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ABSTRACT

This document surmarizes the we k performed by Pacific Northwest Labora-
tory (PNL) from January 1 through March 31, 1521, for the Division of Reactor
Safety Research within the U.S. Nuclear Regulatory Commission (NRC). Evalua-
tions of nondestructive examination (NDE) technigues and instrumentation are
reported; areas of investigation include demonstrating the feasibility of
determining the strength of structural graphite, evialuating the feasibility of
detecting and analyzing flaw growth in reactor pressure boundary systems, exam-
ining NDE reliability and probabilistic fracture mechanics, and assessing the
integrity of pressurized water reactor (PWR) steam generator tubes where
service-induced degradation has been indicated. Experimental data and ana-
lytical models are being provided to aid in decision-making rejarding pipe-
to-pipe impacts following postulated breaks in high-energy fluid system piping.
Core thermal models are being ueveloped to provide better digital codes to com-
pute the behavior of full-scale reactor systems under postulated accident con-
ditions. Fuel assemblies and analytical support are being provided for
experimental programs at other facilities. These programs include loss-of-
coolant accident (LOCA) simulation tests at the NRU reactor, Chalk River,
Canada; fuel rod deformation, severe fuel datuuge, and postaccident coolability
tests for the ESSOR reactor Super Sara Test Program, Ispra, Italy; the instru-
mented fuel assembly irradiation program at Halden, Norway; and experimental
programs at the Power Burst Facility, Idaho National Engineering Laboratory
(INEL). These programs will provide data for computer modeling of reactor sys-
tem and fuel performance during various abnormal operating conditions.
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TABLE 1. Elemental Composition of Graphite Ash in Atomic Percent

Total
Sample Ash, ppm Si Ca Ba Fe Sn P K Al S Ti Na
2020 970 18.5 18.8 1.0 - 0Q.} 2.8 1.3 1.3 0.8 0.3
S1090 1030 9.4 15.4 0.4 - 0.1 1.0 0.8 - 1l4.6 - -
PGX 3820 1.1 6.6 0.5 3.0 0.1 0.6 2.4 23.0 5.7 0.9 1.2
ATJ 880 13.3 23.6 1.5 - 0.1 2.4 0.8 - 0.8 - -
P3W 2410 33.5. %8. 0.2 2.7:-01 6.8 0.9 - - - -

FUTURE WORK

EDDY CURRENT TESTING

e complete development of the profiling algorithm
e test the algorithm using large oxidized samples.

ULTRASONIC TESTING

e combine new sensors with ultrasonic waveform averaging instrumenta-
tion to obtain backscatter measurements

e evaluate the ability of ultrasonic backscattering to accurately quan-
tify graphite oxidation.
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SUMMARY

Fabrication of the A533B insert for the ZB-1 German vessel test is about
50% completed and is no longer a critical path item. Testing of the degraded
KSO7 steel that will be inserted in the ZB-1 vessel shows that the acoustic
noise under cyclic load is significant but not prohibitive for effective moni-
toring of ihe A5338 insert. An acoustic emission (AE) sensor location diagram
has been supplied to Materialprufungsanstalt (MPA), Stuttgart, West Germany,
for incorporation in the overall ZB-1 vessel insirumentation plan; and elec-
tronic simulation of reactor background noise fiom inside the ZB-1 vessel is
being investigated.

A planning mecting for installing an AE system on the Watts Bar, Unit 1
reactor was held with the Tennessee Valley Authority (TVA). A detailed instal-
lation plan is in process.

A differential wave-guide sensor/preamplifier combination has been tested
and can f.nction up to 250°F, which should be adequate for reactor moni-
toring.

The AE system for monitoring the German ZB-1 vessel test and for reactor
monitoring was assembled; system testing has begun.

(a) RSR FIN Budget No.: B2088; RSR Contact: J. Muscara.







machining of the insert to shape from material supplied by PNL has been com-
pleted. One outside and two inside flaws still have to be machined and fatigue
precracked. The AS533B insert is no longer a critical path item for vessel
preparation since fabrication work on the ZB-1 vessel has been delayed awaiting
Bundesministerium fuer Forschung und Technologie (BMFT) authorization.

A 30-3/4 x 6 x 4 in. sample of the intentionally degraded German KSO7
steel insert for the ZB-1 vessel was obtained from MPA for AE characterization
tests. The sample was cut into three subplates: two were 30-3/4 x 6 x 1 in.
and the third was 30-3/4 x 6 x 1.6 in. Figure 1 shows a scale drawing of the
top and bottom surfaces of subplate KSO7 CBCABBB. The dotted lines in the
drawing outline the plate tension test specimen that was machined from the sub-
plate. The central portion of the plate was heavily cracked, but the last
5-1/2 in. on each end showed a much lower defect density. The plate tension
specimen in Figure 1 was approximately 1 in. thick by 2.5 in. wide in the gage
section region. Two size 2T compact tension specimens were machined from the
low-defect ends of the other l-in. thick subplate to study the AE response of
the KSO7 material when only one macroscopic crack is present. The last sub-
plate was machined to a 1.5 in. thickness for later testing.

The plate tension specimen was tested in tension-tension fatigue loading
at a frequency of 10 cpm, an R-ratio of 0.1, and in room Lemperature laboratory
air. A three-sensor AE system (one sensor at each end and one in the middle of
the test section) was used to monitor the specimen. With this arrangement, the
test section could be divided into two isolation zcnes. Since the objective of
the test was to investigate the amount of acoustic output from the cracks under
cyclic load, no effort was made to focus on a s‘ngle crack. In practice, only
one-half of the section could be monitored because signals would not propagate
the full length of the section effectively due to the abundance of cracks. The
area that was monitored contained the crack that caused specimen failure.

Using the AE test results for fatigue cycling over the nominal gross
stress range of 7.47 ksi and allowing for volumetric considerations, the pre-
dicted event rate for the KSO7 vessel insert would be about 13 events/sec.
Although tnis would represent an interference with monitoring the A533B insert,
it does not appear prohibitive. Source location/source isolation should allow
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FIGURE 1. Test Specimen - KSO7 Degraded Stee!

separating the acoustic signals from the KSO7 insert and that data rate would
not saturate tne AE monitor system. MPA is also considering using a less seri-

ously degraded material for the insert.

Sensor location diagrams for AE monitoring of the ZB-1 vessel have been
supplied to MPA (see Figures 2 and 3) and will be used to prepare an instrumen-
tation plan that will include tne needs of all test participantc,

Electronic simulation of reactor background noise 'sing transducers on the
inside of the vessel is being investigated. [f the appropriate noise spectrum
can be achieved at the outer surface of the vessel, it will provide a less
costly and more controllable means of simulating reactor roise.

REACTOR MONITORING

Agreement has been reached with TVA to install an AE system on the Watts
Bar, Unit 1 reactor by September 1981. PNL and U.S. Nuclear Regulatory
Commission (NRC) personnel visited the site on January 20-22, 1981, to make
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100-kHz bands from 200 to 800 kHz. Thus, a total of 20 features are currently
being used. These weights resulted in the classification matrix shown below:

COMPUTED CLASS

1 | 2
T ¢ 1 213 l 16
R L 93.0% 7.0%
LU A
E S 5 53 l 217
S 19.6% 80.4%

where class 1 1s valid AE and class 2 is noise from all sources. The sof tware
15 now in place on the PDP 11/03; data can » ‘transferred from the D/E 1032
system data files to the 11/03, waveform tapes and data files can be processed,

or waveform tapes alone can be processed. A user's manual has been written for
this software.

A signal identification or numbering method is yet to be installed
although it has been designed, and selection of a graphics output is yet to be
completed. These items do not preclude performance testing of the system,
which has begun and includes:

e testing system operation .n 110-V, 50-Hz power

® introducing signals into the system from tape to verify that the sub-
systems function as an integrated system

e installing the system on a cylindrical vessel where AE signals as
well as artificial signals can be generated to verify system perfor-
mance.

DEMONSTRATION OF WELD MONITORING USING AE

The weld flaw AE detection/analysis system developed by GARD, Inc., for
NRC has veen Lemonstrated to the German technical ccmmunity under the auspices
of this program. The test was performed the week of February 16 at Oberhausen,
West Germany. Initial results indicate that the demonstration was very suc-
cassful; 16 flaws (small cracks, large cracks, porosity, and slag inclusions)
were induced in the submerged arc weld, which was 1350 mm long by 250 mm thick.
The material was German KS15 pressure vessel steel. The AE system apparently
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detected and correctly classified all crack and slag inclusion flaws; porosity
was detected, but classification was not as consistent as with the other flaus.

The total weld will be inspected by ~adiography and ultrasonic methods for
comparison of flaw indications with AE results. A section of the weld about
300 mm long will be destructively examined at MPA for pecsitive determination of
flaw description and location. Evaluation of this portion of the test is
expected to be completed by the ~nd of June 1981. The balance of the weld
(approximately 1000 mm) will become one of the specimens to be examined under
the PISC II Program. Results from this program will not be available for two
to three years.

HEAVY SECTION STEEL TECHNOLOGY (HSST) IRRADIATED FRACTURE SPECIMENS

Fracture testing of unirradiated and irradiated weld specimens under the
HSST program provides a rare opportunity to gain i:isight on the effect of irra-
diation on AE during crack growth. Testing of a dummy specimen at NRL has been
AE monitored to verify the technique and identify problems. This test showed
that the basic technique was satisfactory; however, there is a severe transient
noise problem associated with the test facility. Modification of the monitor
system to use differential sensors alleviated the problem sinificantly.

The first irradiated 4T specimen test (61-W) was conducted on February 22,
1981, and produced the AE results shown in Figure 4. Although some problems
were experienced with the differential preamplifiers used on this test, the AE
data show reasonable consistency with crazck growth. A more thorough analysis
will be done to relate AE to fracture mechanics parameters.

Current plans are to monitor a minimum of two more 4T irradiated speci-
mens and companion unirradiated specimens.

REPORTS

e quarterly progress report for the period October l1-December 31, 1980
e midyear review report - February 25, 198l.
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FUTURE WORK

Plans for the period from April 1 to June 30, 1981, are to:

complete the vessel test plan and hold a test planning meeting with
MPA, Stuttgart

complete the Watts B2 , Unit 1 AE instrumentation plan and review it
with TVA

continue monitoring HSST irradiated fracture test specimens
comp!~te testing of AE monitor system

complete first-phase evaluation of AE/weld monitor demonstration

results,
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INTEGRATION OF NONDESTRUCTIVE EXAMIN?T§ON
RELIABILITY AND FRACTURE MECHANICS!a

F. L. Becker, Program Manager
S. H. Bush, Pri lect Manager
F. A. Simonen, Py ject Manager

S. R. Doctor
G. B. Dudder
P. G. Heasler
G, P. Selby

SUMMAR Y

Principal accomplishments during the past quarter have included a fracture
mechanics evaluation of the influence of vibrational stresses, completion and
evaluation of 90% of the crack samples required for the round robin, and com-
pletion of several instrument evaluation tasks. A1l of the crack samples
required for the upcoming round robin have been completed with the exception of
the smallest flaw sizes for the intergranular stress corrosion cracks (IGSCC).

INTRODUCTION

The primary piping systems of nuclear power plants are inspected in-
service according to the rules of the ASME Boiler and Pressure Vessel Code,
Section XI (Rules for In-Service Inspection of Nuclear Power Plant Components).
Ultrasonic techniques are normally used for these inspections, which are peri-
odically performed on a sampling of pipe joints,

The Integration of Nondestructive Examination (NDE) Reliability and Frac-
ture Mechanics Frogram at Pacific Northwest Laboratory (PNL) has been estab-
lished to determine the reliability of current in-service inspection (ISI)
techniques and to develop recommendations that will assure a suitably high
inspection reliability. The objectives of this program are to:

(a) RSR FIN Budget No.: 82289-0; RSR Contact: J. Muscara.
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® determine the reliability of ultrasonic 1SI performed on commercial
'ight water reactor (LWR) primary piping systems

® using fracture mechanics analysis, determine the impact of NDE unre-
liability on system safety and determine the level of inspection
reliability required to assure a suitably low failure probability

e evaluate the egree of reliability improvement that could be achieved
using improved and advanced NDE techniques

e based on material, service, and NDE uncertainties, formulate recom-
mended revisions to ASME Code, Section XI, and Regulatory Require-
ments needed to assure suitably low failure probahilities.

The scope of this program is limited to ISI of primary piping systems, and
the results and recommendations are also applicable to Class II piping systems.
Programs currently in progress concerning inspection reliability of pressure
vessels are also being monitored and evaluated.

TECHNICAL PROGRESS

“he progress and accomplishments of the past quarter are descrihed below
by task.

TASK 4 - FRACTURE MECHANICS: EVALUATION OF VIBRATIONAL STRESSES ON PIPING
INTEGRITY

The presence of even relatively low levels of vibrational stresses can
have potentially serious consequences on piping integrity. Resuits of the
Battelle Columbus Laboratories (BCL) cold leg integrity study were in many
respects governed by vibrational stress levels.(l In the BCL work a vibra-
tional stress of 1.0 ksi at 1000 cycles per minute (cpm) was assumed to be
present in all cases. Study of their crack growth rate predictions suggests
that vibrational stresses have an "all or nothing" type of effect. Once an
inside diameter (ID) surface defect grew to a critical depth (this growth being
due to other loading transients), the vibrational stress resulted in a very
rapid failure of the pipe at the location of concern. The analysis described

18




helow is an attampt to explain the results of the BCL study and to develop an
alternate method of treating crack growth due to vibrational stresses.

Lacking d.%a from the reactor system vendors, BCL assumed the 1.0-ksi
cyclic stress at 1000 cpm. Subsequent comments from vendors have indicated
that although such a stress may not be a common occurrence it is not an unre-
alistic condition corresponding, for example, to operation of a pump with a bad
hearing. Another questionable aspect of the BCL work is the treatment of
fatigue crack growth (FCG) in the low aK regime and possible errors in the
treatment of threshold aK crack growth behavior.

Frequencies and Growth Rates of Interest

It is of interest to consider the implications of BCL's 10ud-cpm vibra-
tiona) stress frequency and crack growth rate of 10°8 in./cycle (ferritic
cteal) at the threshold aK values of 2.58 ksi ¥in. The time to grow a crack a
significant increment in the wall of a primary coolant pip2 (e.g., 2.5 in.
thick) can be estimated  for example, the time for a 1.0-in. increment in crack
growth at 1000 cpm and 1078 in./cycle is

' 1 1.0 in. 1
Time < :s ® X 1000 cpm
~ da7dW (7) 10°° in./cycle g
Time < 10S min (2.3 months)

This clearly shows that the BCL calculations by the nature of their assumptions
will predict rapid failure hy vibration once the fatigue threshold is exceeded.

It is also of interest to estahlish other combinations of vibrational fre-
quencies and threshold crack growth rates that will lead to rapid pipe failure.
Rapid failure is viewed as failure in a time period that is brief relative to
the ASME Section XI 10-yr inspection interval. Table 1 shows the time to grow
a crack 1.0 in. for frequenciié ranging from 100 to 10,000 cpm (1.7 to 1700 Hz)
" to 107

and crack growth rates of 10 in./cycle.
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TABLE 1. Assessment of Crack Growth Rates and Vibrational Frequencies

Zrack Growth Rate, Time to Grow 1.0-in. Crark, yr
in./cycle IUUf§EE“'——TJﬂﬂT?ﬁii"‘fzggqggfgﬁﬁ
10719 200.0 20.0 2.9
107? 20.0 2.0 9.2
1078 2.0 0.2 0.02
1077 0.2 0.02 0.002
107% 0.02 0.002 0.0002

" ole 1 indicates that crack growth rates much below 10'9 in./cycle are
unlikely to lead to significant crack growth. Thus, in developing FCG data one
needs to establish the minimum 2K required to grow a crack at a rate of say
10°? to 1078 in./cycle and treat this value as a threshold 4K, even thoug: it
may not truly be a threshold. Vibrations at low frequencies (100 cpm or about
2 Hz) can quickly give a sufficient number of stress cycles zo result in fail-
ure in a time period less than the ASME ISI interval (see Tanle 1).

Lrack Growth Data

To apply a "critical flaw" size concept for failure due to vibrational
stresses in piping it is first necessary to establish crack growth rates at low
propagation rates and low aK levels. An extensive search for such data on fer-

ritic ana stainless steels was performed hy BCL.(I)

A similar compilation was
made for stainless steel (SS) data by Lawrence Livermore Laboratory (LLL).(Z)
and another recent compilation of data on piping steels has been published by
the Naval Research Laboratory (NRL).(3) However, none of the data in Ref-
erence 3 would increase the upper bounds on the crack growth rates shown in

Figures 1 through 3.

As is made quite clear in the NRL report, the crack growth rates and
fatigue threshold behavior a ‘e governed by such factors as environment, cycling
rates, waveform, and mean stress level (R-ratio). Much of the data displayed
in Figures 1 through 3 was selected to reflect upper bound crack growth rate
behavior. In the calculations described below, critical crack sizes will be

20
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estimated on the hasis of these upper bound curves. It should be recognized
that on most occasions the proper conditions will not be present in a flawed
pipe to give rise to the upper bound growth rates. Nevertheless, the estimates
will be bhased on real data--that is, crack arowth rates that have actually been
measured and reported in the literature. Attempts to extrapolate behavior

br rond actual data will be avolded.
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It can be seen from the data of Figures 1 through 3 that measurable crack
growth rates in the lO'8 in./cycle range can in fact occur at a aK of abcut
2.58 ksi ¥in. in ferritic steels and at 5 ksi Vin. in stainless steel.

The crack growth rates in the high aK range ‘say, greater than 20 ksi
Vin.) are outside the range of interest for vibrational f_..igue. Nevertheless,
we wish to note concerns related to the curves of Figures 2 and 3. In particu-
lar, the BCL data upper bound line lies above the actual data in this range and
is also above the median line of the LLL data shown in Figure 3. A review of
calculations in Reference i for the Wectinghouse Farley plant showed that as a
consequence of the large assumed initial flaws for stainless piping (a/t =
50%), the predicted crack growth was dominated by aK values in excess of 20 ksi
¥in. The crack growth rates of the BCL curve: in this aK range were about a
factor of 30 greater than corresponding experinental data. It is recommended
that revisions to the BCL calculations for SS piping be considered.

Critical Flaw Size Estimates

A flaw will be defined to be of a critical size in this discussion if it
can grow through the wall of the pipe in a time that would be considered small
when compared to the inspection interval; a flaw is somewhat arbitrarily
defined as critical if its growth rate under vibrational stress attains a mag-
nitude of da/dt > 1.0 in./yr. In the evaluations below, a pipe wall thickness
of 2.5 in. is taken as typical of a PWR primary cooling loop; thus, the crite-
rion of 1.0 in./yr implies a year or less before an ID surface flaw becomes a
through-wall crack.

A number of calculations have been performed using the FCG rates of Fig-
ures 1 and 2. The effects of vibrational frequency, ferritic versus stainless
steel, threshold aK, and flaw aspect ratic have been considered.

Surface defects were assumed to be elliptical with the specific aspect
ratios of a/2c = 0.1 and 0.5. The state of stress through the pipe wall was
taken to be uniform, which could approximate stresses for internal pressure or
bending moment loads to the pipe. Back surface effects as a function of a/t
were included in calculations of crack tip stress intensity factors. No plas-
tic zone size effects were considered.




Frequency Effect

Figure 4 shows the critical depths for surface flaws that will give a
1.C in./yr growth rate in a ferritic steel pipe as a function of cycle stress
level at various frequencies. The upper bound crack growth curve of Figure 1
was applied with the threshold aK of 2.6 ksi Vin. Once the frequency exceeds
120 cpm, there are a sufficient number of cycles accumulated in 1 year at the
threshold growth rate of 1.58 x 10'8 in./cycle to grow the crack the required
1l in./yr. At relatively low frequencies, the stress must be increased somewhat
to give a sufficient growth per cycle for 1.0 in. of growth u year. Since
vitration frequencies will usually exceed 120 cpm, it appears that they do not
govern critical flaw size estimates. Rather, when any flaw growth occurs under
vibration stress, the number of cycles is so large that the flaw will grow at a

rapid rate.
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Aspect Ratio Effect

rigure 5 shows the effect of flaw aspect ratio with a/2¢ first being a
ieng surface flaw and then being the case of a half-penny surface flaw. These
results were selected to correspond to the BCL analysis of the 5t. Lucie cold
leg. In the BCL study a ac of 1.0 ksi was assumed, for which the critical flaw
depths of Figure 5 for vibrational stress are 1.2 in. for a/2c = 0.1 and
2.25 in. for a/2c = 0.5. This compares favorably with the BCL results, which
indicated rapid growth of the a/2c = 0.1 flaw once a depth of about 1 in. was
attained (Fiaure 8-1c of Reference 1).

Effect of Threshold Behavior

BCL calculations were based on crack growth data at low cyclic stresses,
which indicated a threshold-type behavior at aK = 2.6 ksi Vin. Figure 6 shows

f > 120 cpm
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FIGURE 5. Effect of Aspect Ratio of ID Surf . Flaw on Critical
Flaw Size for Vibrational Stresse.
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FIGURE 6. Effect of Threshold aK Behavior on Critical Flaw
Size for Vibrational Stress

predicted critical flaw sizes for other possible threshold crack growth levels.
The crack growth zurve was in each case the same as in Figur2 1, except for the
aK corresponding to the vertical segment of the curve at low aK. Based on
available data, the BCL curve is clearly a reasonable upper bound representa-
tion of a threshold behavior. Nevertheless, the critical flaw depths are also
clearly affected by the exact value of the threshold aX used in the calcula-
tions. It should also be noted that 8Ky < 1.8 ksi Vin. corresponds to a
growth rate sufficiently slow that 1 in. of growth does not accumulate (at a
1000-cpm frequency) in 1 year (see Figure 6).

| Stainless Versus Ferritic Steel

Figure 7 shows results for stainesc steel based on the crack growth rate
data of Figures 2 and 3. Stainless steel appears to be affected by vibrational
stresses (iarger critical flaw depths) when compared to ferritic steels. While ‘
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BCL's estimate of the threshold aK for stainless is slightly lower than for
ferritic steels, the much slower growth rates at the threshold results in
larger critical flaw sizes. This trend is reflected in BCL results for the
Farley SS piping in which vibration plays a less dominant role than for fer-
ritic piping.(l) In Figure 7, results for a threshold aK of 5 ksi Vin. are
also shown. The data of Figure 3 computed by LLL suggest a 5 ksi ¥in. thresh-
old, rather than BCL's 2.5 ksi ¥in. value. The CCL estimate was based on
extrapolation of a curve to an arbitrarily low crack growth rate rather than a
threshold behavior indicated by actual data.

Conclusions

The effects of vibrational stresses on flaw growth in piping can be
treated as a critical flaw size effect. Critical flaw sizes are primarily a

28




function of the vibrational stress level and the threshold crack growth behav-
ior of the piping material. Vibrational frequency is a relatively unimportant
factor.

The critical flaw size trzatment allows decoupling of predictions of crack
growth due to vibration from growth due to reactor operating transients, The
upcoming BCL cold leg calculations can be performed only for operating tran-
sients, and consequences of various assumed vibration conditions can be clearly
delineated.

The fatique crack threshold behavior for ferritic steels used in the BCL
study appears reasonable (not overly conservative); furthermore, it is sup-
ported by actual lahoratory data. However, the BCL threshold behavior for
stainless steel is somewhat conservative when compared with available data. In
addition, the BCL-extrapolated curve for stainless steel at high AK (greater
that 20 ksi ¥in.) is quite conservative when compared with available data in
this AK range. The predicted crack growth rates and lives of defected SS pipe
(Farley cold leg) have been found to be significantly affected by this

conservatism.,

TASK 6 - SAMPLE FABRICATION

Sample fabrication of 33-in. clad ferritic, 32-in. cast stainless steel,
and 10-in. Schedule 80S SS pipe samples with thermal fatigue cracks for the
round robin was sompleted, Fabrication of IGSCC in 10-in. Schedule 80 pipe is
75% complete. IGSCC flaws in the range of 20 to 40% have been fabricated;
flaws of approximately 10% depth are reguired to complete the test matrix.
Fabricati.n of these flaws is in progress.

TASK 7 - MEASUREMENT AND EVALUATION

The major effort of the past quarter, characterization of pipe crack sam-
ples to be used in the round robin, is largely complete for all samples with
the exception of the IGSCC specimens, which are still in fabrication. Measure-
ments currently in progress are indicating the unlikelihood of detecting flaws
in or near austenitic SS pipe welds when inspecting from the far side of the
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weld. The instrument and search unit characterization system that will evalu-
ite systems used in the round robin is approximately 90% complete.

Sample Characterization

In order to implement the proper statistical mix of inspection types
during the round robin, the depth category of each crack must be known ahead of
time. A great deal of effort has gone into the sizing of the cracks. Because
no single flaw sizing technique was found to be effective for all cases, a com-
bination of techniques (ultrasonics and electrical resistance) was used to
achieve a hi her degree of confidence in the actual flaw sizes. Very few
actual data are presented here so that round robin participants do not gan
foreknowledge of the samples they will be inspecting,

Crack depth measurement is complete for the clad ferritic, cast stainless,
and 10-in. Schedule 80S thermal fatigue samples.  They have been satisfactorily
broken down into distinct size categories for [ eparation of round robin
inspection schedules.

To date, four pipe samples have been cracked by IGSCC. Although these
samples have not yet reached their final form (the crowns are being removed),

reliminary data taken at a long metal path indicate that the cracks are from
20 to 40% trrough-wall,

Through-Weld Inspection of 10-in. Schedule 80S SS Pipe

Several electric discharge machined (EDM) notches were fabricated in the
ID weld rz2gion of two 10-in. Schedule 80S SS pipes to aid in efforts to size
thermal fatigue cracks as well as to measure sensitivity loss due to attenua-
tion anc beam diversion by the weld grain structure.

Although this experimen* has just bequn, significant data have been tiken
using a broad band 2.25-MHz pulse echo transducer at 45° and 60° shear wave
angles. The reflectors used were a set of eight EDM notches 0.12 in. deep (25%
through-wall) and 0.6 in. long that were located on the pipe ID at varying
axial positions in the root and counterbore regions.
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With the 45° shear beam, most of these notches respond with signals above
DAC (repcrtable) when inspected from the near side. From the far side of the
weld, only those in or adjacent to the root could be detected. Notches further
away from the root (for example, in the far side counterbore region) were lost
in root geometry indications. Their response amplitudes, if the notch signals
could be singled out, would be at least 20 dB below DAC.

Near-side inspection with the 60° shear beam produced signals from 7 to
14 dB above DAC. All were detectable from the far side but much attenuated.
The amplitude loss, which increased with notch distance from the weld root,
ranged from 7 to 21 dB8, Even so, those notches within 0.150-in. of the root
edge produced recordable signals.

The relative success of 60° shear waves as opposed to 45° waves can be
understood if the characteristics of the weld and the location of the reflec-
tors are considered. The weld is a single vee-open butt with a preparation
angle of 379, The first three passes were applied by the gas tngsten arc
(GTAW or TIG) technique with the remainder done by the shielded metal arc weld
(SMAW) method., The TIG root passes on the lower 25% of the weld are fine
grained with little or no dendritic structure while the SMAW passes exhibit
pronounced dendritic structure. For the reflectors listed above, the more
oblique 60° wave passes through less of the dendritic SMAW portion of the weld
than does the 45° wave. For the reflectors nearest the root, the 60° beam
passes through only the TIG portion of the weld. In addition, the 1977 ASME
calibration reflector (end-mill notch) causes the 60° inspection to be 1nher-
ently more sensitive because of the loss of signal strength due to mode
conversion at the notch face.

This experiment will be repeated with other search units and beam angles,
including such large grain penetrators as a5° longitudinal waves and low-
frequency dual probes. It will indicate how well this type of inspection is
currently being done and how it may be improved chruugh Code wodification.

Instrument and Search Unit Characterization

Systems techniques and computer program: for the characterization of
ultrasonic pulsers, receivers, and searcn unit frequency and bandwidth have
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beern completed. The system for measuring ultrasonic beam profiles of angle
beam search units is completed and is currently being evaluated.

TASK 8 - ROUND ROBIN PREPARATION

Final preparations for the round robin are in progress. The tests are

scheduled to * ~in in early May, barring any unforeseen delays in sample prepa-
ration and documentation.

FUTURE WORK

The major objective of the coming quarter is completion of the prepara-
tions for the ~ound robin and initiation of testing.

REFERENCES
1. Mayfield, M. E., et al. February 1980. Cold Leg Integrit Evaluation
Final Report. NUREG/CR-1319, Battelle Columbus Laboratories, CoTumbus,

Ohio. *

2. Chou, C. K., et al. July 1980. Load Combination Program Progress Report
No. 5. NUREG/CR-1624, Lawrence Livermore Laboratory, Livermore,
California. *

3. Cullen, W. A., and K. Torronen. September 1980. A Review of Fatigue
C.-ack _Growth of Pressure Vessel and Piping Steels in Hi h-Temperature,
Pressurized Reactor-Grade Water. NURE%7E§L1576} Naval Research
Laboratory, Washington, D.C. *

*Available for purchase from the NRC/GPO Sales Program, U.S. Nuclear Regulatory
Commission, Washington, DC 20555, and/or the National Technical Information
Service, Springfield, VA 22161.
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INTRODUCTION

The objectives of the Experimental Support and Development of Single-Rod
Fuel Codes Program at PNL are now fourfold:

® collect and analyze in-reactor data on fuel rod thermal/mechanical
behavior, especially as a function of burnup

® correlate in-reactor data with postirradiation data and with ex-
reactor tests on mechanical and thermal parameters of fuel rods

® integrate the avove information into the FRAPCON and FRAP-1 series
of computer codes

® study the occurrence and mechanisms at fuel cladding failure using
controlled experiments with centrally heated simulated fuel pins in a
PNL pressurized water loop.

The Halden Boiling Water Reactor (HBWR) in Norway is currently the sole
site used by this program for irradiation tests. PIE will be carried out at
both Kjeller, Norway, and Harwell, U.K. Task A of the program is concerned
with the conduct of the tests and coordination of test design, test fabrica-
tion, shipping, PIE, and sample disposal. The test matrix now spans the ful®
range of expected BWR conditions for pelletized UOZ fuel, including

® powers up to 50 kW/m (16 kw/ft)
e diametral gap sizes of 50-380 um (0.002-0.015 in.)
e gas compositions ranging from pure helium to pure xenon

e fuel densities of 95% and 92% theoretical density (TD), the latter
both stable and unstable regarding in-veactor densification.

IFA-527 is specifically designed to study the progress and variability of
fuel cracking and relocation and features xenon-filled rods to magnify thermal
effects.

34




TECHNICAL PROGRESS

The HBWR was restarted on December 12, 1980, with [FA-527 containing fuel
rods known to have failed. No fission product leakage was detected; however,
contrary to statements in the previous quarterly report further fuel failure
occurred: Rod 2 temperatures and pressures at startup definitely point to
pressure boundary failure and water ingress. This is shown in Figures 1 and 2,
where the startup rod pressures and lower end fuel temperatures from rod 1
(failed), rod 2 (resealed, now failed), and rod 3 nfailed) are compared.
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FIGURE 1. Pressures for Rods 1, 2, and 3 of Instrumented Fuel
Assembly (IFA)-527 from December 12-22, 1980
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FIGURE 2., Lower Centerline Temperatures for Rods 1, 2, and 3
of Instrumented Fuel Assembly (IFA)-527 from
December 12-22, 1980

It is interesting to note that the pressures for rods 1 and 2 follow the
system pressure even before startup, indicating full pressure boundary failure;
however, rod 2 fuel temperatures initially track the unfailed rod temperatures
and then suddenly dearade toward the failed rod temperatures, as if the water
took some time (2 days) to reach and affect the thermocouple location. The
fall in rod 2 pressures may ‘ndicate some resealing.

Pressure transducers in rods 1, 4, und 5 reveal erratic behavior during
the operating period from December 12 to February 8; sometimes following system
pressure and sometimes falling off at constant power similar te rod 2 behavior
(see Figure 1). This may be due to alternate sealing and unsealing of the

rods.
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[FA-432 performance continued uneventfully over the period. The thermo-
couple in the lower end of rod 6 (TF 10) definitely failed and was removed from
service; the pressure transducer for this rod is also suspect. The lower
thermocouple for rod 1 (TF 1) demonstrated some erratic behavior during the
last part of the current operating cycle.

Rod 1 of IFA-527 was removed during the February 8 to March 31 shutdown to
provide an estimate of the progression of damage in the failed rods. No
unusual appearance of the rod was noted during the removal.

FUTURE WORK

The data that were gathered from the simulated rods in the complianc~ test
at Harwell, U.K., compared favorably to similar data from tests at PNL in late
January 1981. Harwell will test the compliance of rod 7 (unirradiated) and
rod 8 (irradiated) in April and May, respectively.

All assemblies should restart in April and continue operation until August
or September 1981, at which time they will be permanently discharged to meet
cooling and PIE requirements before the mandated close of the program in
September 1982.
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EXPERIMENTAL SUPPORT AND DEVELOPMENT OF SI“'GLE-ROD FUEL CODES:
TASK B - DATA QUALIFICATION AND ANALYSIS(a)

D. D. Lanning, Program Manager
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E. R. Bradley
W. N. Rausch
R. E. Williford

SUMMAR Y

A major objective of the Experimental Support and Development of Single-
Rod Fuel Codes Program is the irradiation of instrumented fuel assemblies
(IFAs) to obtain well-characterized data. Task B of this program is respon-
sible for qualifying and analyzing that data. DOuring this quarter data for
the operating period from December 12, 1980, through February 7, 1981, were
received, corrected, and made available for analysis. A data report for
IFA-432 covering the period from April 1978 through May 1980 was forwarded to
the U.S. Nuclear Reqgulatory Commission (NRC) for publication while reports dis-
cussing the precharacterization of IFA-527, the irradiation behavior of IFA-
527, and the irradiation behavior of rod 6 of IFA-431 are nearing completion,

INTRODUCTION

The Experimental Support and Development of Single-Rod Fuel Codes Program
is a continuation of the Experimental Support and Verification of Steady-State
Codes Program (begun in 1974) and is conducted by Pacific Northwest Lzboratory
(PNL). This program now has the general objectives of collecting and analyz-
ing in-reactor data on fuel rod temperatures, fission gas release, and cladding
elongation as a function of irradiation history; correlating postirradiation
examination (PIE) with in-reactor data; utilizing ex-reactor testing for a bet-
ter understanding of fuel rod mechanical behavior; and integrating this

(a) RSR FIN Budget No.: B2043; RSR Contact: G. P. Marino.




information into the FRAPCON computer code series. The qualification and
analysis of the data obtained from in-reactor testing of fuel rods is the
responsibility of Task B, which has been divided into three subtasks:

e Subtask B-1 - Data Processing: This subtask is responsible for

receiving, correcting, characterizing, and presenting the data
obtained from the fuel assemblies.

paring reports on the precharacterization of the fuel assemblies, the
data obtained from the assemblies, and the postirradiation analysis

|
I
i ® Subtask B-2 - Data Reports: This subtask is responsible for pre-
i of the assemblies.

i

e Subtask B-3 - Data Analysis: This subtask is responsible for pro-
viding in-depth analysis of the in-reactor fuel rod data. Specific
areas of interest for fiscal year (FY)-1981 are analysis of data for
inferring fuel relocation and its effect, use of transient tempera-
ture data to better understand fuel behavior, analysis of statistical
variations and error propagation, and analysis of fuel rod fill gas

. pressure data for inferring fission gas release.

f TECHNICAL PROGRESS

This quarter's activities are discussed below by subtask.

§ SUBTASK B-1 - DATA PROCESSING

J During the last quarter, a test fuel data report (TFDR) tape was received
i for IFA-432, -513, and -527 for the period from December 17, 1980, to

| February 7, 1981. Burnup for IFA-432 as of February 7, 1981, is shown in
Table 1.

SUBTASK B-2 - DATA REPORTS

Efforts thia quarter have concentrated on the preparation and publication
of several reports on the irradiation of the test assemblies as detailed below:



TABLE 1. Burnup for Instrumented Fuel Assembly (IFA)-432
as of February 7, 1981

Rod Burnup, MWd/MTM
Number  Upper Thermocouple Lower Thermocouple Rod Average
1 32,233 23,974 28,104
2 31,180 23,582 27,381
3 31,088 23,973 27,531
9 4,246 3,496 3,871
5 32,191 24,722 28,457
6 32,526 24,525 28,526

“Data Report for the NRC/PNL Halden Assembly IFA-432: April 1978
through May 1980," NUREG/CR-1950; forwarded to NRC for printing and
distribution. This report presents centerline temperature, cladding
e@longation, and internal gas pressure dati for the assembly.

“Observation of Porosity Reduction in a Jensification-Prone Test Fuel
Rod: Data and Analysis,” NUREG/CR-2042, internal review and final
writing in progress. This report will present the data obtained from
rod 6 of [FA-431 (92% theoretical density fuel that densified to
96.5% TD), an analysis of the observed in-reactor behavior, and an
analysis of pre- and postirradiation fuel microstructural changes.

“Precharacterization Report for IFA-527"; “nt2rnal review now in pro-
gress. IFA-527 was principally designed to study fuel cracking and
relocation. This report presents the design and rationale for the
assembly.

"Beginning-of-Life [rradiation Report for IFA-527"; draft now nearing
completion. This report will pres:nt data ard analysis covering the
period from startup of [FA-527 in July 1980 to October 1980. A dis-
cussion will be included of the behavior of the assembly following
failure of four of the rods during the September 1980 startup.




SUBTASK B-3 - DATA ANALYSIS

During this quarter, analysis continued in the areas of fuel crackir . and
relocation, error and uncertainty analysis, and the general behavior of fue!
rods.

Fuel Cracking and Relocation Analysis

A journal article on fuel cracking and relocation was written and for-
warded to Nuclear Technology for review. The article is principally based on
the work reported in Reference 1.

Tre relocation analysis that was previously presented is based on data
from early in life. Work has now begun on extending that analysis to higher
burnup data. Initiai analysis of temperatures and elongation data from rod 2
of IFA-432 (large-gap rod) indicates that crack roughness increases with
burnup.

Error and lncertainty Analysis

One question to be examined by the irradiation of IFA-527 is the vari-
ability between nominally identical rods irradiated under nearly identical
conditions. Five of the six rods in the assembly are identical, within toler-
ances; thus, comparing the variance of their behavior to predicted uncertain-
ties is of interest,

Centerline temperature versus power data from rods 1 chrough 5 are shown
in Figure 1 as is an uncertainty estimate for a computer cou (STORE) calcula-
tion that matched the data.(Z) The observed scatter of the temperature data
is approximately +50K, independent of power; and the predicted uncertainty,
based on observed manufacturing variances and estimated modeling uncertainties,
is greater than the observed data scatter.(a) This means that the predicted
variation in fuel rod behavior is greater than the observed variation.

(a) The major modeling uncertainties assumed were +10% for both the linear
heat rate and the fuel therma) conductivity.
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Fission Gas Release Analysis

Internal pressure data from rods 1 and 5 of IFA-432 through September 1981
have been examined and used to estimate fission gas release fractions, which as
of September 1980 ranged from 4 to 8% for rod 1 and from 7 to 11% for rod 5.
These rods have now achieved peak burnups in excess of 2600 GJ/kgU (30,000 MWd/
MTM) with no definite evidence of burnup-enhanced fission gas release.

Th. internal pressure in rod 1 has remained fairly constant for the past
900 GJ/kgU (8,000 MWd/MTM) of exposure; however, pressure increases have been
observed in rod 5 duriny the same irradiation period. Fuel temperature data

a3



show that rod 1 operated at slightly higher temperatures ( 25K) than rod 5
during thas period, which suggests that either the lower density fuel in rod 5
is releasing more fission gas at equivalent tempuratures or the pressure trans-
ducer in rod 1 is no longer operating correctly. Future pressure data and the
results from the PIE of these rods are required to determine the definite

cause of the difference in gas release between rods 1 and 5.

FUTWRE WORK

Data processing for next quarter will continue as required. The reports
on porosity changes, IFA-527 precharacterization, and IFA-527 irradiation will
be completed an. forwarced to NRC for printing and distribution. Analysis of
fuel cracking and relocation, errors and uncertainties, fission gas release,
and relatod subjects will continue.

REFEREN ,ES
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EXPERIMENTAL SUPPORT AND DEVELOPMENT OF SINGLE-ROD FUEL CODES:
TASK C - CODE COORDINATION AND EX-REACTOR TESTING(2)
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SUMMAR Y

The FRAPCON-2 developmental assessment document is undergoing extensive
reorganization by Pacific Northwest Laboratory (PNL) before publication; and
Version 1, Mod. 2 (VIM2) of the code is being prepared for transmittal to the
Argonne Code Center. Some experimental verification data for the cracked fuel
model parameters were reported, and Harwell conducted the first long rod
mechanical compliance test with good results. Work continued on the three-
dimensional (3-D) cracked fuel mechanical behavior model.

INTROCUCTION

The primary objectives of the code maintenance and experimental support
efforts are the documentation, maintenance, and improvement of the FRAPCON-2
licensing audit code. Code documentation will result in code descriptior and
developmental asseccment documents in coordination with the Idaho National
Engineering Latoratory (INEL). Code improvement includes providing experimen-
tally verified models to describe the mechanical interaction between the
cracked fuel and the cladding and the quantification of operating conditions
that lecu to fuel failures with a specified probability.

In fisc2l years (FY)-1979 and -1980 thermal-mechanical models were devel-
oped that describe the behavior of cracked fuel and those models were imple-
mented in FRAPCON-2. Fuel cracking causes reduced thermal conductivity and
elastic moduli and is pre<ently described by three primary parameters--crack

(a) RSR FIN Budget No.: B2043; RSR Contact: G. P. Marino.




roughness, gap roughness, and crack pattern--that were inferred from in-reactor
data. In FY-1980, ex-reactor data were collected to confirm these parameters.
In FY-1981, these ex,erimental efforts will continue in concert with improve-
ment of the cracked fuel model, which represents the driving component for the

fuel failure model.

Task C efforts include the following subtasks: code maintenance, fuel
mechanics experiments, and pellet-cladding interaction (PCI) model development.

TECHNICAL PROGRESS

Progress that has been made in each subtask during this guarter is summa-

rized below.

SUBTASK C-1 - FRAPCON-2 CONTRUL AND MAINTENANCE

A draft of the FRAPCON-2 Developmental Assessment was completed by EG&G
Idaho, Inc., and sent to PNL for review; however, publication has been delayed
because the document is being reorganized by PNL for clarity and completeness.
This document is a joint effort by PNL and EG&G.

In response to a U.S. Nuclear Reqgulatory Commission (NRC) request, PNL
attempted to run the FRAPCON-Z2 code on both the CDC 6600 and 7600 computers at
Brookhaven National Laboratory (BNL); however, the code requires too much core
space for these computers. Modifications to reduce core requirements have been
identified 2nd provided to NRC.

FRAPCON-2 VIMZ is being prepared for transmittal to the Argonne Code
Center. This version includes corrections for coding errors that were found in
the Beyer-Hann gas release option.

SUBTASK C-2 - FUEL MECHANICS EXPERIMENTS

Experimental results concerning the three basic parameters of the 2-D
thermal-mechanical fuel relocation model were reported in a paper for the 6th
SMiRT Conference, "Compliance Characteristics of Cracked 002 Pellets.”
Agreement was reported between laboratory and in-reactor values for crack




roughness and total crack length, but more work is required to verify the val-
ues previously reported for effective gap roughness,

The analysis of PNL ex-reactor fuel rod compliance tests has revealed
similarities to in-reactor data, particularly in the early stages of bamboo
ridge formation. The first "long rod" (20-in. fuel column) compliance test was
performed by Harwell with good results. The data from the long rod compliance
test were very simiiar to the PNL short rod tests, except where rod bowing
induced by the cracked fuel column is concerned. The results may indicate an
axial variation of cracked fuel column mechanical properties. Azimuthal varia-
tion of bamboo ridge heights was also found.

Both the Harwell and PNL tests are >imple in principle: The fuel pellet
column is loaded axialiy in steps, and both rod axial elongation and diametral
deformation (including ridging) are measured during the load steps.

SUBTASK C-3 - PELLET-CLADDING INTERACTION MODEL DEVELOPMENT

Work continued on the 3-D cracked fuel mechanical behavior model, with
progress being made in the areas of thermal strain and rigid body motion char-
acteristics of fuel fragments. The basic scheme for a radial-axial model was
established, but the hoop direction requires more work.

The 3-D model efforts are being integrated with the analysis of cracked
fuel-cladding compliance data in Subtask C-2 to verify some of the modeling
parameters. An end objective of this subtask is to provide estimates of local-
ized cladding stresses induced by the asymmetrically cracked fuel. These
stress distributions will be used in a fuel failure model to be included in

FRAPCON-2.

FUTURE WORK

The following activities are planned for next quarter:

® The FRAPCON-2 Developmental Assessment rewriting will be completed,
and the report will be sent to NRC for printing and distribution.
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Harwell will complete compliance testing of rod 7 (unirradiated) and
rod 8 (irradiated) of IFA-432,

The PNL and Harwell fuel rod mechanical compliance data analysis will
be completed, and report writing will continue.

The 3-D cracked fuel model should near completion, and report writing
will begin.



EXPERIMENTAL SUPPORT AND DEVELOPMENT OF SINGLE-ROD FUEL CODES:
TASK D - PELLET-CLADDING INTERACTION EXPERIMENTS(2)

D. D. Lanning, Program Manager
R. E. Williford, Task Leader

D. E. Fitzsimmons
R. K. Marshall
SUMMARY

An instrument concept was chosen for measuring strain over small gage
lengths; the detailed design is about 90% complete. The loop pressure boundary
(test section) design is in progress for nlacing a heated fuel rod simulator in

a pressurized flowir_, water loop.

INTRODUCTION

The primary objective of Task D of the Experimental Support and Develop-
ment of Single-Rod Fuel Codes Program is to collect fuel rod failure data on
irradiated cladding under temperature loading conditions typical of those in-
reactor, including asymmetrically cracked pellets and coolant external pres-
sures. The fuel-induced pellet-cladding interaction (PCI) will be simulated
with cracked annular pellets and an internal heater rod in a pressurized water
loop facility at PNL. This experimental equipment has the capability for con-
trolled power ramping and load cycling schemes and provides great experimental
flexibility at a cost much lower than in-reactor experiments. The relation-
ships between power ramp rate, localized cladding strain rate, and fuel rod
relaxation rate will be characterized. The localized cladding deformations
will be measured by an instrument especially designed and built for this

purpose.

(a) RSR FIN Budget No.: B2043; RSR Contact: M. L. Picklesimer.




The Toop will be proof tested in fiscal year (FY)-1981 with unirradiated
cladding, and actual data collection with irradiated cladding will begin in FY-
1982, These data complement Task C efforts and provide a means of verifving
PCI models.

[n Task D-1 a measurement instrument capable of characterizing the elastic
deformation of the simulated fuel rod at power within the loop will be designed
and produced,

TECHNICAL PROGRESS

Progress that has been made in each subtask during this quarter is sum-

marized below.

SUBTASK D-1 - ROD STRAIN INSTRUMENT DESIGN

A survey of possible concepts resulted in an instrument des 1n based on
existing technology. A strain gage cantilever system was chosen that has the
capability of recording cladding diameter traces in the axial and azimuthal
directions during the tests. Two traces are recorded simultaneously i: each
case. Strain gages and thermocouples have been ordered. The detailed design
of the instrument is about 90% complete.

SUBTASK D-2 - LOOP EXPERIMENTS

Detailed design of the pressure boundary (test section) for the pressur-
ized loop experiments began. Efforts hi e focused on the instrument-pressure
boundary interface, the pressure vessel codz requirements, and a means to cali-
brate the strain-measuring instrument.

FUTURE WORK

The following activities are planned for next quarter:

e Instrument fabrication and assembly will be completed,
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e Proof testing and calibration of the instrument will begin.

e The loop pressure boundary design will be completéd, and fab-ication
ic scheduled to begin.
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PIPE-TO-PIPE IMPACT(2)
M.C.C. Bampton, Project Manager

J. M. Alzheimer
F. A. Simonen

SUMMARY

Emphacis during the past quarter has been on developing a preliminary test
matrix, determining the method to be usec to accelerate the impacting pipe, and
designing the test facility and instrumentation system.

INTRODUCTION

The objective of the Pipe-to-Pipe Impact Program is to provide the U.S.
Nuclear Regulatory Commission (NRC) with experimental data and analytic models
for making licensing decisions regarding pipe-to-pipe impact following postu-
lated breaks in high-energy fluid system piping. Current licensing criteria--
as contained in Standard Review Plan 3.6.2, "Determination of Break Locations
and Dynamic Effects Associated with Postulated Rupture of Piping"--will be
evaluated. Data will be obtained from a series of tests in which selected pipe
specimens with approoriate energies will be impacted against stationary speci-
mens to achieve required damage levels.

This Pacific Northwest Laboratory (PNL) program involves two main areas:
obtaining experimental data and developing predictive models. Preliminary
analyses to determine significant test parameters and required energies and
pipe velocities have been completed. The preliminary test matrix was devel-
oped, a system capable of acceierating the pipe was selected, and design of the
test facility began. The next phase of the program will encompass construction
of the test machines and actual testing. Predictive models will be developed
that are analytically based and/or empirical fits of the data. These predic-
tive models will be compared to current licensing criteria.

(a) RSR FIN Budaet No.: B2383; RSR Contact: M. Vagins.
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TECHNICAL PROGRESS

PRELIMINARY TEST MATRIX

The preliminary test matrix (see Table 1) is based partially upon current
licensing criteria and partially upon analysis to determine significant parame-
ters of interest. A nominal pipe diameter of 6 in. was selected for all
impacting pipe specimens to simplify the design of the pipe accelerating sys-
tem. The target pipe specimen diameters and the wall thicknesses of the two
pipes were selected so that the impacting pipe would have various combinations
of greater, equal, or lesser diameters and greater, equal, or lesser wall
thicknesses. At least two tests will be run from each group in the preliminary
matrix; and these tests will be at differen. impact velocities, which will be
selected based upon estimat ons of damage levels. Initial tests will be per-
formed at modest velocities wiun target spacimens at room temperature and
unpressurized; testing will then progress to higher velocities with pressurized
target specimens. If it is deemed necessary, the target pipe will also be at
elevated temperature.

Initial estimates of the energy requirements of the pipe-to--ipe impact
tests were based upon maximum kinetic energies obtained by pipes during various
pipe rupture scenarios. Ruptured pipes were allowed to swing through more than
90° before impact. These eneryy requirements were used to assess the capabili-
ties of several systems for accelerating the impacting pipe. Due to the high
energies and velocities required, most concepts for accelerating the pipe
proved infeasible. The most promising concept was to use compressed gas to
expel a slug of water from irside the pipe through a 90° elbow, which is
similar to the actual loading that occurs during a postulated pipe break event.

SELECTING THE PIPE ACCELERATING SYSTEM

A modest test setup was built to assess the potential of the compressed
gas/water concept; a 40-in. long l-in. Schedule 80 pipe was used. Thrust time
histories were obtained for several tests run with various ratios of gas to
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cross section. These energy values were considerably lower than those previ-
ously obtained from pipe break scenario analysis.

Once the reevaluation of the energy requiremerts indicated that lower
impact energies would be required, other systems for accelerating the pipe
became practical. While the compresced gas/water system was probably practi-
cal, it had shortcomings; namely

e potential safety hazards
e extrapolation to larger pipe sizes had not been proven

® determination of desired impact velocities would require trial and
error testing

e preparation of the impacting specimen would be costly since it would
essentially be a pressure vessel,

Because of these considerations other accelerating systems were investi-
gated, and a system that uses a pneumatic cylinder to power a catapult arm was
selerted (see Figure 1). The pneumatic cylinder has a 20-in. diameter and a
stroke of 36 in. The energy is supplied by the volume of compressed air (up to
250 psi) contained in the rod end of the cylirder prior to release of the cata-
pult arm, No makeup air is needed. After the pipe has been accelerated to the
necessary velocity, the catapu’t arm is stoppad by the cushion of air trapped
in the head end of the cylinder.

This system has several advantages ouver the compressed gas/water system.
Safety problems are reduced because the impacting pipe specimen is not pressur-
ized; and, therefore, the swing ng specimens do noct have to be designed to
withstand up to 2000 psi. Ther are no noise or jet impingement problems. The
system is also much more analyzable; obtaining fairly precise test velocities
should not be a problem.

TEST FACILITY AND INSTRUMENTATION SYSTEM DESIGN

A1l major components of the pneumatic catapult have been designed, and the
few remaining details are being finalized. The catapult mechanism will be
built while the design for the remainder of the facility is being completed.
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FIGURE 1. Pneumatic-Powered Pipe Accelerator Conceptual Design

A computer program was written to simulate the kinematics and dynamics
associated with the catapult. It has been useful in evaluating the loads used
in the design of the catapult and will also be useful in selecting pressures
and confiagurations for obtaining the appropriate test velocities without exces-

sive experimentation.
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An instrumentation system for the pipe-to-pipe impact tests is being
designed. Parameters of primary importance are pipe velocity, target pipe
pressure, and final specimen deformations. Secondarv paraneters of interest
are support reaction, material strain time histories, and specimen
acceleration,

FUTURE WORK

The following activities are planned for next quarter:
complete design of test facility

hegin construction of test facility

compliete instrumentation system

repare test specimens,
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SEVERE CORE DAMAGE TEST SUBASSEMBLY PROCUREMENT PRCGRAM
PBF SEVERE FUEL DAMAGE TEST PROJECT(2)

€. L. Courtright, Program Manager
R. L. Goodman, Project Manager

G. S. Allison S. D. Miller

L. R. Bunnell L. J. Parchen

T. M. Fish J. D. Rising

L. L. King R. D. Tokarz

R. K. Marshall J. 0. Vining

M. A. McKinnon C. L. Wheeler
SUMMAR Y

Tes*ing and evaluat on of possible insulation materials for the shroud
continued; all development testing was done on ZrOz-based materials. A
rigid feltead low-density (~19% theuretical density) ZrO2 fiberboard is cur-
rently favored from the standpoint of low thermal conductivity, good water com-
patibility, and easy fabricability; the ZrO2 honeycomb material remains as a
backup. If guarter sections of the octagonal insulation can be made by extru-
sion, the brickwork aspects of fit-up and construction will be easier.

Detaiied mechan’ 1 “2sign of the spacer grid assemblies, fuel bundle
region, and insulated shroud region of the test train assembly have been
through formal checking; aid drawings were released for final design review
approval.

Approved copies of the Quality Assurance Plan (QAP MD-82) and the Quality
Control Plan (QCP-3, Revision 0) were released for use on the Power Burst
Facility (PBF) Severe Fuel Damage (SFD) test program. These two documents set
forth the guidelines that have been developed for planning and monitoring the
activities for supporting analytical work and design, fabrication, and assembly
of nardware and fuel components to suppert this Pacific Northwest Laboratory
(PNL) program.

(a) RSR FIN Budget No.: B2084-1; RSR Contact: R. Van Houten.




Final design of the boil-off test apparatus was completed, and all sh.p
fabrication of hardware components for both the fallback barrier and boil-off
test apparatus were finished. Operational tests of the “slugbuster" flow loop
and its new control panel were successfully performed, and final assembly or
the faliback barrier components into the slugbuster loop is nearing completion.

Additional independent design scoping analyses were comp leted with the
THTD heat transfer computer code to »rovide an indeperdent evaluation of both
PNL calculations with the TRUMP co~. and EG&G Idaho, Inc., calculations with
the TRAC-BDO code.

INTRODUCTION

This part of the Severe Core Damage (SCD) Test Subassembly Procurement
Program--the PBF Severe Fuel Damage Test Project--has been divided into two
tasks for fiscal year (FY)-1981.

TASK 1 - PBF SEVERE FUEL DAMAGE PROGRAM SUPPORT

The scope of this task includes the design effort, development of appro-
priate materials and supporting fabrication processes, and complete fabrication
of two fully instrumented test train assemblies. Many portions of the PBF work
should directly benefit the ESSOR program due to similarities in the experimen-
tal objectives, particularly for materials development, instrumentation, and
fabrication development. The program is designed tc yield important experimen-
tal data related to fuel and cladding behavior during small-break accidents as
well as provide information on the postaccident coolability of damaged fuel rod
clusters after small-break accidents.

TASK 2 - SMALL-BREAK WATER LEVEL CONTROL AND BGIL-OFF EXPERIMENTS

A smali-scale boil-off experiment will be conducted to investigate the
sensitivity of water level control to the absolute water level during simulated
small-break conditions. The experiment will also examine the effects of water
level on the axial temperature profile of the electrically heated rod bundle.



Electrical heater rods with approximately 1 m of heated length and internal
cladding thermocouples will be installed in a 9-rod square array inside a spe-
cially designed and fabricated high-pressure test section. The test section
will be instrumented to measure inlet and outlet water/steam conditions as well
as water level. Water at approximately 295% will be injected into the bottom
of tne test section at rates sufficient to maintain water levels between 10.2
to 22.9 cm (4 to 9 in.) above the beginning of the heated length. Nominal
operating pressure will be about 650 psig, and both water injection rate and
neater rod power will be varied over a matrix of test conditions.

TECHNICAL PROGRESS

The following paragraphs detail technical progress made during this
reporting period by topic.

SHROUD DESIGN AND DEVELOPMENT TESTING

Testing and evaluation of candidate insulators for the shroud continued
with all work being done on Zr02-based insulation materials. The ZrO2 honey-
comb filled with bubble ZrO2 that was previously proposed continued to look
promising; however, fabrication of the composite shroud size and shapes would
pe very difficult. The honeycomb units are in the form of 10.2 x 10.2 x
0.64 cm (4 x 4 x 1/4 in.) “"bricks"; and cutting and fitting the bricks into the
required octagunal shapes would require diamond tooling, which would be very
difficult and time consuming.

Another ZrO2 insulation form--rigid ZrO2 fiberboard--is available in

30.5 x 30.5 x 1.3 om (12 x 12 x 1/2 in.) pieces and can be worked with normal
hand tools. This material form could be used either wet with a perforated
inner shroud liner or dry in a sealed shroud container. In the perforated
inner shroud liner concept, the therma! conductivity of the insulation material
would be raised by tne water when wet; but tests have shown that the insulation
would dry out during the early stages of the test and the fiberboard would
regain its high thermal resistance value pefore it was required later in the
test. Z|V» axtruded honeycomb and Zr02 rigid fiberboard are both compatible
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with high-pressure hot water. For the perforated inner liner wet fiberboard
insulation case, the fiberboard must not be eroded by ~0.61 m/sec (2 ft/sec)
water flow during the preconditioning phase of the test. The resistance of
sintered ZrO2 fiberboard to erosion by water at 0.61 m/sec was evaluated in two
autoclave tests at 350°C and 17.2 MPa (2500 psi). The lower density (30 b/

ft ) flberboard eroded severely in a test lasting 15 min; the high-density

(60 1b/ft ) fiberboard was apparently undamaged oy the flowing water. Surface
impregnation of boards of both densities with highly sinterable ZrO2 (rigidizer)
also resulted in no noticeable erosion.

However, uncertainties concerning the behavior of a wetted insulation and
problems in analytically predicting the behavior of such an insulation resulted
in the elimination of the perforated inner liner concept. The insulation
evaluation and choice now involves two candidates, both used in the sealed
mode : ZrO2 fiberboard and ZrOz extruded honeycomb.

Since the flat sides of the 0.076-cm (0.030-in.) thick octagonal inner
liner make it vulnerable to differential pressures, a shroud design that pro-
vides a simple pressure equalization system will be required. The crushing
strengths of 60 lb/ft fiberboard and LrO2 extruded honeycomb were determined
to be about 80 and 660 psi, respectively. A summary of the evaluation of vari-
ous candidate shroud insulation types is presented in Table 1. Collapse of the
ZrO2 fiberboard insulation could be eliminated by using short lengths of ZrO2
tubing as support columns, as was demonstrated by autoclave testing at pres-
sures to 17.2 MPa. A simple view of the proposed sealed shroud system using
the ZrO2 fiberboard insulation and ZrO2 tube supports is shown in Figure 1,
which indicates the relationship of the inner liner, ZrO2 fiberboard insulation,
ZrOz tube supports, and shroud outer Zircaloy liner. It is currently assumed
tnat a simple pressure balance will be used to keep the full system pressure--
6.9 MPa (1000 psi)--from possibly crushing the insulation; this pressure bal-
ance is presumed to pe approximately 200 psi.

Fiberboard ZrO2 insulation is now being applied to a full-section insu-
lated shroud mockup of the sealed shroud design that will be autoclave tested
to assure that the tube support method will be sufficient and to verify the
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TABLE 1. Evaluation of Various Candidate Shroud Insuiation Types

-
1 SEALED SYSTEM @
i e, it y
A COMPRESSIVE STRENGTH = NO
>2000 psi (NO PRESSURE  (UNSUP |
EQUALIZATION) I PORTED) ,
B COMPRESSIVE STRENGTH YES YES YES | YES YES
> 200 ps: (PRESSURE ‘ [
EQUALIZATION) - |
oK | 0K
b 0K CALCU  (VENDOR
I ATI A . 0K MARGINA
= b (DATA) LATED) DATA) | B
D THERMAL SHOCK GOOD | GOOD | GOOD | GOOD = GOOD
ReSISTANCE ;
2 NON SEALED SYSTEM |
——— e — - e e ———————— et e _— r——— - — — v_,.___.__*—_ _-7._._—4.
| :
A RESISTS H,0. 350 C. DISINTE 0K 0K | 0K 0K
2500 ps: GRATED | ;
FAIRLY
B RESISTS EROSION BY DISINTE 0K SEVERE NA | 0K
2000 psi H.0 (2 ft sec) GRATED | EROSION {
! |
3 FABRICABILITY * { i !
NS - b ~—-<r- — ?- - ~—:
| [
(1 SIMPLE. 7 .8 2 | s | 5 ‘
10 IMPOSSIBLE) | . ‘J
L1 4 R TN

*BUNNELL SCALE



ZIRCALOY TUBE
SUPPORT SADDLE\‘

| FIBERBOARD INSULATOR
WITH ZrO: TUBE
SUPPORTS FOR INNER LINER

OUTER DOUBLE WALL —
SHROUD (WITH
SAFETY GRID)

FIGURE 1. Sealed Shroud System Utiiizing ZrOy Fiberboard
Insulation and ZrOp Tube Supports

inner liner and fiberboard insulation collapse resistance. Figure 2 shows an
axial section through the insulated shroud region of the test assembly and a
schematic view of the pressure equalization system.

ZrO2 extruded honeycomb remains as a backup material of higher therma!
conductivity but greater crush strength for the shroud insulation. If prc.osed
quarter sections of the octcjonal insulation can be made by extrusion, the
brickvork aspects of fit-up and construction of the insulated shroud assemby
#ill be lessened. The feasibility of this method will be determined with t1e
manufacturer (Applied Ceramics, Int., Atlanta, Georgia) in the near future.

SCOPING DESIGN ANALYSIS

Additional design scoping analyses were completed with the THTD transient
neat transfer computer code to provide an independent evaluation of the
proposed PBF severe fuel damage experiment thermal performance. The scoping
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analyses included the effect of the metal-water reaction occurring at the
surface of the Zircaloy fuel cladding at elevated temperatures in a steam
environment .

The thermal analysis was performed with an axi-symmetric model that
represented the 32 test pias as three radial regions. The steam was also
divided into three regions with the interchannel mixing approximated by a
convective connection between adjacent fluid regions. The model consisted of
¢90 nodes in 10 axial layers and was run for two steady-state shroud condi-
tions. The only difference in the model for these cases was the thermal con-
ductivity of the shroud material. The two cunditions considered the effect of
using two values for the thermal conductivity for the shroud insulation.
Assembly peak temperature versus average assembly power curves are shown for
the two shroud cases in Figures 3 and 4, which indicate the importance ~f a low
thermal conductivity material for the insulation of the shroud. For the lowest
thermal conductivity material examined, the assembly power required to meet the
desired test temperature of 2300K is about 13 kW/m (4 kW/ft); for the higher
thermal conductivity material, an assembly power of approximately 130 kW/m
(40 kW/ft) is required to meet the desired test temperature of 2300K. The
importance of the selection of the lowest thermal conductivity material is
shown in the order of magnitude differences in assembly powers required to
achieve the desired experimental temperatures.

Figures 3 and 4 indicate that the Jow thermal conductivity shroud gives
peak cladding and peak shroud temperatures that are close in magnitude to one
another as a function of assembly power. For the low-conductivity case, the
weighted average exit steam temperature curve falls below the curve for the
peak shroud temperature. In contrast, for the higher thermal conductivity
material, the peak shroud temperatures are all below the weighted average exit
steam temperatures as a function of assembly power; and the peak shroud tem-
peratures are much lower than the peak cladding temperatures as a function of
assembly power. Finally, the cladding-to-shroud differential temperature var-
ies as a function of the thermal conductivity of the shroud insulation mate-
rial. The higher thermal conductivity material has a larger cladding-to-shrout'
differential temperature.
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FIGURE 3. Peak Assembly Temperature Versus Power for the Low Thermal
Conductivity Shroud

After the steady-state calculations were completed, transient heating
analyses, including the effect of the metal-water reaction heating, were run
for two correlations (those presented by Baker-Just and Cathcart).(l’z) The
metal-water reaction process is important to the computation of the fuel tem-
peratures for the small-break loss-of-coolant accident (LOCA) tests because the
potential magnitude of the heat generation rate could dominate the experiment
performance. This process is thought to have had a significant impact on the
core thermal performance during the Three-Mile Island (T™M1)-2 accident.
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T = time
Kp(T) = rate constant, which is a function of temperature.
It is more convenient to work with the thickness of the oxide layer. The

parabolic rate equation may be evaluated at the beginning and end of 2 time
step to yield the following relationship for oxide thickness.

x2 = )(12 +EE£;)—A—T (XZ 3 Xo)

where Xl = initial oxide thickness at the start of the time step
xz = oxide thickness at the end of the time step
xo = the total material thickness
Kp(f) = rate constant evaluated at the average temperature during the

time step.

The volumetric heat generation rate based on the initial volume of the
material is:

] ) H X 2" Xl

q
XO AT

where H = reaction heating per unit weight.

The metal-water reaction analyses were added to the transient heatup of
the test sect,.n starting from a uniform temperature of 561K (SSOOF) and
with a constant nuclear heating rate and water level. This particular
transient does not have any real physical significance as far as any reactor
accident or test sequence is concerned; however, it does provide an insight
into the potential impact of the metal-water reaction process on the
performance of a small-break LOCA test sequence. In addition, it provides
shroud and steam temperatures with metal-water reaction process contribution,
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which aid in test train assembly and insulated shroud design. The transient
heating analyses were all performed for the high thermal conductivity shroud
case. The average bundle nuclear heating rate was varied from 45.9 to

59.1 kW/m (14 to 18 kW/ft).

Figure 5 presents the predicted performance of the system for three
nuclear power levels using the Baker-Just correlation to predict the
metal-water reaction heat generation rate. An uncontrolled temperature rise
occurred between 45.9 and 52.5 kW/m. However, a rate-limiting effect due to
the availability of steam imposes an upper limit on the metal-water reaction
heating rate. For the 22.9-cm (9-in.) water level, the maximum possible
metal-water reaction heating rate assuming consumption of all available oxygen
is 45.9 kW and 51.5 kW for the first two cases. This steam depletion limit
would have significantly altered the rate of the temperature rise but probably
would not have avoided the uncontrolled temperature rise in the bundle.

Results for three cases at 65.6, 72.2, and 78.7 kiW/m average nuclear
heating using the Cathcart correlation are presented in Figure 6. The three
cases examined do not exhibit the uncontrolled temperature rise in the bundle
because the rate constant in the 1922k range is a factor of five less than the
Baker-Just correlation. It should be noted, however, that the rate constant
is strongly temperature dependent and wil) very likely still produce the same
uncontrolled temperature rise in the bundle as the nuclear power is
increased.

The transients performed using the Baker-Just and Cathcart correlations
did not include metai-water reaction heating at the surface of the Zircaloy
liner of the shroud. The extra heat generation due to the shroud metal-water
reaction appears to have a neg.igible effect on peak cladding temperatures.
For the uncontrolled temperature rise cases, the shroud matal-water heat
generation will be on the order of 10 to 25% of the total metal-water reaction
heating.

The current modeling involves two significant deficiencies. First, it
does not compute the steam-hydrogen composition and thus permits the
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FIGURE 6. Assembly Peak Temperature and Metal-Water Reaction Heating Rate
Versus Time for the Cathcart Correlation

loop and its new control panel were successfully completed, and final assembly

of the fallback barrier coonents into the slugbuster loop is nearing
completion.

FUTURE WORK

Detailed design of test train assembly No. 1 will be completed and
release. for fabrication. Design, fabrication, and testing of prototypes for
the molten fuel penetration detector (MFPD) for the insulatec shroud will
continue., Pressure drop testing of the proposed fallback barrier components
will be compieted for a range of typical preconditioning water flow rates.
Detailed design for the in-pile line: *ube for the PBF pressure tube required
to support the SFD tests will be started.
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SEVERE CORE DAMAGE TEST SUBASSEMBLY PROCUREMENT PROGRAM
£SSOR PROJECT(2)

E. L. Courtright, Program Manager
F. E. Panisko, Project Manager

J. E. Tanner
R. D. Tokar
C. L. Wheeler

SUMMARY
No contribution was submitted for this quarcerly report.

INTRODULCT LON

The Super Sara Test Program (SSTP) is a major European community effort
to study reactor safety during rapid or large-break and slow or small-break
loss-of -coulant (LOC) events. The program will use the SUPER SARA high-
temperature, high-pressure loop in the ESSOR reactor at Ispra, Italy. The
SSTP is designed to yield important experimental data on fuel rod deformation
and postaccident coolability of damaged fuel assemblies after they experience
a loss of coolant. The complete testing program currently includes 21 tests
to simulate various large- and small-break conditions in PWRs and boili 9 water
reactors (BWRs). Pacific Northwest Laboratory (PNL) will supply three fully
instrumented and fueled test assemblies, analytical services, and engineering

support for the SSTP.

(a) RSR FIN Budget No.: B2372-1; RSR Contact: R. Van Houten.
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SEVERE CORE DAMAGE TEST SUBASSEMBLY PROCUREMENT PROGRAM
NINE-ROD TEST TRAIN FOR OPTRAN 1-3 PROJECT(a)

E. L. Courtright, Program Manager
R. E. Schreiber, Project Manager

R. E. Falkoski
0. E. Hurley
L. L. King

SUMMARY

The nine-rod test train hardware and remote handling fixtures were ship, »~
to the Idaho National Engineering Lahoratory (INEL) at the end of the quarter.
The test train hardware (see Figure 1) was described in the report for the
first quarter of 1980, and the remote handling fixtures were describe" in the
report for the last quarter of 1980. Final assembly of the preirradiat:d rods,
the rod bundle, and the test train will be done by EG&G Idaho, Inc., in the hot
cell and basin facilities associated with the Materials Testing Reactor (MTR).

INTRODUCT ION

The purpose of this Pacific Northwest Laboratory (PNL) project is to pro-
vide instrumented test train hardware for Power Burst Facility (PBF) experi-
mental programs. A nine-rod test array was chosen for the abnormal operating
transient simulation (OPTRAN 1-3).

In support of this experiment, a test train has been designed with a
replaceable core region and shroud to allow other tests of a similar nature to
be performed with the basic assembly. The design allows for insertion and
removal of one rod following the preconditioning phase and has built-in fea-
tures to facilitate disassembly and repair.

(a) RSR FIN Budget No.: B2084-1; RSR Contact: R. Van Houten.
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FIGURE 1. Modular Design of the Nine-Rod Fuel Bundle Assembly
The inlet, core, and outlet regions of the test train are shown in Fig-
ure 2. In the photograph, the darker portion of the assembly is the Zircaloy
shroud that surrounds the nine-rod bundle; and dummy tnermocouple leads may be
seéen exiting the shroud outlet housing (short wires just above the man's left
hand). The upper portion of the test train extending from tne outlet region to
the closure head is shown in Figure 3; and in Figure 4, the closure nead is
supported in the strongback that is to be used in the MTR canal. The means of
manipulating the lower portions of the train during remote assembly is illus-
trated. Tne lower end of the strongback and the associated clamps are shown in
Figure 5; the core region of the test train is being packed for shipment.
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Fit-up of the test train to the strongback required changes in the clamp
configuration. These changes were made, and the associater drawings were
scheduled for revision.

Inter face dimensions were taken on the test train where it contacts the
PBF in-pile tube and seal surfaces. Minor outages were handled in a Materials
Review Board.

The test train hardware, instruments, and remote handling equipment were
shipped to INEL on March 25, 198l.

FUTURE WORK

Final drawing changes will be completed in April. Remaining as-built data
and other information will also be transmitted to EG&G in April. A close-out
quality assurance (QA) audit will be scheduled.

The only open itcm on the contract is the strain gacc development effort
at EG&G, which is being partially supported by PNL. This work is scheduled for
completion in fiscal year (FY)-1981.

PNL will provide assistance to EG&G as needed during final assembly of the
OPTRAN 1-3 test train.
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CORE THERMAL MODEL Ov 'ELOPMENT(a)

D. S. Trent, Program Manager
M. J. Thurgood, Project Manager

T. E. Guidotti
R. J. Kohrt
G. A. Sly

SUMMAR Y

Deve lopment assessment of the COBRA/TRAC computer code continued during
the past quarter. Reasonable predictions of various two-phase flow phenomena
that are important in reactor safety were made, inciuding comparisons with
reflood, transient downcomer, loop stability, and upper head drain experiments.
Comparison cf code predictions with experimental data is in general very good.

INTRODUCTION

The COBRA-TF computer code is being developed as part of the U.S. Nuclear
Regulatory Commission (NRC) Water Reactor Safety Research Program in the area
of analysis development. The purpose of this work is to provide better digital
computer codes for computing the behavior of full-scale reactor systems under
postulated accident conditions. The resulting codes are being used to perform
pre- and post-test aralysis of light water reactor (LWR) components and system
effects experiments. This Pacific Northwest Laboratory (PNL) project has two
main objectives:

e to dovelop a hot bundle/hct channel analysis capability that will be
used in evaluating the thermal-hydraulic performance of LWR fue!
bundles during postulated accidents

(a) RSR FIN Budget No.: B2041; RSR Contact: S. Fabic.
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circulation tests. A fiow boundary condition is used for forced circulation,
and a pressure boundary condition is used in both conditions at the steam exit.

Discussion of Results

Results of COBRA simulations for several FRIGC experiments were reported
in the past and showed that the COBRA code predicts the axial void fraction
distribution quite well for both natural and forced circulation conditions.

To predict the liquid mass flow rate at high heat flux in natural circula-
tion the friction factor for an unstable film has been modified. The Wallis
correlation for stable films results in too little friction loss and a mass
flow rate that is 8% too high. Nine times the Wallis correlation results in a
mass flow rate that is 10% too low. The optimum value appears to be 5.0 times
the Wallis correlation for stable films. Only the case with a heat flux of
90 H/cm2 is affected by changing the instable film friction factor.

Hydrodynamic instability was not experimentally reached in the FRIGG loop,
but the Tiquid mass flow variations were recorded and used to extrapolate an
instability threshold a2t a heat flux of 109 H/cmz. A COBRA simulation was
run witis similar conditions at a heat flux of 120 N/cmz. Large fluctuations
in liquid mass velocity at the inlet to the test section are shown in Figure 1
that indicate that the expected hydrodynamic instability is predicted by COBRA.

The liquid mass flow rate is affected by the hydrostatic driving head and
the two-phase pressure drop through the test seciion. Figure 2 shows the col-
lapsed liquid level in the test section as a function of time. The oscilla-
tions in liquid level are exactly in phase with the o cillations in liquid mass
velocity. When the ligquid level is at a minimum, the mass velocity is low;
therefore, the hydrostatic head does not control the liquid mass flow rate.
Instead the instability is driven by fluctuations in the steam generation rate
that lead to a change in the two-phase pressure drop. A plot of steam genera-
tion rate versus time (see Figure 3) shows that the steam generation rate is
highest when the ligquid mass velocity is at a minimum. The two-phase pressure
drop varies directly with the steam generation rate and therefore controls the
liquid flow rate into the test section.
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FIGURE 1. Liquid Mass Velocity Versus Time

WESTINGHOUSE DRAIN TEST

The Westir.ghouse Drain Test was run to determine the rate at which water
injected into the upper head of a reactor vessel during a LOCA will drain from
the upper head into the core cavity. The purpose of the COBRA-TF simulation
was to determine the ability of the code to predict this drain rate.

Description of Experiment

The test section was designed to simulate the reactor vessel upper head on
a per unit guide tube basis. A prototypical 17 x 17 rod cluster control (RCC)
guide tube was used in the test and included a full-length drive rod and ther-
mal sieeve. The support columns were simulated by two parallel pipes, pbut only
1-1/2 support columns are required-to simulate the reactor on a per guide tube
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FIGURE 4. Westinghouse Drain Tes: No. 5, Upper Head Fluid
Level Versus Time

time period a small amount of liquid was trapped in the bottom node of the
upper head as liquid drains from the support column. The reason for the higher
liquid penetration rate at the beginning of the transient is not clear. An
outstandine “-t~ fit was obtained from 10 to 15 sec where the top of the guide
tube was uncovered and the slope of the curve changed.

FEBA WITH AND WITHOUT GRID SPACER TEST

A COBRA-TF simulation was performed to assess the effect that grid spacers
nad on the desuperheating of steam during bottom reflooding of a test assembly.
The simulation was modeled after experimental tests performed in Karlsruhe,
West Germany, in the FEBA test assembly.

Experiment Description

The FEBA test facility was originally designed to simulate idealized
reflood conditions in a German PWR core with constant, forced bottom reflood,



system pressure, and test section geometry. The experimental test loop con-
sisted of five major components: the lower plenum, test section, test housing,
upper plenum, and buffer tank. The test section consisted of a 5 x 5 electri-
cal heater rod array placed in a square housing. The heater rods were held in
place by a typical KWU-PWR grid spacer that was located at the test midplane
and every 545 mm above and below that point.

The electrical heater rods were used to simulate nuclear fuel rods. The
nuclear cosine power profile of the fuel rods was approximated by a seven-step
power profile.

The test assembly was initially heated by radiation from the heater rods
for about two hours prior to reflood. During this heatup phase the heater rods
were surrounded by stagnant steam and had a lower power level. These test con-
ditions were maintained until the initial peak cladding temperatures were
reached. After the cladding temperatures had reached the required initial tem-
perature, reflood was initiated. Water was injected into the lower plenum with
a constant flow rate of 3.5 cm/sec, an inlet temperature of 40°C. and at a
pressure of 4 bars. When the rising water reached the bottom end of the heated
length, the rod power was stepped up to a decay heat level comparable to the
ANS +20% value for 40 sec after shutdown and followed this curve fcr the
remainder of the transient.

COBRA/TF Model

The FEBA test facility was modeled with four COBRA-TF channels: one chan-
nel for the lower plenum and three for the heated length and upper plenum. A
total of 19 fluid nodes were in the four channels. The 25 heater rods were
approximated by a single COBRA-TF rod with the average thermal properties of
all the heater rods. The test section housing was modeled by a second COBRA-TF
rod with an inside heat transfer surfar and an insulated outer surface.

The system was initialized with saturated steam at 2.8 bars. A constant
flow boundary of 3.5 cm/sec was specified at the bottom of the vessel and a
pressure boundary of 2.8 bars was specified at the test section outlet.
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The heater rod was initialized with an axial temperature profile from top
to bottom with a maximum cladding temperature of 850%C and an ixial step
power profile with a maximum peak power of 0.8 kW/ft. The housing rod was ini-
tialized with an axial temperature profile, a peak temperature of 650°C, and
zero power generation. Both rod temperature profiles were symmetric about the
test section midplane.

The +cflood transient was run from a standing start, with the initial
parameters mentioned earlier and the ANS +20% rod power decay. The simulation
continued until 75% of the heated test rod was completely quenched.

Discussion of Results

Figures 5 and 6 show the computed and experimental temperature versus time
plots at two axial levels. For data comparison purposes, the FEBA temperature
data were visually extracted from the available reports and then averaged at a
particular axial position. The figures show that COBRA-TF does a rather good
job of predicting peak temperatures and the gquench time, implying that the
amount of steam desuperheating due to the existing grid spacer model is of the
proper order and that the model is working properly for this particular type of
experiment. Further examination of the figures shows that at higher elevations
the calculated gquench time becomes increasingly greater than the experimental
value.

Conclusions

Although discrepancies currently exist between the COBRA-TF prediction and
the experimental results, it is felt that COBRA-TF did a very good job of pre-
dicting peak temperatures and quench times.

TRANSIENT BATTELLE COLUMBUS DOWNCOMER SIMULATIONS

Two transient Battelle Columbus downcomer tests were simulated this quar-
ter. These calculations assessed ¢cOBRA-TF's ability to predict the combined
effects of ramped reverse core steam flow, subcooled emergency core cooling
(ECC) water, and hot walls on the penetration behavior during countercurrent
flow in a downcomer.
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Collier, R. P., et al. 1978. Steam-Water Mixing and System Hydrodynam-

ics Program arterly Progress Report, April 1 to June 30, 19/8.
NUREG?C&ﬁg?g, BMI-?UIf, Battelle Columbus Laboratories, Columbus, Ohio.
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STEAM GENERATOR TUBE INTEGRITY(2)

R. A. Clark, Project Manager
V. F. FitzPatrick, Deputy Project Manager

J. M. Alzheimer
R. L. Burr

P. G. Doctor
G. R. Hoenes
G. H. Lyon

C. J. Morris
K. R. Wheeler

SUMMAR Y

The Steam Generator Examination Facility (SGEF) is 14.6% complete; con-
struction is six weeks ahead of schedule. Efforts to establish a Steam Genera-
tor Group Project proceeded on several fronts; letters of interest have been
received from several potential sponsors. Programmatic tasks that precede
research on the Surry generator continued per plan, the health physics task was
initiated, and the data management task is progressing. Research continued on
stress corrosion crack (SCC) characterization and leak rate determinations.

INTRODUCTION

The Steam Generator Tube Integrity Program (SGTIP) is a multiphase, multi-
task laboratory program conducted at Pacific Northwest Laboratory (PNL). The
principal objective is to provide the U.S. Nuclear Regulatory Commission {NRC)
with validated information on the remaining integrity of pressurized water
reactor (PWR) steam generator tubes where service-induced degradation has been
indicated. An additional objective is to evaluate nondestructive instrumen-
tation/techniques to examine defects in piping or tubing that serves as the
reactor primary system pressure boundary.

Initial program tasks included producing a matrix of steam génerator tube
specimens with mechanically or chemically induced flaws that simulated defects

(a) RSR FIN Budget No.: B2097; RSR Contact: G- 8.

103



found in nuclear steam generator service. These flawed specimens are then
fully nondestructively rharacterized by means of positive replication and vari-
ous nondestructive te-ting (NDT) techniques, mainly eddy current testing. The
tube specimens are next tested to failure at PWR steam generator operating tem-
peratures. The failure strength, actual flaw dimensions, and NDT-indicated
flaw dimensions are used tu derive mathematical relationships; and these rela-
tionships are subsequently plotted to provide, within a statist cal certainty
hand, the remaining mechanical integrity of a steam generator .ube as a func-
tion of its flaw type and size as indicated by eddy current testing.

Early work showed that conventional, single-frequency, eddy current evalu-
ation of steam generator tubes as used for in-service inspections (ISIs) could
be improved. Thus, program efforts were expanded to include new eddy current
measuremert techniques, the effects of different calibration standards, and a
more complex statistical analysis of NDT data.

The first two phases of the program involved the study of mechanically
(Phase 1) and chemically (Phase II) defected tubing. Phase III of the original
program included correlating the mathematical models developed in Phases 1 and
[T with actual service-flawed tubing. However, a lack of suitable specimens
led to the redirection of Phase III into an effort to conduct extensive nonde-
structive and destructive evaluations on » retired-from-service nuclear steam
generator. A generator(a) removed from the Surry II nuclear plant (Surry,
Virginia) after six years of service was judged suitable for this research.

Initial efforts on the Surry generator were concerned with licensing and
transport activities to bring the unit from Virginia to Hanford, Washington.
The generator is now at Hanford and will remain on a storage pad until a spe-
cially designed containment facility (the SGEF) is completed. The SGEF will be

(a) The Surry Il generators were among the first removed from service in the
United States; they contain evidence of most of the degradation mechanisms
identified in steam generators and have features that are common to many
similar units.
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equipped to allow both nondestructive examination (NDE; and physical sectioning
of th: generator. Capabilities to perform chemical cleaning and decontamina-
tion will also be included.

Research efforts on the Surry IIA generator will be initiated shortly
after the generator is placed in the SGEF, which is scheduled for completion in
November 198l. Research will be conducted in the following areas:

e NDT technique verification and instrument development
e defect matrix identification

e profiling of defect types, extent, and locations

e identification of deposits and sources of corrosion

e verification of tubing and secondary support structure component
integrity

e health physics.

The generator will also become a source of specimens with service-induced
flaws for various NRC programs. Planned future research phases include sim-
ulated operation of a portion of the generator to assess long-term effects of
possible chemical cleaning or decontamination procedures on generator service-
ability that may be proposed to NRC for licensing. Study of the recovery and
reuse of materials in decommissioned reactor components is ancther potential
research task.

TECHNICAL PROGRESS

The following paragraphs detail progress of program tasks active this past

quarter.

SURRY GENERATOR PROJECT

Tne Surry IIA generator remains at an access-controlled interim storage
site on th~ Hanford Reservation. The generator is maintained under an argon
gas purge that keeps it a 1/2-psi positive pressure relative to the surrounding
atmosphere.
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A midyear program review was held in washington, D.C. Details on current
tasks and schedules were presented; in addition, draft olans for FY-1982 and
preliminary data for FY-1983 planning were discussed. A}l current activities
are on schedule and within budget,

PHASE Il - STEAM GENERATOR TUBE INTEGRITY PROGRAM

Stress Corrosion Cracking Characterization

Efforts are continuing at definitive nondestructive characterization of
laboratory-produced intergranular stress corrosicn cracking (IGSCC) in Incone!
600 steam generator tubes. A group of 10 round robin specimens was nondestruc-
tively characterized by J. A. Jones Applied Research and Zetec this past quar-
ter. A confirmatory destructive assay is planned for the end of the current

quarter,

Leak Rate Tests

Production of the matrix of test specimens with through-wall SCCs of vari-
Ous lengths and orientations continues. Specimen fabrication is to be com-
pleted and leak rate testing will be conducted during the coming quarter.

Milestones

@ health physics task initiated

® channel head decontanination task initiated

® task to reopen preshipment examination penetrations initiated.
Problems

There is scme delay in publishing reports due to technical staf? manpower
limitations. The high-temperature, high-pressure flow meter purchased for leak
rate testing failed during a trial run. The device was returned to the manu-

facturer for repair.

FUTURE WORK

During the coming quarter the following activities will be pursued:

e travel to Europe to establish participation in the Steam Generator
Group Project
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conduct leak rate tests
conduct destructive assay of round robin SCC specimens
initiate NOT task for Surry generator examinations

issue a preliminary report on the data acquisition task.
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This docu.ert summarizes the work performed by Pacific Northwest Laboratory (PNL) from
January 1 t.irough March 31, 1981 for the U.S. Nuclear Regulatory Commission (NRC).
Evaluatiors of nondestructive examinatici (i'Jt) techniques and instrumentc’ .cii are
reported; creas of investigation incl.ide demonstrating the feasibility of determining the
strength of structural graphite, eva’uating the feasibility of detecting and analyzing
flaw growth in reactor pressure boundary systems, examining NDE reliability and probabil-
istic fracture mechanics, and asses;sing the integrity of pressurized water reactor (PWR)
steam generator tubes where service-induced degradation has “een indicated. Experimental
data and analytical models are being provided to aid in decision-making regarding pipe-
to-pipe impacts following postulated breaks in high-energy fluid system piping. Core
thermal models are being developed '» provide better digital codes to compute the behavior
of full-scale reactor systems under postulated ar-ident conditions. Fuel assemblies and
analytical support are being,provided ' or expe.imental programs at otner facilities.
These programs include loss-of-coolant accident (LOCA) simulation tests at the NRU reactor
Chalk River, Canada; fuel rod deformation, severe fuel dumage, and postaccidert coolabilit
tests for the ESSOR reactor Super Sara Test Program, Ispra, Italy; the instrumented fuel
assembly irradiation program at Halden, Norway; and experimental programs at the Power
Burst Facility, Idaho National Engineering Lagoratory (INEL). These programs will provide
data for computer modeling of reactor system and fuel performance during various abnormal
operating conditions.
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