that the weld 
overlay in the CEDM housing introduced a significant residual tensile 
stress in the material.

NRC Fwm SUA IB&4
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To create the corrosive environment necessary for TGSCC to occur in 
the CEDM housings, high oxygen levels and some halogens (e.g., 
chlorides) must be present. Very low concentrations of chlorides can 
produce TGSCC when the oxygen content is high enough. However, the 
water chemistry at Fort Calhoun Station has been consistently 
controlled within Technical Specification limits. It was determined 
that with the chloride level within Technical Specification limits of 
less than 0.15 ppm, the oxygen level required to cause TGSCC is about 
4 to 8 ppm. It was also determined that the installed spare CEDM 
housings, numbers 9 and 13, were not routinely vented during startup 
procedures during the previous operating life of the plant. It could 
not be positively determined why venting of these housings was not 
included in plant operating procedures or instructions. The estimated 
oxygen level in the spare CEDM housings without venting was calculated 
to be between 300 and 1300 ppm, which provided the conditions 
conducive to TGSCC.  

To summarize, the cracks in the spare CEDM housings resulted from 
prolonged unvented operation which created conditions conducive to 
TGSCC. This report is submitted voluntarily due to potential NRC and 

industry interest.  

The other two (2) spare CEDM housings with the HJTC probes, numbers_7 
and 11, have been manually vented during startup since the HJTC probes 
were installed in 1984. Discussions between OPPD and ABB-CE revealed, 
however, that the venting procedures employed may not have ensured 
that these housings were free of air bubbles. The procedures did not 

ensure that venting would take place after the starting of the reactor 
coolant pumps during heatup. It was postulated that, if the HJTC 
housings were vented prior to starting the reactor coolant pumps, air 
bubbles from the steam generator tubes could become trapped in the 
HJTC housings when the pumps were started. Based on this information, 
it was decided that housings 7 and 11 would be examined by ultrasonic 
testing (UT) to determine the presence of cracks. This UT 
examination, utilizing both shear wave and refracted L-wave 
techniques, was performed by EBASCO Services personnel on December 29, 

30, and 31, 1990. No crack indications were found.  

The remaining 37 active CEDM housings are self venting through the 
rotating mechanical seals in the CEDM seal housing. Also, when the 
CEDMs are operated, there is an interchange of coolant water between 
the housing and the bulk RCS coolant inventory. As a result of the 
venting and the interchange of coolant during CEDM operation, the 
oxygen levels in the active housings should closely reflect the low 
oxygen levels of the bulk RCS inventory. Therefore, TGSCC in active 
CEDM housings is not considered credible.
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In addition to the forty-one (41) CEDM housings, there are six (6) In
Core Instrumentation (ICI) housings located on the reactor vessel 
closure head. These housings have also not been vented since initial 
startup in 1973. Despite this fact, the ICI housings are not 
considered to be susceptible to the same kind of stress corrosion 
cracking observed on the spare CEDM housings because the ICI housings 
do not have a weld overlay region. As a result, there are lower 
residual stresses to assist in the initiation of stress corrosion 
cracking. Additionally, the ICI housing diameter is approximately a 
factor of 2 larger than the CEDM penetration diameter. This promotes 
more naturally convective coolant circulation so that internal oxygen 
content is closer to that of the bulk RCS coolant inventory. Thus, 
the ICI housings are not considered to be subject to TGSCC.  

OPPD determined that there was minimal safety significance associated 
with the cracks in the number 9 spare CEDM housing. This 
determination was based on the individual assessments noted below of 
(1) reactor coolant system leakage, (2) potential for catastrophic 
rupture, (3) steam impingement, and (4) boric acid corrosion 

(1i Reactor Coolant System Leakage 

The spare CEDX housings (numbers 9 and 13) did not have a safety 
function other than maintaining the integrity of the primary pressure 
boundary. Since there is no means during operation of detecting 
leakage as being specifically from a CEDM housing, any leakage from a 
CEDM housing would be categorized as from an unknown source.  

To assure safe reactor operation, the reactor coolant system leakage 
limit from an unidentified source is limited to 1 gpm by Technical 
Specification 2.1.4. If the unidentified leakage exceeds 1 gpm, the 
reactor must be in hot shutdown within 12 hours and cold shutdown 
within 24 hours. Reactor coolant leakage indicates the possibility of 
a breach in the primary pressure boundary. The basis for the low 
leakage limits is to minimize the chance of a crack progressing to an 
unsafe condition without detection and proper evaluation. When the 
source of the leakage is unknown, placing the reactor in hot shutdown 
within 12 hours provides adequate time for an orderly reduction of 
plant power level. The hot shutdown condition also allows personnel 
to enter the containment and inspect the pressure boundary for leaks.  
The 24 hours allowed prior to going to cold shutdown allows reasonable 
time to correct small deficiencies. If major repairs are needed, a 
cold shutdown condition would be in order.

NRC PwtCF 306A 16491
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During this event, the reactor was shut down and eventually placed in 
a cold shutdown condition with RCS leakage well below the Technical 
Specification limit. The axial orientation of the cracks on the 
housing resulted in a slowly increasing rate of primary coolant 
leakage which was monitored and also provided sufficient time to place 
the reactor in a safe shutdown condition. Thus, the consequences of 
the RCS leak were well within the licensed design basis of the plant.  

(2) Potential for Catastrophic Rupture 

The potential for a catastrophic rupture from the stress corrosion 
cracking was evaluated. The stress corrosion cracks were oriented 
axially along the housing. This crack growth orientation does not 
readily lend itself to sudden crack growth and rupture. Austenitic 
stainless steel is sufficiently ductile such that rapid crack 
propagation would not be likely before the reactor could be shut down 
in an orderly manner due to excess leakage.  

(3) Steam Impingement 

Steam sprayed from the through-wall crack in the number 9 CEDM housing 
onto adjacent active CEDM housings numbers 1 and 4, potentially 
causing impingement damage to these active CEDM housings. The active 
CEDM housings have mechanisms with CEAs that control the reactivity in 
the reactor during normal operation, postulated accidents or other 
potential malfunctions. These active CEDM housings thus include 
equipment that is important to safety.  

The adjacent CEDM housings, including numbers 1 and 4, were visually 
inspected for indications of steam impingement damage. No impingement 
damage was detected.  

(4) Boric Acid Corrosion 

A potential problem for reactor equipment is corrosion wastage which 
can result from the leakage of borated primary coolant water.  
Evaporation of this water leaves dry crystalline boric acid residue 
which is essentially non-corrosive. However, any subsequent re
wetting of this residue creates a boric acid slurry that causes 
corrosion wastage.  

The CEDMs adjacent to the through-wall crack and a few locations on 
the reactor vessel head were visually inspected for damage from the 
boric acid residue. No damage was detected. A large amount of boric 
acid residue was cleaned up from accessible areas during this 
inspection.

NRC FJm 3A ("491
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A review of the Radiation Work Permits written as a result of this 

event indicated that approximately 13.3 man-rem of whole body gamma 

radiation exposure and approximately 0.5 man-rem of assigned skin dose 

were received by personnel involved with inspection and repairs at the 

site. There were no internal doses recorded. Workers receiving doses 

included personnel from OPPD's Pressure Equipment, Electrical 

Maintenance, Mechanical Maintenance, Operations, Radiation Protection, 

Chemistry, Engineering, General Maintenance, Quality Control, and 

Training departments, as well as contractor personnel.  

Completed corrective actions for this event include: 

(1) CEDM housings 9 and 13 were removed from the reactor vessel 
head per Maintenance Work Orders (MWOs) 904996 and 904997 
respectively. They were visually inspected and sectioned per 

MWOs 905030, 905048 and 905069. ABB-Combustion Engineering was 

contracted to perform detailed destructive and metallurgical 
examinations of the cracked housings.  

Reactor vessel head locations numbers 9 and 13 were capped by 

CEDM blind flange assemblies under Modification MR-FC-90-7 4 .  

These assemblies have been analyzed for material compatibility 
and structural strength in accordance with applicable sections 
of the ASME Boiler and Pressure Vessel Code. The blind flange 

assemblies were leak tested during the RCS leak test on January 

6, 1991, per Surveillance Test Procedure OP-ST-RC-3007, prior 

to startup and power operation. No leakage was identified.  

(2) Visual inspections of CEDMs 1 and 4 were performed per MWO 
905048 to determine if any damage due to steam impingement had 

occurred. No damage was found. Visual inspections of CEDMs 7, 
i1, 14, 15, 17, 32, 34, and 38 were performed per MWO 905051 to 

determine if any cracking was apparent on those housings. No 
defects were found. A UT examination was then performed on 

CEDM housings 7 and 11 to detect any cracks that may have been 
present. No cracking was identified in these housings. An 
evaluation determined that, due to their self venting feature 

through mechanical seals, the remaining 37 active CEDM housings 
are not susceptible to TGSCC.  

(3) operating Instruction Procedure OI-RC-3, "Reactor Coolant 
System (RCS) Startup" was revised to add a step to vent the 

HJTC housings after the reactor coolant pumps are started and 

the reactor coolant pump seals are vented. This will ensure 

the venting of any air bubbles that may become trapped in the 

HJTC housings when the reactor coolant pumps are started.
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(4) An enhanced Reactor Coolant System leakage action plan has been 
implemented to provide direction in the event of any future increases 
in the RCS leakage rate.  

The following corrective action will be completed: 

An evaluation supporting the unvented blind flange modification for 
the life of the plant will be completed and provided as backup 
documentation to the existing analysis which allows use of the 
unvented blind flange assemblies for the remainder of Cycle 13. The 
scheduled completion date for this evaluation is June 30, 1991.  

There have been no other LERs concerning RCS leakage due to transgranular 
stress corrosion cracking. LER 84-08 concerned a steam generator tube 
rupture which was the result of secondary side intergranular stress 
corrosion cracking, a different mechanism.  

OPPD will discuss with Region IV personnel the scope of future inspections 
deemed necessary. This discussion will occur prior to the 1991 refueling 
outage.
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October 15, 2001 
LIC-01-009 5 

U. S. Nuclear Regulatory Commission 

Attn: Document Control Desk 

Washington, D.C. 20555-0001 

References: 1. Docket No. 50-285 
2. NRC Bulletin 2001-01, "Circumferential Cracking of Reactor Pressure 

Vessel Head Penetration Nozzles" 

SUBJECT: Fort Calhoun Station (FCS) Control Element Drive Mechanism (CEDM) 

Housing Reliability Management 

As a result of control rod drive mechanism housing cracks experienced by the nuclear industry, 

Omaha Public Power District (OPPD) and NRC have had several telephone conferences discussing 

the reliability of CEDM housings at FCS. In order to support these conferences, FCS has telecopied 

materials to NRC which describe the programmatic actions being taken by FCS to assure reliability 

and integrity of the CEDM housings. The purpose of this submittal is to summarize and docket the 

technical information previously telecopied and presented during the telephone conferences.  

The attachment contains only the information and conclusions previously presented during the 

telephone conferences and does not constitute any new commitments.  

FCS technical staff has been in communication with Palisades plant personnel and industry leaders 

in this field and is participating/leading in Electric Power Research Institute meetings and 

Combustion Engineering Owner's Group meetings. FCS will continue to use industry experience 

to stay informed of the developments associated with the control rod drive mechanism housing 

cracking problems as noted at Palisades and elsewhere in the industry. Lessons learned from the 

industry experience are being evaluated and appropriately included in the Fort Calhoun CEDM 

Material Reliability Management Program. OPPD encourages this continuing dialog with the NRC 

on this important issue.  

Please contact me if you have any questions.  

Employment with Equal Opportunity 
4171
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Sincerely 

R. L. Phelps 
Division Manager 
Nuclear Engineering 

RLP/RLJIrlj 

Attachment 

c: E. W. Merschoff, NRC Regional Administrator, Region IV 

A. B. Wang, NRC Project Manager 
W. C. Walker, NRC Senior Resident Inspector 

Winston & Straw
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i Executive Summary 

During the past ten years the nuclear industry worldwide has focused on addressing stress corrosion 

cracking in control rod drive mechanism (CRDM) assemblies, and thereby maintaining the material 

integrity of the reactor coolant system. From a material perspective each CRDM, referred to as 

Control Element Drive Mechanism (CEDM) assembly at the Fort Calhoun Station (FCS), consists 

of three separate components: a CEDM seal housing, a CEDM upper housing, and a reactor vessel 

head nozzle. In the industry, stress corrosion cracking has been found in each of these three material 

components. In 1990 at FCS, stress corrosion cracking was found in two spare unvented CEDM 

upper housings. This lack of venting, which produced completely stagnant conditions no longer 

exists at FCS.  

Likewise, FCS's responses to nuclear industry events and experiences have been consistent in 

developing corrective actions that are fdcused on safe and event free operations. FCS has 

demonstrated responsiveness to industry/operation experiences by establishing corrective actions, 

increasing inspections, developing a program plan, and performing self assessments and independent 

evaluations using input from other sources in and outside of the nuclear industry. FCS continues to 

learn from industry (nuclear and non-nuclear) issues in order to provide a reasonable assurance of a 

low risk probability of rupture and/or excessive leakage in the primary system.  

At FCS, a corrosion model has been developed into a program plan for CEDM seal housings. This 

program plan is a living document that discusses the mechanism of stress corrosion cracking, 

contains results of non-destructive examinations and gives contingencies for repair and replacement 

of seal housings. It is the position of FCS that a key element in the cracking of the CEDM seal 

housings is the stagnant environmental condition that exists in the CEDM seal housings. The CEDM 

seal housings contain the highest degree of stagnancy, and a chronic, highly oxygenated 

environment, which makes the seal housings the most susceptible of the three material CEDM 

components to transgranular stress corrosion cracking (TGSCC). The CEDM seal housings will be 

the first to crack and act as a precursor to ensuing cracking in the CEDM upper housings and reactor 

vessel head penetration nozzles. Therefore, by monitoring the condition of the CEDM seal housings 

with non-destructive examinations, FCS has a predictive tool to anticipate when the cracking in the 

CEDM upper housings and reactor vessel head penetration nozzles will occur. Based on this 

approach, FCS has performed non-destructive examinations of the CEDM seal housings in the past 

two refueling outages, and is continuing to develop a corrosion model by incorporating empirical 

experimental data.  

The FCS CEDM program plan will incorporate, and address any new nuclear industry stress 

corrosion cracking events. FCS is actively pursuing greater understanding of the corrosion 

mechanism in the CEDM seal housings. FCS has self-identified the material reliability issue 

throughout the CEDM housing assemblies, and has instituted corrective actions and contingencies to 

address the concerns. The management of the material reliability of the FCS CEDM housings is 

proactive and innovative in assessing the risk, and ensuring the safe material health of each material 

component of the CEDM assemblies.
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In the future, FCS plans to monitor nuclear industry stress corrosion cracking events and to 

participate in, and when necessary lead nuclear industry activities relating to stress corrosion 

cracking. During the 2002 refueling outage non-destructive examinations are being planned for the 

CEDM housings (in accordance with the FCS program plan) and effective visual examinations for 

the reactor vessel head. It is because of these activities and inspections in conjunction with a 

comprehensive FCS CEDM program plan that FCS concludes it is effectively managing its risk of 

stress corrosion cracking and maintaining reactor coolant system integrity by increasing the 

reliability of the CEDM assemblies 

1.0 Introduction 

At FCS, a corrosion model has been developed into a program plan for CEDM seal housings. This 

program plan is a living document that discusses the mechanism of stress corrosion cracking, 

contains results of non-destructive examinations and gives contingencies for repair and replacement 

of seal housings. It is the position of FCS that a key element in the cracking of the CEDM seal 

housings is the stagnant environmental condition that exists in the CEDM seal housings. The CEDM 

seal housings contain the highest degree of stagnancy, and a chronic, highly oxygenated 

environment, which makes the seal housings the most susceptible of the three material CEDM 

components to transgranular stress corrosion cracking (TGSCC). The CEDM seal housings will be 

the first to crack and act as a precursor to ensuing cracking in the CEDM upper housings and reactor 

vessel head penetration nozzles. Therefore, by monitoring the condition of the CEDM seal housings 

with non-destructive examinations, FCS staff and management have a predictive tool to assess the 

risk of cracking in the CEDM upper housings and reactor vessel head penetration nozzles.  

Therefore, FCS has self identified the material reliability issue of the CEDM housing and has 

instituted corrective actions that are described and/or elaborated in the following discussion.  

1.1 Self-Identified Material Reliability Issue 

In the last decade FCS and the Industry have experienced unscheduled outages, which were directly 

the result of transgranular stress corrosion cracking (TGSCC). This condition is a challenge to the 

material reliability for the CEDM housing assemblies. The kind of environment to subject the 

material condition into an accelerated corrosion attack is present at the FCS CEDM housing 

assemblies.  

1.2 Corrective Actions Taken 

The possibility of TGSCC precipitated development of the Program Plan for FCS CEDM Seal 

Housings which applies critical self assessment of information, experience and techniques that 

support the goal of reliable plant material conditions. This program plan presents the basis of the 

inspection process with a discussion of the environmental conditions in relationship to the two 

phases of stress corrosion cracking (SCC), which are the incubation and cracking periods. The 

incubation and/or environmental conditioning period can be described with the industry's most 

current model diagram as a point of reference. The cracking period is based on the industry's use of 

Weibull curves, and both FCS and Palisades data resulting in a prediction of cracked housings during
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the 1999 refueling outage at Palisades. However, the nuclear industry's prediction model's crack 

rate has shown to be an unreliable gage in the industry for predicting size and/or locating 

occurrences. This is due to the material conditioning rate (i.e., incubation period). Material 

conditioning is affected by many material factors, such as initial fabrication and localized 

environmental conditions, which make it difficult to quantify. Finally, FCS has a unique opportunity 

to utilize the information from our previous experience and future non-destructive examination 

signatures to develop a material conditioning model that will determine TGSCC occurrences for FCS 

components.  

2.0 Program Plan for FCS CEDM Seal Housing Basis and Content 

The basis for this program plan has been derived from elements that define TGSCC and the 

environmental effects that would elevate an early retirement of a component considered resistant to 

this kind of corrosive condition. These definitions help to define the risk, inspection focus and 

possible remediation/repair/replacement plan. A systematic inspection plan has been developed in 

conjunction with support from the Electric Power Research Institute and Westinghouse. In addition, 

FCS continues to interact with these institutes and other resources to enhance the reliability of this 

plan.  

2.1 TGSCC Root Cause 

FCSTGSCC ' The evolution of TGSCC is started 

Material Conditioning . from a process in which an 
Environment e,© PoteftlW- E,, electrochemically oxidizing corrosion EnEdgeen doc,,on . _L 

Grain - d= environment removes surface metal 

o"-.O. ions. This chemical reaction attacks the 0 0C..k-Tp Dewoctio & 4• - % 

0 0 o.$OkA.T P, . steel's surface structure if not arrested 
S', Ud by passivation of material surface 

0-,., (protective film layer). However, 
0 up '. repassivation does not occur when the 

Deon, o . C surface is being washed by an acidic 

0 %. C" oO 
solution contaminated by chlorides 

0. 0. (leached from: Graphitar, O-ring and 

R E0 ,• .•...,Flexitallic gasket). Therefore, this 
S(500.• S25t F 

000 f. 
condition tends to deplete iron (Fe), 

chromium (Cr) and molybdenum (Mo) 

" u'w diagram ions from the crack tip, which in turn 

Crack Model are replaced by impurities resulting in a 

Figure No. 1 corrosion potential that is referred to as 

transpassive region (E,,), see Figure

No. 1 showing the corrosion mechanism.
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2.2 Environment Condition 

The environment conditioning in the CEDM housings is considered to be accelerated by the process 

that is characterized by the Rayleigh-Bernard cycle. This condition assumes a void develops in a 

stagnant leg, and a cycle of wetting and drying develops, which removes the film layer and prevents 

repassivation. This condition would result in an aggressive electrochemical attack of the surface 

boundary in a corrosive resistant material. This offers a possible explanation for the industry's 

experience of premature failures of corrosive resistant materials such as stainless steel and Inconel 

600 alloys.  

2.3 Program Plan's Content Summary 

This program plan's content has considered a selection, inspection, evaluation, remediation and 

repair of the CEDM seal housing assemblies at FCS. This information is based on the most current 

industry information on the principles, process and techniques for assessing SCC. In addition, the 

plan also describes in detail the history of gas bubble events that has prompted FCS's concerns for 

the CEDM housing assemblies material reliability based on TGSCC events of stainless steel 

material.  

3.0 Program Plan's Broader View of Operating Experience 

. .At FCS as at other plants, the prime areas of concern are the 

TW ,.ý,s,,•, reactor vessel head penetration (RVHP) nozzles. The nuclear 

+ industry has labeled these failures as primary water stress 

corrosion cracking (PWSCC), which has been generalized as a 

Sa .o"k susceptible material under a tensile stress in an environment 

"D.70"•' E*.m containing some oxygen and a chloride ion catalyst. A more 

. ,specific corrosive model developed at FCS depicts the 

. .I. development of a low electrochemical potential (-500 my) 

near a cold worked and/or tensile stressed area in contact with 

the primary system, which can initiate a Transgranular and/or 

Intergranular Stress Corrosion Crack (TGSCC/lGSCC). In 
S12T 4W this consideration, the focus of FCS has been to take a broader 

Nces 4t view of TGSCC versus reacting to single events. This broader 

"120" T view has included the RV head penetration nozzles, CEDM 

upper and seal housing assemblies (see Figure No. 2). Even 

though the CEDM upper and seal housing assemblies are 

made of stainless steel, the environmental conditioning that 
'-W. 1W"1' causes PWSCC is similar to the Inconel 600, head penetration 

nozzles. Understanding this conditioning or incubation period 

that is due to stagnancy is paramount to understanding SCC in 

D,___u•^ vi:e the CEDM housings and RVHP nozzles.

Figure No. 2
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3.1 Tool Access Plug 

CEDM Seal Housing Assembly ToolAce,,rube 

The CEDM Seal Housing Assembly is made of IDrive Shaft 

ASME SA 182 Type F304 material. The Motor Drive Vapor Seal 

assembly consists of three principal elements: Seal Housing 

the drive housing, the tool access tube and the Inspection Nea 

autoclave flange (see Figure No. 3). The drive I Leak-Off Por 

housing has an inside diameter (ID) of 2.0625" Mechanical Seals 

with a wall thickness of 312 mils and functions 

as a boundary between the RCS and motor 

drive. The tool access tube has an ID of 1.240" L F 

with wall thickness of 120 mils and provides Dr ft 

access for decoupling the control element rn Spo Tue 

assembly prior to removal of the reactor head.  

These two components are sleeve fitted and U o 

seal welded to the autoclave flange (outside 

diameter of 8.825") that is bolted to the upper 

CEDM housing assembly. Reactor Coolant t 

Active Housing Stagnant Area 
Figure No. 3 

3.1.1 Active Housing Stagnant Area Defined 

The stagnant legs of the reactor coolant system have shown signs of localized corrosion in which the 

metal loss has been exacerbated by the presence of oxygen, chloride and a tensile stress. The 

industry's and FCS's experiences with TGSCC of CRDMICEDM assemblies including the seal 

housings at Palisades (1986 thru 1990, and 1999 events) and the upper assembly spares at FCS (1990 

event) suggest similarities in environmental condition. These experiences have demonstrated a 

significant reduction in the components' life cycle, increased risk for unscheduled outages and 

reduced reliability of the reactor coolant system's integrity.  

3.1.2 Environment/Material Condition Evaluated 

The longest stagnant period is at or near the top of the upper housing assembly's autoclave 

connection to the seal housing assembly (see sketch in section 3.1). The CEDM seal housing is 

considered as a precursor and/or corrosion history definition for the reactor vessel head CEDM 

assemblies. It should be noted that each CEDM has a different degree of stagnancy relative to it's 

length, operational function and mechanical venting efficiency. The FCS staff has assessed the 

CEDM assemblies by evaluating fabrication and inspection records, re-inspecting, considering 

operating experience, industry data and inspection results to identify areas of concern. This model is 

continually being validated by operating experience and FCS investigation activities into the 

definition of material conditioning for the reactor vessel head assemblies.
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3.1.3 Risk Evaluated/Validated 

Finally, the industry's experience on seal housings and upper housing assemblies defines a sequence 

of events that should be anticipated for the FCS reactor vessel head assemblies. These events should 

begin at FCS with a through-wall crack near the J-Weld of the CEDM seal housing assembly and 

about fifteen years lhter another through-wall crack should develop near the overlay weld for an 

active CEDM housing assembly. This scenario supports FCS's basis for the Program Plan for FCS 

CEDM Seal Housing, which has been in continual development since March 4, 1999. The program 

plan ensures ongoing monitoring of the CEDM seal housings with non-destructive examinations.  

3.2 CEDM Upper Housing Assembly 

The CEDM Upper Housing Assembly consists of an upper flange, lower flange and a modified 

eccentric reducer that is made of ASTM SA182 Type F348, and a pipe that is made of ASTM SA312 

Type F348 material. This upper flange supports the seal housing assembly and is secured by a 

housing nut. The lower flange is secured to reactor vessel head penetration nozzle and is sealed by 

an omega seal. These flanges are attached to a 8", schedule 120 pipe and a 5"x8", schedule 120 

eccentric reducer by butt welds and the internals support ring formed from an overlay weld. The 

assembly consists of five principal internals, which are: the support tube assembly, piston tube guide 

assembly, rack assembly, drive shaft, and bevel gear housing. The spare CEDM Upper Housing 

Assemblies were supplied with a spoiler to enhance circulation in these assemblies.  

OverlayWeld 3.2.1 Non-Active Housing Stagnant Area Defined 

-- u]tt•Weld 

The through-wall crack event at FCS in 1990 defines 

the maximum level of stagnancy in non-vented 

housings (spares). During the destructive 

examinations, a discoloration on the inside diameter 

surface was observed just below the overlay weld 

(Line 'B' on Figure No. 4). The importance of this 

information is the presentation of an oxygenated, 

. chloride environment in the vicinity of a known tensile 

7 field relative to a through-wall TGSCC event. This 

- environmental condition is a classic TGSCC model as 

presented in the FCS 'Program Plan for FCS CEDM 

SSeal Housings'.

Non-Active Housing 
Stagnant Area 

Figure No. 4
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3.2.2 Vented Versus Non-Vented Housing 

The discoloration level (refer to section 3.2.1) is not a definition for an active/vented housing 

assembly, which will have a varying level of stagnancy that is dependent on operational activities 

and mechanical seal performance. This event does provide a real life predictive model based on 

environmental condition and residual stress conditions that induce TGSCC. The information 

provided by this event has been utilized in implementing a method in assessing material risk and 

management of the material condition of the reactor vessel head assemblies.  

3.3 Reactor Vessel Head Penetration Nozzle 

There are 48 RVHP nozzles of which 37 are used for active CEDMs, two of these are spares, two are 

heated junction thermocouples, six are incore instrumentation and one vent line. The majority of the 

nozzles are constructed with a stainless steel SA-183 type F316 safe-end and an Inconel SB-167 pipe 

connected by a full penetration butt weld and attached to the reactor head with partial penetration J

weld.  

3.3.1 Industry Concerns 

The most recent events that have raised concerns about material reliability for the primary water 

system occurred at V.C. Summer (NRC Information Notice 2000-17) and Oconee Unit 3 Nuclear 

Station (NRC Information Notice 2001-5). These two events have challenged the industry's 

predictability and degree of severity assessment on the effects of PWSCC of Alloy 600 in stagnant 

areas and/or stratified flows that produce a low corrosive potential. The safety concerns are the 

numbers, orientation, locations and coalescence of cracks in the areas of the reactor vessel hot/cold 

legs and CEDM nozzles above and below the interface J-weld. The incidence of circumferential 

secondary cracking at Oconee Unit No. 3 is a major current industry concern.
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3.3.2 FCS Response 

The NRC has issued Bulletin Mmdt, Shields 

2001-01 on RVHP nozzle Cable, T 

cracking on August 3, 2001. Suport 

The commission has grouped Tool AccessFlnge EL 1041' 0" 

the primary water reactors into Ctor Dri, G,= EL 10.M'101r2" 

four categories based on the CEDM Seal Housn 
EL 

to 

initial industry RV head time-at- ssembly 
Seismic Support 

temperature histogram in which Plate EL 1033' 1Z6" 

FCS is assessed at 17.9 S.al Watr -eu

Effective Full Power Years 
_a/ 

(EFPY) from Oconee Unit 3 S HeadWaterSupt

conditions. FCS has responded Look-off Header 

to this bulletin by demonstrating Head Stud 

regulatory compliance, T°sloner.Mof.oral 
EL. 1020'7" 

supplying requested snc SkI" 
CEDU Upper 

information, and planning an Housing semb•y 

effective visual examination of Reflctrwe Stepped 

the reactor head surface during _______ion EL 10'i10-112" 

the 2002 refueling outage (see Reactor cry Wall go. 270' 

Figure No. 5). RVHP and Associated Equipment 
Figure No. 5 

4.0 Conclusion 

Management of the material reliability issues for the reactor vessel head assemblies has been 

addressed and actions taken based on the operating experience of the industry. These actions have 

considered the root cause of TGSCC by defining a crack model in relationship to the environmental 

and operational conditions that focus on a broader view perspective. In addition, a comprehensive 

FCS contingency plan is in place for the possible remediation/repair/replacement of the CEDM 

assemblies based on a theme of safe and reliable operation to reach end of life. Finally, FCS is 

continuing this effort in reassessing this concern based on the new information from on-going 

evaluation, inspection results and industry information and/or events. By performing this continuing 

assessment FCS is effectively managing its risk of TGSCC and increasing the reliability of the 

reactor vessel head CEDM assemblies.
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January 25, 2002 
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U. S. Nuclear Regulatory Commission 
ATTN: Document Control Desk 
Washington, DC 20555

In response to Reference 3, Omaha Public Power District (OPPD) is providing additional 

information on the factors affecting material reliability management of the CEDM housings as 

presented to the NRC in Reference 2. The primary factors considered are welding and cold working 

tensile residual stresses and temperature, two components of the triad that define the transgranular 

stress corrosion cracking (TGSCC) phenomena. OPPD has prepared an interpretation of the possible 

stress magnitudes and distribution and temperature variation that is inherently used in defining the 

Fort Calhoun Station (FCS) inspection criteria and frequency. This interpretation concludes that: 

1) the highest risk component is the j-groove weld on the CEDM seal housing assemblies, and 2) 

the primary driving force is the environmental condition for TGSCC.  

OPPD continues to pursue all available information related to the material reliability of the CEDM 

housing assemblies. The scope of the inspections planned during the FCS spring 2002 refueling 

outage has been expanded by: 1) increasing the number of CEDM seal housing assemblies to be 

inspected from six to eight, and 2) adding volumetric examination of six CEDM upper housing 

assemblies. Increasing the number of inspected seal housing assemblies allows OPPD to complcce 

the baseline inspection of CEDM seal housings assemblies by 2006. A semi-remote ultrascnic 

technique will be applied to the In-Service Inspection (ISI) program's examination of the CEDM 

upper housing assemblies to minimize personnel radiation exposure and to improve the examination 

process reliability.

4171
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These inspections and this perspective on TGSCC contributing factors do not constitute new 

commitments. OPPD encourages continuing dialog with the NRC on this important inspection 

planning issue.  

Please contact me if you have any questions.

Sincerely,

Site Coordinator

c: E. W. Merschoff, NRC Regional Administrator, Region IV 
A. B. Wang, NRC Project Manager 
W. C. Walker, NRC Senior Resident Inspector 
Winston & Strawn
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i. Executive Summary: 

In response to the NRC request for additional information to Omaha Public Power District 

(OPPD) letter LIC-01-00951, OPPD has addressed residual welding stresses and the 

effects of cold working and temperature on the material reliability of the control element 

drive mechanism (CEDM) housing. This request has been bundled as an interpretation 
of the magnitude of the welding and cold working tensile residual stress and the range of 

temperature conditions that would be significant in predicting transgranular stress corrosion 

cracking (TGSCC) occurrences. In addition, OPPD has presented the macro assessment 

of welding and cold working residual stress as having limitations in determining possible 
occurrences of TGSCC.  

The most favorable condition for TGSCC is confirmed to be located in the CEDM seal 

housing assemblies' j-groove weld due to stagnancy, temperatures, and transverse weld 

shrinkage. The CEDM upper housing assemblies' weld overlay area and double v-groove 

(butt welds) are shown to be of lesser significance as candidates for TGSCC occurrence, 

based on the same quantitative interpretations. The cold working applied in fabricating 

these housings is not significant enough from weld to weld to provide a measurable 

difference as a predictive tool. Finally, OPPD has shown that the crack rate variation with 

temperature is also an insignificant variable compared to operating experience.  

The conclusion is the CEDM seal housing operating conditions of temperature, stagnancy, 

and residual tensile stresses generated byj-groove welds is the optimal area for inspection 

for TGSCC. However, OPPD continues to investigate and refine its model based on a 

micro-structural stress concept in combination with a stagnant environment.  

Understanding this TGSCC mechanism will assist OPPD in assuring safe operation of the 

Fort Calhoun Station (FCS).  

I 

Letter from OPPD (R. L. Phelps) to NRC (Document Control Desk), dated October 

15, 2001, "Fort Calhoun Station (FCS) Control Element Drive Mechanism (CEDM) 

Housing Reliability Management" (LIC-01-0095)

I
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1.0 Introduction: 

This discussion is in response to an NRC request for additional information regarding the 
material reliability of the FCS CEDM housings. This discussion presents the corrective 
actions taken and methodology used in managing the industry's concerns on transgranular 
stress corrosion cracking (TGSCC) in CEDM housing assemblies. The NRC has 
requested additional Information on OPPD's perspective of the importance on residual 
stress and temperature as a primary driving force for determining inspection criteria and 
frequency. The discussion that follows will elaborate on the basis of OPPD's methodology 
for managing the material reliability of the CEDM housing assemblies and the depth of 

actions taken for maintaining a reasonable assurance of safe operation of FCS.  

2.0 Review of the NRC's Questions: 

The NRC's questions suggest that OPPD's efforts are based on a "limited area" of 

inspections for TGSCC. The areas that have been inspected are based on concerns as 

presented in OPPD letter LIC-01-0095 for all weld areas in the CEDM housing assembly 

with an emphasis on .the J-weld and overlay weld geometries based on operating 

experiences and OPPD's inspections. The NRC staff questions suggest the primary 

driving force for TGSCC to be from the tensile stress generated possibly from welding, 

pre-cold working (weld joint prep), or post-cold working (finish blending) conditions. In 

conjunction with a notion of the housing operating temperatures decreasing significantly 

with increasing elevation, this variation could change the incubation/cracking rate 

significantly. The scope and frequency of CEDM housing inspections have been evaluated 

based on a "broader view" that considered the CEDM assemblies as a system. The 

methodology used at FCS has considered the same factors as questioned by the NRC and 

more in determining frequencies, inspection types, risks, and contingencies that defined 

the actions taken in order to manage the material reliability of the FCS CEDM housing 
assemblies.  

3.0 Overview of OPPD Letter LIC-01-0095: 

OPPD letter LIC-01-0095 discussed OPPD's corrective actions and self identification of the 

concerns as a result of industry experience with TGSCC. These actions were formulated 

into a comprehensive assessment of the potential cause and risk, and a review of previous 

inspections, fabrication records, inspection plans, and possible contingencies that are 

documented in the OPPD's program plan.  

This program plan is the basis and guidance for selection, inspection, evaluation, 

remediation, or repair of the CEDM seal housing assemblies at FCS. This plan proposes 

an inspection criteria and frequency, which is based on the environmental conditions 

(stagnancy, tensile stress, and temperature) in relationship with the two phases of stress 

corrosion cracking period which is defined by the incubation and cracking duration. In
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addition, the evaluation of non-destructive examination techniques was reviewed for their 
possible limitation in detecting tight cracks and surface geometry challenges in the areas 
of concern. The eddy current technique that was selected is based on a pilot study 
performed on the spare CEDM seal housings provided by FCS and Palisades on May 7, 
1999. The enhanced eddy current technique, based on the pilot inspection, was then 
applied during the 1999 and 2001 refueling outages (RFO) with promising results. These 
results suggested the potential for predicting the incubation period, which is being 
investigated as a possible barometer for determining changes in the material properties 
and subsequently the threshold limits.  

It should be noted the selection criteria for the 1999 RFO inspection were based on higher 
potential residual stress and temperature conditions. However, the results from this 
inspection were in contrast with the prediction model that suggested 2 of 6 housings would 
have positive indications. This information suggested the prediction model was inaccurate 
as a selection criteria and frequency definition for future inspections. OPPD's re
assessment of the possible environmental conditions resulted in the 2001 RFO selection 
criteria being focused on stagnancy, residual stress, and temperature.  

In summary, OPPD's initial efforts were focused on the industry's perception in the form 
of a macro residual stress condition, which has been deemed as a poor prediction model 
forTGSCC condition. The current path being taken by OPPD emphasizes micro-stresses, 
or sometimes referred to as textural stresses2 , that better explain the known failure 
mechanism that defines TGSCC. This mechanism is believed to be more in line with the 
phenomena known as mechanical cleavage that is predominantly an environmental effect 
that lowers the material stress threshold3 . Therefore, this approach has currently shown 
to be more reliable as a selection and frequency definition for FCS's CEDM housing 
assembly inspection criteria. The sections that follow will provide the foundation for this 
logic.  

2 

"Mechanical Metallurgy," by George E. Dieter, Jr., published by McGraw-Hill Book 
Company, copyright)1961 
3 

"Fundamentals of Electrochemical Corrosion," by E.E. Stransbury & R.A. Buchanan, 

published by ASM International®, copyright©2000

I
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4.0 Response to NRC Questions: 

The following sections will present OPPD's understanding of the possible residual stress 

conditions introduced by the fabrication process such as welding, machining, weld joint 

preparation, and finishing work and the operating temperature variation in the FCS's CEDM 
housing assemblies.  

4.1 Residual Stress: 

This section will focus on residual stress that can drive the alignment of slip planes, reduce 

dislocation energy, change grain texture, cluster voids, etc., that could increase the 

potential for stress corrosion cracking. These changes can occur during high tensile 

stresses that are introduced with the fabrication process through forming, machining, 

welding, abrupt geometry changes, etc., that approach or exceed the yield strength of the 

material into the plastic deformation range.  

4.1.1 Weld Residual Stress: 

The weld process inherently introduces residual stress in the weld area that could be 

considered to be an energy source for crack propagation in weakened grain structures.  

The resulting residual stress distribution varies widely with weld volume, joint geometry, 

and process. There were three weld geometry types used to construct the CEDM housing 

assemblies: the j-groove weld, overlay weld, and double v-groove weld.  

The j-groove weld type is used for the CEDM seal housing's connection between the 

autoclave flange and drive housing (see Figure No. 1) as well as the reactor head nozzle 

penetration that is attached to the vessel head. This weld geometry type can generate 

tensile stress on the inside diameter surface in the longitudinal and circumferential 

directions as the result of weld transverse shrinkage. This residual stress can be 

approximated4 from an estimated deformation for the longitudinal, circumferential, and 

radial stress magnitude in the cylinder5 (see Figure No. 2) wall. This estimate reflects the 

fabrication records that document deformation up to a maximum of 75 mils exceeds the 

material yield strength. Therefore, in order to estimate the residual stress magnitude, a 

yield strain calculated at 2 mils will be applied to assess the longitudinal and circumferential 

4 

"Aluminum Welding Practice," by L. Capel, published by British Welding Journal, Vol 

8 (No. 5), 961, pg. 245-248 
5 

"Formulas For Stress and Strain," by Raymond J. Roark, published by McGraw-Hill 

Book Company, fourth edition copyright@1965
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stress distribution. This results in circumferential tapered stress distributions through the 
wall thickness that denote a maximum tensile stress condition on the inside diameter near 
the weld root toe (see Figure No. 3). The corresponding longitudinal stress distribution 
also has a maximum tensile stress at the weld root toe throughout the heat affected zone 
(HAZ), but is only about one-third of the circumferential stress (see Figures No. 2 & 3).  
This magnitude and stress distribution is similar to the test report on heater sleeve nozzle 
mockups that exhibit maximum circumferential stress6 at 520 MPa (75.4 ksi) and 
longitudinal stress at 320 MPa (46.4 ksi) that also exceeds the material yield strength.  
However, it should be noted the reactor vessel penetration nozzles and head were heat 
treated. Therefore, the reactor head penetration welds should anticipate a considerable 
reduction in residual stress in contrast to the CEDM seal housing's j-groove weld geometry.  

In general the CEDM seal housing's j-groove weld has the potential to generate higher 
circumferential stress than longitudinal stress, specifically, near the tool access tube that 
is less rigid compared to the support provided by the autoclave flange. This residual 
stress condition plus the unbalanced stress condition on the inside diameter surface 
suggest a potential energy source to initiate crack propagation in a corrosive environment.  

The overlay weld type is in the form of cladding or built-up material and is applied on the 
inside diameter face of the CEDM upper housing (see Figure No. 4), which provides a 
support for the tube and gear assembly housing's internals. This weld type can also 

generate tensile stresses on the inside diameterface in the longitudinal and circumferential 
directions due to transverse and longitudinal weld shrinkage, respectively. The radial and 
longitudinal deformation can be estimated based on studies on fillet welds 7 that provide a 

reasonable approximation of the longitudinal and circumferential stress distribution that 

could represent a general definition of magnitude. The resulting circumferential stress 

based on longitudinal shrinkage provides a nominal residual tensile stress condition on the 

inside diameter that is diminishing to the outside diameter face (see Figure No. 5). The 

longitudinal stress distribution can also be approximated based on the hot weldment 

concept, where the thermal contraction on cooler edges causes a mismatch between the 

6 

"Measurement of Residual Stresses in Alloy 600 Pressurizer Penetration Nozzles," 

J.F. Hall, J.P. Molkenthin (ABB-CE), P.S. Prev~y (Lambda Research) & R.S.  

Pathania (EPRI), Conference on Contribution of Materials Investigation to the 

Resolution of Problems Encountered in Pressurizer Reactor Vessels, dated 

Sept.12-16, 1994 
7 

"Control of Distortion and Shrinkage Welding," byW. Spraragen and W.G. Ettinger, 

published by American Welding Society, Welding Journal , Vol 29 (No. 6 and 7) 

Research Supplement, 1950, pg 292s-294s and 323s-325s
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edges and center'. The expected result is a peak longitudinal tensile stress at the center 
of the overlay weld, but transition into compressive stress within the weld and HAZ (see 
Figure No. 6). Therefore, when considering this distribution in conjunction with 
circumferential stress distribution, these magnitudes are reasonable in comparison to the 
destructive examination on the spare CEDM upper housing assemblies, which reported a 
9.5 ksi to 10.9 ksi residual stress9 condition.  

The overlay weld is capable of generating longitudinal and circumferential tensile stress.  
However, the early through-wall longitudinal crack experience in 1990 on the spare CEDM 
upper housing (SIN 23866-9 & 13) in the overlay weld area was from a relatively low 
circumferential stress field estimated to be at one-third of the yield strength.  

The double v-groove weld is also referred to as a butt weld and is based on a standardized 
weld end preparation detail'", specific to a plain bevel end detail without a contour taper 
(see Figure No. 4). This type of weld geometry generates longitudinal tensile stress and 
circumferential compressive stress on the inside diameter surface, in contrast to the j
groove and overlay weld configurations. The circumferential residual stress can be 
estimated by evaluating longitudinal weld shrinkage deformation". This assessment of 

residual stress magnitude for the butt weld joint is more complex since the initial weld root 
pass puts a tensile stress on the inside diameter, and each subsequent weld pass acts as 

compression jacket on the previous weldment. Therefore, each weld pass adds 
compressive stress to the previous weldment in the form of jacketing. This fabrication 

sequence stress summation results in a circumferential compression on the inside 

diameter with a transition to tensile stress on the outside diameter (see Figure No. 7).  

This circumferential distribution is confirmed by destructive examination on butt weld 

S 

"Corrosion and Corrosion Control and Introduction to Corrosion Science and 

Engineering," by H.H. Uhlig, published by John Wiley and Sons, copyright©1963 
9 

"Metallurgical Evaluation of Cracking in Fort Calhoun Spare CEDM Upper Pressure 

Housings Serial Nos. 9 and 13," Report No. TR-M.C.-1 69, prepared by Combustion 

Engineering, Inc. Materials & Chemical Technology, dated January 1991 

10 

"Buttwelding Ends," ASA B16.25-1964, published by The American Society of 

Mechanical Engineers 
11 

"Transactions of the Institute of Engineers and Shipbuilders in Scotland," Vol 87 

pages 238-255, by C.W.R. King, dated 1944
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mockups for a 10-inch diameter, schedule 40 pipe12 (see Figure No. 8) that is deemed to 

be relevant to the CEDM upper housing assembly. Therefore, the longitudinal stress 
presented in the Electric Power Research Institute (EPRI) report 12 appears to be a 

reasonable assessment of the magnitude anticipated in the FCS CEDM upper housing 
assembly (see Figure No. 9). In addition, the in-service condition was included in both the 

circumferential and longitudinal EPRI plots to determine the potential impact of the 

modified eccentric reducer stress concentration factor that could increase the stress by a 
factor of two due to the dimensional changes in pipe diameter 13. In addition, the classical 
longitudinal distribution was applied to consider the difference in the fabrication jig setup 
that suggests a non-uniform distribution as presented in the EPRI report1 2.  

The double v-groove weld generated compression circumferential residual stress that is 

considered an enhancement in resisting in-service loading and stress corrosion cracking 

conditions. The longitudinal stress typically has a peak tensile stress at the weld root 

centerline that quickly transitions into compression stresses before extending past theweld 

joint and/or the HAZ. In addition, the magnitude of this tensile stress is only about two

thirds of the pipe material yield strength in contrast to typical higher weld yield strength, 

generally twice the strength of the base material.  

In conclusion, the j-groove weld generates the highest circumferential and longitudinal 

residual stress that could support inside diameter surface cracking in a corrosion 

environment. The overlayweld, though demonstrating a nominal residual stress condition, 

has shown to be subject to the TGSCC condition from FCS's 1990 event of the spare 

CEDM housing assemblies. Finally, the double v-groove weld is the least susceptible to 

weld-induced residual stress based on this magnitude comparison of the different types 

of weld joints used in the CEDM assembly.  

4.1.2 Pre-Cold Working (Weld Joint Prep): 

The process of preparing a pipe or fitting end for a weld joint, as well as the prep work 

done after each weld pass, falls into the residual stress category of cold working. The 

CEDM housing assemblies' weld joint preparations were all machined except for the 

overlay weld. However, during the process of welding these initial residual stresses 

12 

"Studies on AISI Type-304 Stainless Steel Piping Weldments for Use in BWR 

Application," EPRI NP-944 Project 449-2 Final Report, prepared by Electric Power 

Research Institute, dated December 1978 

13 

"Finite Element Analysis of Eccentric Reducers and Comparisons with Concentric 

Reducers," by R.R. Avent, M.H. Sadd, and E.C. Rodabaugh, Bulletin 285, published 

by Welding Research Council, dated July 1983, ISSN 0043-2326
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introduced by machining or grinding should have been reformed by the fusion process.  
The weld joint preparation step generally is a generic process used throughout the CEDM 

housing assembly and therefore has no measurable significance in determining potential 
risk.  

4.1.3 Post-Cold Working (Blending): 

The finished machining or blending also falls into the residual stress category of cold 

working. The areas of machining are the seal housing assembly's drive housing, upper 

housing assembly's upper and lower flange, and modified eccentric reducer, which were 

all cut to a minimum of 125 micro finish"4&15. In addition, the formed weld joints and 

fabrication blemishes were blended byagrinderto reduce stress risers from abrupt surface 

changes. The residual stresses are also generic through the assembly and again have no 

measurable significance in determining a magnitude difference in assessing potential risk.  

4.2 Temperature: 

4.2.1 Temperature Distribution: 

The CEDM housing assembly temperature distribution has been previously evaluated for 

the possibility of Ioss-of-offsite power in relation to assessing the CEDM seal assemblies' 

o-ring failure mechanism'". However, this report was inconclusive in determining a specific 

temperature distribution and, in general, presented a linear variation from the reactor 

vessel head to the CEDM seal housing assembly's autoclave flange. Therefore, with the 

reactor head temperature at about 5900 F and assuming the CEDM seal housing 

assembly's autoclave flange is around 2500 F provides a relative temperature distribution 

(see Figure No. 10). The significant change between the CEDM seal housing assembly's 

autoclave flange to the leak-off chamber is due to a cooling water jacket that was provided 

to maintain a controlled temperature for the protection of the o-rings that are employed as 

part of the mechanical seal assembly.  

4.2.2 Crack Rate Versus Temperature Distribution: 

14 

"Seal Housing Assembly Detail," Drawing CND-E-2935, File 21591, Rev. 7 

15 

"Upper Housing Assembly," Drawing CND-E-2927, File 1324, Rev. 5 

16 

"CRDM Seal Leak Testing-October 1989," Prepared for Omaha Public Power 

District and Consumers Power Corporation, prepared by Combustion Engineering's 

Operations Services and Mechanical Engineering & Technology
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There are several studies on the effects of temperature on the relationship with stress 
corrosion cracking that generally depict an inverted bathtub curve of temperature versus 
crack growth rate1" (see Figure No. 11). In an attempt to determine the temperature 
variation, a base temperature is selected from the operational experience from the control 
rod drive mechanism (CRDM) seal housing assemblies' through-wall cracking event at 
Palisades Nuclear Plant in 1999. This information suggests a temperature of 2500 F atthe 
j-groove weld location as discussed in section 4.2.1 and was applied in the previous 
section to determine a linear temperature variation throughout the assembly. In addition, 
FCS's similar experience in the spare CEDM upper housing assembly through-wall crack 
at the overlay weld location in 1990 suggests a variation from the linear interpolation 
previously presented. This difference is based on similar crack rates from operating 
experience at different locations and temperatures but suggests a delta of +500 F at the 
overlay weld locations from linear interpolation. However, this condition of temperature 
variation was proposed by the station blackout study for higher heat loads in the CEDM 
stack due to the internal assemblies acting as a heat escalator.  

5.0 Summary: 

The previous sections describe in detail OPPD's perceptions on the possible effects of 
residual stress generated by welding and surface cold working during the fabrication 
process of the CEDM housing assembly and operating temperature distribution during 
normal operation as suggested by the NRC. In addition, it should be noted that these 
factors were considered and implemented at FCS in response to the operating experience 
of Palisades in 1999 and are part of the current methodology and were the basis of the 
1999 and 2001 RFO inspections. However, OPPD has not been satisfied with the 
inconsistences of industry inspection results, the operating experience, and industry data 
as compared to the failure mechanisms in the industry. The CEDM seal housing assembly 
j-groove weld is shown to have the highest longitudinal and circumferential tensile residual 
stress at the weld root. The Palisades experience from 1986 through 1999 has reported 
that circumferential and longitudinal cracks in the area of the CRDM seal drive housing are 
more prevalent approximately one inch above the autoclave face. This information 
proposes the in-service stress, nicks, and scratches are more predominant than the 
fabrication tensile stresses generated fromwelding residual stresses. The FCS experience 
in 1990 with a through-wall crack at the overlay weld area had relatively low circumferential 
tensile residual stress and no reported cold working conditions to promote a longitudinal 
crack in this area. The current Palisades event of through-wall cracks at the double v
groove weld has circumferential compressive residual stress and surface blending that 
should reduce stress In this transition area. In addition, the circumferential cracks found 

17 

"BWR Water Chemistry Guidelines - 2000 Revision," Final Report No. TR-1 03515
R2, published by Electric Power Research Institute, February 2000
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in the counterbore area of the modified eccentric reducer has no significant weld residual 

stress or cold working stress that could have promoted stress corrosion cracking in these 

areas. These conditions and their discrepancies suggest the focus on macro residual 

stresses from welding and cold working normal fabrication processes have significant 

limitations in determining an inspection and frequency criteria. However, OPPD recognizes 

these limitations and has implemented a more complete model by considering the stagnant 

condition of these assemblies in an effort to assess the material micro-stresses condition.  

This approach is more in line with current studies that propose the material properties are 

in the process of change from the installed condition. This electrochemical model18 

proposes a chemical reaction of the metal surface with the environment that introduces 

contaminants in exchange of good metal ions such as carbon, iron, and molybdenum in 

the vicinity of crack morphology.  

OPPD has aggressively pursued the industry concerns for TGSCC in the CEDM housing 

assemblies. This task has focused on all of the available Information that also included 

operationally difficult inspections to assess component material reliability. This effort was 

based on the industry's current analysis and inspection techniques to achieve a corporate 

goal of excellence in materiel condition of the plant. Finally, the operating experience and 

failure mechanism experience at FCS and Palisades and information provided in this 

discussion indicate the highest level of component risk is with the CEDM seal housing 

assembly, based on the temperature, residual stresses, and the environment.  

Is 

"S. Bruemmer Model," presented by Larry Nelson at the Nuclear Regulatory 

Commission's Workshop on Environmentally Assisted Cracking, Chaired by Mike 

McNeil, Thursday, April 20, 2000
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I Purpose 

ABB INDUSTRIE AG In Birr, Switzerland, is building a motor QOVG 900 fa 6 for a reactor 
coolant pump in the nuclear power station ,,Fort Calhoun" in Nebraska, USA.  
The motor will be used to drive a vertical single stage centrifugal pump. The motor is a vertical, 
ripped-shaft, squirrel cage, self ventilated air cooled induction motor.  

According to the flywheel specification an analysis shall be performed to insure that the flywheel 
assembly wit! maintain its structural Integrity during 

* Design Loading Condition 
* Normal Loading Condition 
* Upset Loading Condition 
* Faulted Loading Condition 

and to predict critical speeds for ductile and non-ductile fracture of the flywheel. Additional a 
crack growth prediction calculation is carried out.  

All calculations are made In SI-Units, in the result summary tables also the American Units are 
given. A convertion table to American Units Is given in Appendix A.

We enai-lffdghts In ff doc=.wntanf d ft Ihg An ,fo on •cntan•od ther~n. Repmducdon, 8 1 OdL twlr fo t:hfdpao~fts huwjxpries5 
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2 Results and Conclusions 

The results of the Finite Element Analysis are summarized in the following tables: 

Stress Analysis ( ® see Supplement 1) 

Stress analysis Calculated Admissible Safty 
Von Mises stress Von Mises stress margin 

N/mm2 ( ksi) N/mm 2 (ksi) 

Synchronous speed (1200 rpm) ® 192.0 (27.9) ® 195 (28.3) ® 1.02 

Test overspeed (1500 rpm) ® 196.3 (28.5) ® 390 ( 56.6) ® 1.99 

Synchronous speed and OBE 200.4 (29.1 ) 526 (76.3) 2.62 

Synchronous speed and DBE 203.8 (29.6) 526 (76.3) 2.58 

The stresses in the flywheel are admissible for all load cases prescribed and in all these cases 

the flywheel will maintain ist structural Integrity.  

Transrmsslble Torque (® see Supplement 1) 

Transmissible torque Calculated minimum Rated motor torque Satty 
transmissible torque margin 

Nmm (ft Ibf) Nmm (ft lbf ) 

Synchronous speed ® 7.936E+08 (5.853E÷05) ® 2.166E+07 (1 .597E+04) 0 36.64 
(1200 rpm) 

Test overspeed ® 2.547E+08 (1.878E+05) 2.166E+07 (1.597E+04) ® 11.76 

(1500 rpm) I 

The flywheel will not become loose at test overspeed.  

Non-Ductile Analysis, Ductile Analysis and Crack Grow Prediction

Critical fracture speed Critical fracture speed Predicted LOCA overspeed 
rpm rpm 

Non-ductile Fracture 4700 3697 

Ductile fracture 3910 3697

"The results show that the specification demand is iUlITIIIU u 111i8'-r. V Iu , %,, 
calculation shows that the critical crack size is not reached within 10000 cycles from zero to 
overspeed.

T The plane stress problem deliveres in this case 160.3 N/mm 2. The difference is given by consideration of notch 

stresses and edge pressure in the FE-calculation.  "" The plane stress problem delhveres in this case 177.7 N/mm2. The difference is given by consideration of notch 

stresses and edge pressure in the FE-calculation.  

We reserve alt dfghts in thrs document and hi the Infonration contacned therein Repnoducftil.n use or dis,•losure to third parties without express 
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3 Design Inputs 

3.1 Assumptions 

The following assumptions are made: 

e A 2D axially symmetric model for the flywheel will be used for normal operating conditions and 

design overspeed.  

a A 2D axially symmetric model will be used for the vertical seismic load.  

a A 3D model will be used for the horizontal seismic load.  

"9 Only a segment of the flywheel and the shaft will be modelled. The results for operating and 

seismic load can be superposed.  

- The crack size is determined from the minimum detectable single failure in ultrasonic 

inspection. Due to conservatism a crack with double size is considered. The crack shall be 

semi-penny-shaped.  

e The crack will be located in the most dangerous position at the inner cylindrical surface of the 

flywheel. Because of the stress distribution in a rotating disc the normal of the crack plane will 

be in the circumferential direction, means that the maximum stress, the circumferential stress, 
will open the crack.  

a Stress Intensities resulting from the diameter step of the flywheel bore will be analysed 

separately and taken into account for the critical fracture speed analysis.  

We reserve all ,fghtsb Wstha dcciment and In the nfaormnafon contafned therein. Repcducatlon, use ordsclosure to tWrdp Barites without express 
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3.2 Input Data 

The analysis Is based on the following input data: 

Material Specification 
The material properties of the steel used for the flywheel are as follows: 

Steel ASTM A508 Class 415 Symbol Value Unit Value Unit 

(forged) ..  

Elastic modulus E 210000 N/mm2  30479 ksi 

Shear modulus G 80000 N/mm2  11611 ksi 

Polsson's ratio v 0.30 -- 0.30 

Mass density p 7.85E-06 kg/mm3  0.284 Ib/in 2 

Yield strength (min.) specified RPo 2  585 N/mm2  85 ksl 

Yield strength (min.) measured RPo2 735 N/mm2 106 ksi

Dimensions 
The flywheel dimensions are taken from the dravwng HTAM1 25306.  

Loadings 
The shrink stresses are calculated for the interferences as given In the drawing HTAMI 25307.  

Seismic loading is given in the Technical Specification Section H, Article 7.01:

Seismic loading Horizontal Vertical
4- I"5 !f

OpeiraLIIIn ca .qIc•%0 L.W LILla . . U I .-. U, J 

Design Basis Earthquake (DBE): ± 3.0 g ± 3.0 g

Speed definitions 

The following speed rates are defined In the Technical Specification: 

Normal operating speed: 1193 rpm 
Synchronous speed : 1200 rpm 
Design overspeed (120 % of synchronous speed): 1440 rpm 
Test overspeed (125 % of synchronous speed) : 1500 rpm

ABB calculation 
Section H, (1.02) 
Section H, (10.03) 
Section H, (11.04)

Weteservea!idghts In thIs docum t and In the Infoarnad contained lrhian Reproduction. use or dislosure to thhrd parties WiLhoutexpryss 
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105- 130 ksiN/rmm725-895RmUltimate tensile strength specified

Ultimate tensile strength measuredjRm I 863 N/mM2 125 ks! IA�

ksl * in"100KioCritical stress intensity factor 
sne citied

Critical stress Intensity factor Kr 7148 [N/mm21*mml2 206 ksi* in'lt 

measured f IIIII

L

A

.3470 [Nlmm•]l*mm'r'
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4 Methodology 

4.1 Stress analysis 

4.1.1 Standstill 

The analysis gives the maximum Von Mises stress along the shrink fit width at standstill (shaft I 

flywheel bore).  

The FE-mesh for the 2D model Is shown In Fio.1. It consists of 2D axially symmetric solid 

elements for the shaft and the flywheel. The shrink fit problem Is solved by defining contact 
regions between the shaft and the flywheel.  

The constraints imposed on flywheel and shaft are shown in Fig.l. The symbols indicate the 

suppressed displacement direction which are shown as marked squares. The constraints are 

;Wrnecessary to make the calculation possible.  

For the calculation of the maximum shrink stress the maximum shrinkage, according to the 

drawing HTAM1 25307, is taken Into account.

R=395mm 
R = 375 mm

AR = 0.34 mm 
AR = 0.35 mm

For the calculation 
considered:

of the minimum transferable torque the minimum shrinkage must be

R=395mm 
R = 375 mm

AR = 0.30 mm 
AR = 0.31 mm

Wesaive all Ights/7 this docunttdln the Infor•at/on contalnardfherstn. Ropmductlin, vus of disclosure to third partes without express 
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Result: Maximum Von Mises Stress 

The Von Mises stress distribution in the flywheel is shown as a fringe plot In Fiq.2 and Fig.4 and 

as a graph plot along the width of the flywheel bore diameter in Fia.3 and FiT. 5.  

Maximum stress at standstill Unit Maximum Minimum 

shrinkage shrinkage 

Standstill rpm 0 0 

Maximum Von Mlses stress in the shaft N/mm2  313 283 

Maximum Von Mises stress al the shrink lit R=395 mm Nmm2  '180 159 

Maximum Von Mises stress at the shrink fit R=375 mm N/mm2  188 166 

The maximum value of Von Mises stress In the shaft Is 313 N/mm2. The maximum value of Von 

Mises stress in the flywheel Is 188 N/mm 2 at the shrink fit.  

Result: Minimum Transferable Torque 

The radial stress as a graph plot along the shrink fit width Is shown in Fig.3 jndF.. From the 

medium radial stress in the contact region the transferable torque is calculated with the 

assumption for the coefficient of friction lt = 0.12.  

Minimum transmissible torque at Unit Maximum Minimum 

standstill shrinkage shrinkage 

Standstill rpm 0 0 

Medium radial stress at the shrink fit R=395 mm N/mm 2  -85 -70 

Medium radial stress at the shrink fit R=375 mm N/mm 2  -90 -85 

Minimum transmissible torque Nm 2.052E+06 1.811E+06 

The minimum transmissible torque is 1.811E+06 Nm. This is 83.6 times higher than the rated 

motor torque of 2.166E+04 Nm.  

We reserve all rights in this docurnant and tnhe Informatkon con ined therein. Raproduction, use or disc!osura to thirdparties without expMas 
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4.1.2 Normal operating speed 

The analysis should show that the maximum Von Mises stress occuring at normal operating 

conditions is less than the admissible stress of 195 N/mm2 

O'von ma.•5 - Rpo.2 / 3 = 195 N/mm2.  

The stress distribution in the flywheel is determined by the shrink fit ( shaft / flywheel bore ) and 

the centrifugal forces at synchronous speed.  

The FE-mesh for the 2D model is shown in Fig._. It consists of 2D axially symmetric solid 

elements for the shaft and the flywheel. The shrink fit problem Is solved by defining contact 

regions between the shaft and the flywheel.  

The constraints Imposed on flywheel and shaft are shown in F.•g.. The symbols indicate the 

. suppressed displacement directions which are shown as marked squares. The constraints are 

necessary to make the calculation possible.  

Result: Maximum Von Mises Stress 

The Von Mises stress distribution In the flywheel Is shown as a fringe plot in Fig.6 and FlEa.8 and 

as a graph plot along the width of the flywheel bore diameter in Fig.7 and Fig._9.  

Maximum Stress at normal operating speed Unit Maximum Minimum 

shrinkage shrinkage 

Normal operating speed rpm 1200 1200 

Maximum Von Mises stress in the flywheel N/mm 2  192 172 

SMaxim um Von Mises stress at the shrink fit R=395 m m N/mm 177 157 

Maximum Von Mises stress at the shrink fit R=375 mm N/mm 2 (I ?92,.. 172

The maximum value of the Von Mises stress Is 192 N/mm2. This 
admissible Von Mises stress of 195 NImmO.

is lower than the maximum

We resArve all rights In IhIW document andl Inhe nformationcontanjedthereln. Repmducton, use or disdcosure to third parties wIthcut express 
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Result: Minimum Transmissible Torgue 

The radial stress as a graph plot along the shrink fit width is shown in Fig.7 and FIC. 9. From the 

medium radial stress In the contact region the transmissible torque is calculated with the 

assumption for the coefficient of friction Ij = 0.12.

Minimum Transmissible Torque at 
normal operating speed

Normal operating speed

Medium radial stress at the shrink fit R=395 mm 

Medium radial stress at the shrink fit R=375 mm

Minimum transmissible torque

The minimum transmissible torque is 7.936E+05 Nm. This is 36.64 times higher than the rated 

motor torque of 2.166E+04 Nm.

L
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4.1.3 Test overspeed 

The analysis should show that the maximum Von Mises stress occu ring at test overspeed Is less 

than the admissible stress of 390 N/mm 2.  

aVon mis --< Rpo.2 *2 / 3 = 390 N/mm2.  

-The stress distribution In the flywheel is determined by the shrink fit ( shaft I flywheel bore ) and 

the centrifugal forces at test overspeed.  

The FE-mesh for the 2D model is shown in Fij.1. It consists of 2D axially symmetric solid 

elements for the shaft and the flywheel. The shrink fit problem is solved by defining contact 

regions between the shaft and the flywheel.  

The constraints imposed on flywheel and shaft are shown In F_..1. The symbols indicate the 

;• suppressed displacement direction which are shown as marked squares. The constraints are 

necessary to make the calculation possible.  

Result: Maximum Von Mises stress 

The Von Mises stress distribution in the flywheel is shown as a fringe plot In Fi.lO and Fig.12 

and as a graph plot along the width of the flywheel bore diameter in Fia.1 1 and Fig. 13.

Maximum Stress at test overspeed Unit Maximum Minimum 

shrinkage shrinkage 

Test overspeed rpm 1500 1500 

Maximum Von Mises stress in the flywheel N/mm2  196 177 

Maximum Von Mises stress at the shrink fit R=395 mm N/mm2  181 162 

Maximum Von Mises stress at the shrink fit R=375 mm N/mm 2 196 177

The maximum value of the Von Mises stress Is 196 N/mm2. This 
admissible Von Mises stress of 390 N/mm2 .

is lower than the maximum

We reserve all drhts In tis document and in the Information contained therein. Reproduction, use or dIsclosure to Ibriparrtes without express 
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Result: Minimum Transmissible Torque 

The radial stress as a graph plot along the shrink fit width is shown in Fia.11 and Fin. 13. From 

the medium radial stress in the contact region the transmissible torque Is calculated with the 

assumption for the coefficient of friction !I = 0.12.  

Minimum Transmissible Torque at test overspeed Unit Maximum Minimum 

shrinkage shrinkage 

Test overspeed rpm 1500 1500 

Medium radial stress at the shrink fit R=395 mm N/mrm2  -18 -8 

Medium radial stress at the shrink fit R=375 mm N/mm 2  -22 -14 

Minimum transmissible torque Nm 4.673E+05 2.547E+05 

The minimum transmissible torque Is 2.547E+05 Nm. This is 11.76 times higher than the rated 

motor torque of 2.166E+04 Nm.

0
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4.2 SeismiG analysis 

The analysis should show that the maximum Von Mises stress occuring at UPpseoading 

Conditions and Faulted Loading Condftions defined in Sect(ori H (7.01) is less thanif-e 
amissib e stress oR 526 NWmm 2.  

aVon Mises : 0.9 * Rpop. = 526 N/mm2.  

Stresses under Normal Loading Conditions, vertical seismic load and horizontal seismic load can 

be superposed to calculate the combined stress in the flywheel. The equivalent Von Mises stress 

is defined e.g. in J.A.Colling, ,,Failure of Materials in Mechanical Design" or Robert C. Juvinall, 

,,Stress Strain Strenght" as follows:

2 2 2 ";,aZa,+3 @J 7 ++'r? Eauation I

with a,,,aya= main tensions 

,C y r ,ITY shear tensions 

Therefore the vertical seismic load and the horizontal seismic load are calculated separately and 

superposed later.  

To obtain the maximum stresses under Normal Loading Conditions the stresses are calculated 

with maximum shrinkage.

9
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4.2.1 Normal Loading Conditions 

The stress distribution In the flywheel is determined for the maximum shrink fit and for the 
centrifugal forces at synchronous speed ( 1200 rpm).  

In Fic.14 to Fig.17 the fringe plot of the von Mises stress and the graph plots of the stress 
distributions along the shrink fit width under Normal Loading Conditions are shown. The 

maximum stress values are listed In the following table.

We revenve all rights In hs documentandin ihe nFortmation contalned therhn. Reproducftin, use or drsclosure to thirdpartfes wIhout express 
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Stresses under Normal Loading Conditions Symbol Unit Value 

Maximum Von Mises stress aVon Misos N/mm 2  192 

MaxJmum Von Mises stress at the shrink fit R=395 mm avon msas N/mm2  177 

Maximum Von Mises stress at the shrink fit R=375 mm, Von Moos N/mm 2  I =9E 

Maximum radial stress at the shrink fit R=395 mm ax, N/mm•2  -52 

Maximum radial stress at the shrink fit R=375 mm a N/mr 2  -55 

Maximum shear stress at the shrink fit R=395 mm TX, N/mmr2  10 

Maximum shear stress at the shrink fit R=375 mm , N/mm2  : 

Maximum axial stress at the shrink fit R=395 mm cyy N/mm 15 

Maximum axial stress at the shrink fit R=375 mm ay, N/mrm 2 

Maximum tangential stress at the shrink fit R=395 mm (ZZ N/mm2  155 

Maximum tangential stress at the shrink fit R=375 mm , N/mm2 j"C-j
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4.2.2 Vertical Seismic Load (OBE and DBE) 

The maximum vertical seismic load for the Operating Basis Earthquake (OBE) and for the 
Design Basis Earthquake (DBE) are equal. The stress distribution in the flywheel under vertical 
seismic load is determined for +3g vertical acceleration and the dead weight.  

"The FE-mesh for the 2D vertical seismic load model is shown in B.9.1 8. It consists of 2D axially 
symmetric solid elements for the shaft and the flywheel, which are rigidly connected to each 
other. The constraints imposed on flywheel and shaft are shown in Ejg8. They are necessary 
to make the calculation possible.  

The Von Mises stress Is shown in Fi1.19. The maximum stress values are listed In the following 
table, the corresponding graph plots are shown in ElU2 to Fi_.22.  

Stresses under Vertical Seismic Load Symbol Unit Value 

(OBE and DBE) 

Maximum Von Mises stress wVon WasS N/mm 2  59 

Maximum Von Mises stress at the shrink fit R=395 mm Von Mises N/mm2  17 

Maximum Von Mises stress at the shrink fit R=375 mm avs, pA.s N/mm 2  15 

Maximum radial stress at the shrink fit R=395 mm jx, N/mrm2  17 

Maximum radial stress at the shrink fit R=375 mm x N/mm 2  -16 

Maximum shear stress at the shrink fit R=395 mm ';xq N/mm2  -4 

Maximum shear stress at the shrink fit R=375 mm 'rXY N/mm2  -4 

Maximum axial stress at the shrink fit R=395 mm CY N/mm2? 11 

Maximum axial stress at the shrink fit R=375 mm ay N/mm2  4 

Maximum tangential stress at the shrink fit R=395 mm Vaz N/mm2  15 

Maximum tangential stress at the shrink fit R=375 mm azz N/mm2  -14 

The maximum value of Von Mises stress In the shaft Is 59 N/mm. The maximum value of Von 
Mises stress In the flywheel is 17 N/mm2 at the shrink fit.

We reserve all rights In this document and In the Inlormieon contarted thetein, Reproducdon, use or discdsute to thirda•rfles wftout OxPress 

authodtylsatrlklyforbIdden. C ASB Indusue AG 1998
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4.2.3 Horizontal Seismic Load (OBE) 

The stress distribution in the flywheel during an Operating Basis Earthquake (OBE) is 

determined by =i2g horizontal acceleration.  

The FE-mesh of the 3D horizontal seismic road model is shown in Bg_.2.. It consists of 3D solid 

elements for the shaft and the flywheel, which are rigidly connected to each other. Only half of 

the flywheel and a quarter of the shaft are modelled. Equivalent boundary conditions at the 

cutting planes are introduced. The constraints imposed on flywheel and shaft are shown in 

FiE.23. They are necessary to make the calculation possible.  

To avoid an unnecessary Increase of model size, the flywheel bore is simplified. Only the smaller 

shrink fit radius R = 375 mm Is considdered.  

The maximum stress values are listed In the following table, the corresponding fringe plots are 

shown In Flg.24 and Fi..25.  

Stresses under Seismic Load Horizontal (OBE) Symbol Unit Value 

Maximum Von Mises stress OVonMlses N/mm2  2.4 

Maximum radial stress axX N/mm. 0.5 

Maximum shear stress TV N/mrm2  1.1 

Maximum axial stress T N/amm2  0.9 

Maximum tangential stress N/mm2  2.5 

Due to conservatism the maximum calculated stresses for the whole model are used.  

We reserve aOr fghta In this document and Mn te ARermatn contalned therk Repoduction. use ord7sc.osure to hlrdpartlns Wlthocrtexprss 

authority Is sIrctlyforbiddan. C ABB Industde AG 1996
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4.2.4 Horizontal Seismic Load (DBE) 

The stress distribution in the flywheel during an Operating Basis Earthquake (OBE) is 

determined by *3g horizontal acceleration.  

The FE-mesh of the 3D horizontal seismic load model is shown in Fg.23. It consists of 3D solid 

elements for the shaft and the flywheel, which are rigidly connected to each other. Only half of 

the flywheel and a quarter of the shaft are modelled. Equivalent boundary conditions at the 

cutting planes are Introduced. The constraints Imposed on flywheel and shaft are shown In 

Fig.23. They are necessary to make the calculation possible.  

To avoid an unnecessary Increase of model size, the flywheel bore Is simplified. Only the smaller 

shrink fit radius R = 375 mm Is considdered.  

The maximum stress values are listed in the following table, the corresponding fringe plots are 

shown in Fig2 to Fia.27.

Due to conservatism the maximum calculated stresses for the whole model are used.

We r•serve all dghts in tdis documnt and in the (nfoimattan contained therein. Reproductlon, Use or disafosUt8o tird parties wMhoUt expres 

jumlStd/sstrily fotddan. 0AB Induslde AG 1998

Stresses under Seismic Load Horizontal ( DBE )

Maximum Von Mises stress 

Maximum radial stress 

Maximum shear stress 

Maximum axial stress 

Maximum tangential stress

0
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4.2.5 Synchronous Speed and OBE 

To calculate the combined stress contribution In the flywheel under Upset Loading Conditions, 

the stresses under synchronous speed, vertical seismic load (OBE) and horizontal seismic load 

(OBE) will be superposed.  

To get the maximum stresses, the maximum values of all stresses at the shrink fit are 
considered.  

The stress-superposition of the maximum values lead to the following table:

Combined stresses under Unit Synchronous Seismic Seismic Combined 
synchronous speed and Speed Load Load Stress 

OBE Maximum Vertical Horizontal Upset 
Shrinkage 1Loading 

S a ±g ?g Conditions 

Maximum Von Mises stress N/mm 2  192 17 2.4 200.4 

Maximum radial stress N/mm 2  -55 17 0.5 -37.5 

Maximum shear stress N/mm 2  13 -4 1.1 10.1 

Maximum axial stress N/mm2 17 11 0.9 28.9 

Maximum tangential stress N/mm 2 171 15 2.5 188.5

The combined Von Mises stress under synchronous speed and OBE is calculated according to 

equation 1.  

The maximum value of the Von Mises stress under Upset Loading Conditions is 200.4 N/mm2.  

This Is lower than the maximum admissible Von Mises stress of 526 N/mm2.

We reserve all rhts In ttds document and in the Infomatfon conthaiad tharein. Reprwduction, use or disclosure to thtrd parties wthout express 

authoditylssfrtctly forbldder. OABB tndustrisAG 199B
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4.2.6 Synchronous Speed and DBE 

To calculate the combined stress contribution in the flywheel under Faulted Loading Conditions, 

the stresses under synchronous speed, vertical seismic load (DBE) and horizontal seismic load 

(DBE) will be superposed.  

To get the maximum stresses, the maximum values of all stresses at the shrink fit are 

considered.  

The stress-superposition of the maximum values lead to the following table:

Combined stresses under Unit Synchronous Seismic Seismic Combined 

synchronous speed and Speed Load Load Stress 

DBE Maximum Vertical Horizontal Faulted 
Shrinkage -4-3g *g Loading 

Conditions 

Maximum Von Mises stress N/mm 2  192 17 3.6 203.8 

Maximum radial stress N/mm 2  -55 17 0.7 -37.3 

Maximum shear stress N/mm2  13 -4 1.6 10.6 

Maximum axial stress N/mm 2  17 11 1.3 19.3 

Maximum tangential stress N/mm 2 171 15 3.7 189.7

The combined Von Mises stress under synchronous speed and DBE is calculated according to 

equation 1.  

The maximum value of the Von Mises stress under Faulted Loading Conditions is 203.8 N/mm2 .  

This is lower than the maximum admissible Von Mises stress of 526 N/mm2.

We reserve alt dghts In thls document and In Mhe WnIormadon ccntafned therein. Reproduction, use or disclosure to third parties without express 

autholitylssIrctrt'ldden. C ABB 1idusile AG 1998
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4.3 Non-Ductile Fracture Analysis 

Critical fracture speeds for non-ductile fracture will be calculated according to the calculation as 
reported in the paper of Riccardella & Bamford .Reactor Coolant Pump Flywheel Overspeed 
Evaluation". The largest non-detectable single defect will be considered.  

A Crack Growth Prediction Analysis which is attached in APPENDIX D shows that cycling the 
motor 1rom zero to overspeed for more than 10000 times will not cause a crack to grow to its 
critical size.  

The analysis should show that the critical fracture speed of the flywheel is higher than the 
predicted LOCA overspeed of 3697 rpm reported in ABB/CE Letter ST 95-0714 dated December 
26, 1995.  

Material Properties 

Elastic modulus E, Poisson's Ratio v, mass density p are needed and given in 3.2.  

Defect size 

The largest defect in the region with the highest stress, e.g. the bore region of the flywheel, will 
be analysed. According to the ABB Ultrasonic Testing Specification HTAY 875-20-001.36 a 
maximum single defect with an area of 5 mm? is detectable in the r,z-plane of the flywheel. This 
defect is assumed to be semi-penny-shaped.  

The defect size is: 

A . 2 41)=5mm2 

this results In a defect-diameter d 

d - - 3.57 mm 

Due to conservatism a crack with double size will be analysed. The radius of this critical defect 
Is given by: 

c= a+2d 

An approximate solution for the stress Intensity factor for a radial crack emanating from the bore 
of a rotating disk has been reported by Williams and isherwood, referred to in the paper of 

Riccardella & Bamford .Reactor Coolant Pump Flywheel Overspeed Evaluation, and is given by 

the following expression: 

K, = po2b 2.5 o t-v 2 

We reserve a/l dghs In this document and??n Ma Inkrmadron contained therein. ReFroductfon. use or dtsdosvre to third partfas wfthout elxress 
authonryis stdctiyitotbiddm, AS I8ndusde AG 1996
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The stress rise factor a for the nodges at the inner bore diameter of the flywheel is calculated In 
a Finite Element Analysis using the same mesh as In the stress analysis. The analysis Is made 

for a rotational speed of 2100 rpm because under these conditions the shrink lit is surely open.  

With the critical stress intensity factor K1o the critical fracture speeds for non-ductile fracture of 

the flywheel can be calculated.

C, * 1t = -- c = conSt.  
(1) 2 co, 2

Ki *IK , 2 600) ,1c:=-

The calculations for both flywheel bore diameters are summarized in the following table:

Critical fracture speeds of 
non-ductile analysis V aU0 00 5 

_____________ ariable Unit 0• 790 mm 0 750 mm 

Input 

Inner radius a mm 395 375 

Outer radius b mm 925 925 

Crack position radius c mm 402.14 382.14 

Polsson's ratio v- 0.3 0.3 

Mass density p kg/mm3  7.85E-06 7.85E-06 

Speed n rpm 2100 2100 

Speed n rad/s 220 220 

Stress rise factor a - 1.11 1.11 

Critical stress intensity factor Kic tN/mmq*mml/S 7158.5 7158.5 

Output 

Stress Intensity factor KI [N/mm2]*mml/ 1287.33 1275.48 

Critical fracture speed _ _ rad/s 492.21 494.49 

Critical fracture speed no rpm 2 1 "',• 

The minimum critical fracture speed due to non-ductile fracture analysis Is 4700 rpm. This is 
higher than the predicted LOCA overspeed of 3697 rpm.  

Werserve all flqhtsi h thisdocument and In the klnfvmatruntalnrd glwroln. Repoducwff, use crdJsdaosure to thfd parttes withoutexproas 
authorityls strdctly oIrtldden. AIB9 Industita AG 1G26
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4.4 Ductile Fracture Analysis 

Critical fracture speeds will be calculated according to the calculation as reported In the paper of 

Riccardella & Bamford ,Reactor Coolant Pump Flywheel Overspeed Evaluation" 

Material Properties 

Elastic constants E and v and the ultimate tensile strength F, are needed and given in 3.2.  

Faulted Conditions Stress Limit 

"The capacity of a structure to resist ductile failure with sufficient margin of safety during faulted 
conditions can be demonstrated by meeting the faulted condition criteria of Section 3 of the 

ASME Boiler and Pressure Vessel Code (Appendix F). The faulted condition limits for elastic 
analysis are as follows:

9 membrane stress 

e membrane and bending stress:

Pm < 0.7 Fu 

Pm + Pb < 1.05 Fu

where Fu is the minimum specified ultimate tensile strength of the material, Pm is the primary 
membran stress intensity under faulted condition loading, and Pb ist the primary bending stress 
intensity.  

In order to apply the stress limits to a non-linear stress distribution the actual stress distribution 

must be resolved into its membrane and bending components:

b .*(r, r)drP dr 
b-a a

where rm is the flywheel mean radius, a is the outer radius of the flywheel, b is the Inner radius of 

the flywheel and azz Is the circumferential stress.  

Substituting the circumferential stress term 

p3+V'C 2[b2+a2 a"_ l+3V r 
ad ct ra2l y 3+vr 

and carrying out the Integrals yields

P- =A, *02 pb =A2*co2

We reserve /Il d9hts in thWs document and In ihe anfonnato? ccntlned threin. Reproducton use or dsclosure to thlrd Fa14as without express 
aurhoglylssftricjtytoabidden. CASB Industfle AG 1996
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with

(3+v) 6p tl(1+3v'ib+ar l (i+3vjlai ba' l[+1(1+3v')I_a4 (1+3v'•1 

Rbaý 12 3+vJ) 2 L3k.3+v ) 2 L3\.3+VjjA 3~.+v 

This equations will now be compared with the faulted condition limits in order to calculate the 
critical fracture speed of the flywheel.

AI
S60o03 2i--

The calculations for both flywheel bore diameters are summarized in the following table: 

Critical fracture speeds of 
ductile fracture analysis 

input Variable Unit 0 790 mmr 0 750 mm 

Inner radius a mm 395 375 

Outer radius b mm 925 925 

Polsson's ratio v 0.3 0.3 

Measured tensile strength Fu N/mm2  863 863 

Output 

Primary membrane stress intensity A1  N/mrmz 0.0036032 0.0035145 

per omega 2  _ 

Primary bending stress intensity AP N/mm2 0.0008784 0.0010525 
per omega 2 

Critical fracture speed cl rad/s 409.46 414.59 
(membrane stress) 
Critical fracture speed O rad/s 449.65 445.43 
(membrane and bending stress)_ 

Critical fracture speed no, rpm 
(membrane stress) 

....... ..  

Critical fracture speed nez rpm 
(membrane and bending stress) _ _ ___ __ 

The minimum critical fracture speed due to ductile fracture analysis Is 3910 rpm. This Is 

than the predicted LOCA overspeed of 3697 rpm.

higher

We mwv all 1ghts In Wids dummt and 1n the Infmaon cowalnl d a therei. Repxdvdctlon. wes or dJscoszJr to Vhrd partes wfdhout exPress 
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APPENDIX A: SYSTEM OF UNITS 

System of Units 

To Convert to From Divide by 

Am. Unit Symbol SI Unit Symbol Am. Unit 

inch in millimetre mm 2.540E+01 

foot ft metre m 3.048E-01 

foot ft millimetre mm 3.048E+02 

foot2  sq ft metre2 M2 9.290E-02 

foot/second2  ft/s2 metrelsecond2  mls2  3.048E-01 

pound-mass lb kilogram kg 4.536E-01 

pound-force _bf Newton N 4.44B 

kilopound-force/inch2 ksi Newton/mlllimetre2  N/mm2_ 6.895 

kilopound-force Inch ksi in Newton/milllmetre N/mm 1.751E+02 

kilopound-force inch7'• ksl inlr2 [Newton/millimetre2 ] *[N/mmq*mm1• 3.475E+01 
millimetre112 

pound-force/foot2  psf Newton/millimetre 2  N/mm 2  4.800E-05 

foot pound-force ft Ibf Newton millimetre Nmm 1.356E.+03

0

We reser"e all d.qhs In this document and In the Wformatfon contat.ned thetek,. Repmductfon, use or dsctoure to fttild partes wihaul express 
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APPENDIX B: LIST OF SYMBOLS

List of Symbols 

Symbol SI-Unit Am. Unit Meaning 

a mm In Flywheel bore radius 

b mm in Outer flywheel radius 

c mm In Crack position radius 

d mm In Defect-Diameter 

n 1/min rpm Rotational speed 

no 11min rpm Critical fracture speed 

r mm In Radius 

A mm in2  Crack area 

E N/mm2  ksl Young's modulus 

Fu N/mm2  ksi Ultimate tensile strength 

G N/mm 2  ksi Shear modulus 

K[ IN/mm2]*mmltz ksi * in't 2  Stress intensity factor 

Kic [N/mmq*mml12  ksi* In12 Critical stress intensity factor 

Rm N/mm2  ksi Ultimate tensile strength 

Rpo2 N/mm2  ksl Yield strength 

cc ..... Stress rise factor 
• u ..... Poissonf s ratio 

corad/s rad/s Angul'ar velocity 

F- .... Coefficient of friction 

p kg/mm3 lb/InP Mass density 

OVon MIses N/mm2  ksi Von Mises stress 

ax, ayy, azz N/mm 2  ksi Main tensions 

T, r, 'ryz N/mm2 ksl Shear tensions

We reserve all lights In this document and In the Infonnatln contained theremn. Reproductlon, use ordisclosure to third partiss wthout express 
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APPENDIX D: CRACK GROWTH CALCULATION 

The fracture analysis is made with a material similar in strength to the flywheel material but with 
lower fracture toughness. This calculation showes that the critical crack size is not reached 
inside a range Qf 10000 cycles running up the motor from zero to overspeed. The calculation 
input and output is shown on the following two pages.  

We raaarve all dghts In trhs document and in &,a Informadon contained thereIn Repmduction. use or drsclosure to third peares wdiut express 

authotr/ is strictly k4rbdden. () ABS Indus tre AG 19,6
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BRUOHMECHANISCHE BEURTEILUNG VON ULTRASCHALL-ElNZELANZEIG EN 16-1 0-96 

Name der Anlage: Fort Calhoun 
Schmiedest~ck: Flywheel 

Bemerkung: sigma = tangential stress 
theoretical defect diameter 
single display 

Ersatzreflelctorgrbsse: 3.6 mm 
Anfangsrissldnge aO: 2.28 mm 
Anfangsrissl~nge cO: 5.69 mm 
Achsenverhaltnis e 0 = aO/cO: 0.40 
Max. zuldsslge Rissldnge cmax: 7.0 mm 

BELASTUNGSWERTE ZUFI ERMITTLUNG DES ERMCJDUNGSRISSWACHSTUMS: 
Spannungsschwingbreite Aa: 210 MPa 
Temperatur Terw: 20 c0 
Vorgegebene Lastspielzahl Nvor: 10000 
Ausgabeintervall Ndiff: 500 

BELASTUNGSWERTE ZUR BERECHNUNG DES SPRO5DBRUCHRISIKOS: 
Spannung a-o: 210 MPa 

* Temperatur Tc: 20 c0 

* MATERIALWERTE: 
Material: ST572 
Elastizitd.tsmodut bel 2000: 211000 MPa 
Elastizit~.tsmodul be! Terw = 2000: 211000 MPa 
Streckgrenze be! Terw = 2000: 700 MPa 
BruchzZ~higk~eit Kic bei Terw = 2000: 155.0 MPa4m 

Rissfortschrittsgesetz da 3.00 
b ei Terw = 2000: --- = 0.1 OE-1 0 *(AK/MPa'~m) *MILS.  

*dN 

Streckgrenze bei Tc = 2000: 700 MPa 
Bruchzaihigkeit Klc bei Tc = 2000: 155.0 MPa'lm

I



focai2l .dat

EVALUATION OF ULTRASONIC FLAW READINGS ACCORDING TO FRACTURE MECHANICS

Plant name 
Forged piece 

Comments 

Substitution for reflector size 
Crack length aO at begin 
Crack length cO at begin 
Aspect ratio EO = a0/co 
Allowed crack length

Fort Calhoun 
Flywheel 

Sigma = tangential stress 
Theoretical defect diameter 
Single display 

3.6 mm 
2.28 mm 
5.69 mm 
0.40 
7.0 mm

LOADS FOR DETERMINATION OF THE FATIGUE CRACK GROWTH 

Stress p-p value Aa 210 
Temperature Terw 20 
Given number of load cycles Nvor 10000 
Output interval for load cycles Ndiff 500 

LOADS FOR DETERMINATION OF THE BRITTLE FRACTURE RISC

Stress or
Temperaature Tc 

MATERIAL DATA

210 Mpa 
20 0C

Material name 
Modulus of elasticity at 20°C 
S.,odulus of elasticity at Terw = 20 0C 
Yield stress at Terw = 20*C 
Fracture toughness KIc at Terw = 20°C 

Crack growth rate at Terw = 20' 0 

Yield stress at To = 20°C 
Fracture toughness Kic at Tc = 20°C

ST572 
211000 
211000 
700 
155

Mpa 
Mpa 
MPa 
MPa4m

daldN = 0.1 OE-1 0*(AK/4MPa'4mY)3

700.  
155

MPa 
MPa.,m

RESULTS

given Table 

CALCULATION TERMINATED AFTER 52610 LOADCYCLES BECAUSE THE NEXT LOAD CYCLE 

VIOLATES THE REQUIREMENT c(N) < 0.7 * MIN.BORDER DISTANCE = 7.0 mm Mll

m/cycle

23.10.96



02/04/03 TUE 12:18 FAX 4025337291 NUC LIC PLN COST
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Alt nit D 9-10o-18 en 5,6 HTAM 622595

ERGEBNISSE-"

NI 
- r

""0 
5001 

10001 
15001 
20001 
25001 
30001 

35001 
40001 
45001 
50001 
55001 
"60001 
65001 
70001 
75001 
80001 
85001 
90001 
95001 

100001

a(N)! 
mm! 

2.2771 
2.2961 
2.3151 
2.334 I 
2.3531 
2,3721 
2.3921 
2.4121 
2.4311 
2.451 1 
2.471 1 
2.4921 
2.5121 
2.5331 
2.5531 
2.5741 
2.595 I 
2.6171 
2.638 1 
2.659 I 
2.681 1

526101 5.1491

c(N) IYa(N) IYc(N) ISAK(N)I
mm - I
-- 4 
5.6921 
5.6971 
5.7021 
5.7071 
5.7121 
5.7171 
5.7221 
5.7281 
5.7331 
5.7391 
5.7441 
5.750 
5.7561 
5.7621 
5.7681 
5.7741 
5.7801 
5.7871 
5.793 1 
5.8001 
5.8D71

-t-- I
1.551 0.621 
1.551 0.621 
1.55! 0.63I 
1.541 0.631 
1.54 1" 0.63 1 
1.541 0.641 
1.541 0.641 
1.531 0.651 
1.531 0.651 
1.531 0.651 
1.531 0.661 
1.521 0.661 
1.521 0.661 
1.521 0.671 
1.521 0.671 
1.511 0.671 
1.511 0.681 
1.511 0.681 
1.511 0.691 
1.501 0.691 
1.50, 0.691

7.0001 1.301 0.951

ac(N) I Sa(N)
- I - 1 mm) -

9.98! 
9.96 1 
9-931 
9.901 
9.88 I 
9.851 
9.83 I 
9.80 I 
9.78 I 
9.76 1 
9.73 1 
9.71 1 
9.68 1 
9.66 I 
9.64 I 
9.61 1 
9.59 1 
9.5711 
9.54 I 
9.52 I 
9.501 

0.74 i

226.83 1 
227.521 
228.21 1 
228.921 
229.631 
230.351 
231.071 
231.801 
232.541 
233.28 i 
234.03 I 
234.79 1 
235.551 
236.321 
237.101 
237.881 
238.661 
239.461 
240.261 
241.071 
241.881

99.52 
99.11 
98.60 
98.09 
97.59 
97.10 
96.61 
96.12 
95.64 
95.17 
94.69 
94.23 
93.76 
93.31 
92.85 
92.40 
91.96 
91.52 
91.08 
90.65 
90.22

324.16 1 62.95

ABBRUCH DER BERECHNUNG NACH 52610 LASTSPIELEN, DA BEIM NACHSTEN LASTSPIEL 
DIE BEDINGUNG c(N) <0.7* MIN. RANDABSTAND = 7.0MM VERLETZTW1RD !!!

d] 003

. m• =- -m

I0 *.-.

• .•

n .." "



JUW 2 'le 18:54 FROM ABS AC MOTORS/DRIUES TO ABB DRUS AG BIRR PAGE.OOS/006

PRODUCTION ENGINEERING DMVISION 
QUALITY PROCEDURE FORM 

REVIEWER'S CHECKLIST COMPUTE'RCMLQ ULATIONS 
Tlytib.e, J6rej,,. f,,PAly.riS HT7"/ 6 52 

• , "- 1479MA NU2MSR.9 
AB'S IsI#Jce-'i'. CAC(;VWO..14 CALO NUMBER:

'ED-QP-3.6 
R4

"TOTDL p. _6 
482 PS.. W 

** TOTAL PAGE.026 **JU.. 82 '96 12:a7

*

* 

*

Yez No N/A 

I Does the computerrun have titMe, date and page number and 
alphanumeric program number on every sheet? x 

2. Is the listing of computer input provided?x 

3. Is the machine generated program name and version on each run or is 
indicated in the calculaton? 

4. Is the identlicatiori number (Ref. PED-MEI-23, Section 5.3.1) on the 
cover sheet as part oF the calcul.ton's description.  

NOTE: Only applies to DEN MechankI and ElectricaVl.&C 
Departments.  

6. Is the computersaft, re validated and ve•fred? 

IF NO: 
5.a Is the computer code developed for one-time-use on a programmable 

calculator or micmcomputer.  

5.b If yes, has a functonal descripon of the program. identification of the 
.i=quatfons, identification of the code (title, revision, manufacturer), 
identification of the software and brief usere instructions been 
provided in the calculon? 

6. If the computer software has been ,oaded on an in-house computer, 
have the changes made by OPPD been properly reviewed (verified 
and validated) for their impact on the accuracy of the code and have 
been found satisfactory, or is the in-house computer software 
validated? 

7. Is the computer program appropriate to do the nended calculation? - ( 

8. Was an alternate calculation or model utilized to verify resub? If so.  
is it attached to this calculation? 

9. Is the-modeling correct in terms of geometry input and Initial 

conditions? 

10. Are the results reasonable when compared to the inputs? 

Reviewer Comments: 

Reviewer Date
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Supplement I 

This report is a supplement to the report HTAM 622595 from 96-01-20.  

Occasion 

After delivery of the flywheel it was recognized, that the shrink fit diameter of the flywheel 0 A 
was not inside the range of specification. (see Att. 1)

Additional FE-calculations were made to check, if the manufactored shrink fit can be accepted.  

Stress Calculation

The calculation with maximum shrink fit showed 
former calculations (see Att. 2):

the following stresses as compared to the

former calculation new calculation 
Calculated Von Admissible Calculated Von Admissible 

Mises Stress Stress Mises Stress Stress 
Synchronous 
speed 192.0 N/mmn 195 N/mm2 208.5 N/mm2 245 N/mM2 

(1200 rpm) 
Test 
overspeed 196.3 N/mm2  390 N/mm2  210.6 N/mm 2  490 N/mm2 

(1500 rpm) 

Admissible Stresses 

The admissible stress of the former calculation was calculated based on the specified yield 
strength of 585 N/mm2 [ 85 ksi ]. The yield strength as measured by the purchaser (see Att. 3) 
is given with 735 N/mm 2 [ 106.6 ksi ]. That is why the admissible stress in the flywheel can be 
raised 

"* from 195 N/mm 2 to 245 N/mm 2 for normal operating speed 
"* from 390 N/mm 2 to 490 N/mm 2 for test overspeed 
"* from 526 N/mm 2 to 661 N/mm2 for synchronous speed with OBE or DBE

We reserve all tights In this document and In the Information contained therein. ReproductIon, use or disckrsure to third parfes without express 
authorityIsstrictlyforbIdden. C ASB Industrie AG 1996
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Transmissible Torque 

The calculation showed the following transmissible torques as compared to the former 
calculations: 

Transmissible torque Former New Rated motor New 
Calculations Calculations torque Safty 

minimum real margin 

transmissible transmissible 
torque torque Nmm 

Nmm (ft lbf) Nmm (ft lbf) (ft lbf) 

Synchronous speed (1200 rpm) 7.936E+08 8.098E+08 2.166E+07 37.4 

A( 5.853E+05) (5.972E+05) (1.597E+04) 

Test overspeed (1500 rpm) 2.547E+08 5.627E+08 2.166E+07 26.0 

(1.878E+05) (4.149E+05) (1.597E+04) 

Conclusion 

Compared to the former calculation the maximum Von Mises stress is about 15 N/mm2 higher.  
The admissible stress has increased for about 50 N/mm2 for 1200 rpm and for about 100 N/mm2 

for 1500 rpm due to the higher yield point of the manufactured material. The recalculated 
stresses are well acceptable and there is even a higher safety margin. The transmissible torque 
of the manufactured shrink fit is also higher than the minimum transmissible torque calculated in 
the former report.  

The stresses due to seismic load are superposed to the stresses at normal operating speed.  
- This means that all seismic stresses will be raised for the same amount of about 17 N/mm2 . This 

results in a calculated Von Mises stresses of about 218 N/mm2 for synchronous speed and OBE 
and 221 N/mm2 for synchronous speed and DBE. The admissible stress for these cases is 661 
N/mm2. The recalculated stresses are well acceptable.  

Final result 

The stresses in the flywheel calculated with the given dimensions and material properties are 
admissible for all load cases prescribed and in all these cases the flywheel will maintain ist 
structural integrity.

We reserve at/rights In this document and in the 1nfotmaffon contained therein. Repmductlon, use or dlsclosure to third parties without express 
authoritylsstrict/yforbidden. OABB Industrie AG 1996
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Attachment 1:Inspection Protocol 

The inspection protocols are displayed on the following three pages.  

We reserve aff rights In this document and In the Information contaned therein. Reproduction, use or disclosure to third parties without express 
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Attachment 2: Calculations 

The results of the FE-calculation is shown on the following four pages. These plots are 
comparable to Fig. 6, Fig. 7, Fig. 10 and Fig. 11 in the former report.

We reserve all lights &n rhis document and In the Information contained therein. Reproduction. use or disclosure to thfrd parties without express 
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Attachment 3: Material Specification 

The material specification by SIDENOR is given on the following page.
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Page4.'f..?A
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Tel. No.: 
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Subject: Flywheel 

Dewr Mr. Rodziguez, 

Final Inspectioni 
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