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NOTICE

These proceedings have been authored by a contractor
of the United States Government. Neither the United
States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or
implied, or assumes any legal liability or responsibility
for any third party's use, or the results of such use, of
any information, apparatus, product or process disclosed in
these proceedings, or represents that its use by such third I

party would not infringe privately owned rights. The I

views expressed in these proceedings are not necessarily
those of the U.S. Nuclear Regulatory Commission.
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ABSTRACT

This six-volume report contains 140' papers out of the 164 that were
presented at the Fifteenth Water Reactor Safety Information Meeting held'at

- the National Bureau of Standards,~Gaithersburg, Maryland, during the week of

October 26-29, 1987. The papers are printed in the order of their presenta-

tion in.each session and describe progress and results of programs in nuclear

safety research conducted in this country and abroad. Foreign participation
,

in the meeting included twenty-two different papers presented by researchers
f rom Belgium, Czechoslovakia, Germany, Italy, Japan, Russia, Spain, Sweden,.
The Netherlands and the United Kingdon. The titles of the papers and the

names of the authors have been updated and may differ from those that appeared
in the final program of'the meeting.
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15th WATER REACTOR SAFETY INFORMATION MEETING

~ October 26-29, 1987
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VOLUME 1
- Plenary Sessions

Reactor Licensing Topics-

- NUREG-1150
Risk Analysis /PRA Applications-

'Innovative Concepts for Increased Safety of Advanced Power Reactors-

Severe Accident Modeling and Analysis-

VOLUME 2
- Materials Engineering / Pressure Vessel Research
- Materials Engineering / Radiation and Degraded Piping Effects
- Non-Destructive Evaluation
- Environmental Ef fects in Primary Systems

VOLUME 3
- Aging and Life Extension

Structural and Seismic Research-

- Mechanical Research

VOLUME 4
- Separate Effects / Experiments and Analyses
- Source Term Uncertainty Analysis

Integral Systems Testingi
-

- 2D/3D Research

VOLUME 5
Industry Safety Research-

International Code Assessment Program-

VOLUME 6
- Decontamination and Decommissioning

Accident Management-

TMI-2-
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EFFECTIVENESS AND SAFETY ASPECTS OF
SELECTED DECONTAMINATION METHODS FOR LWRs >

| "THE RECONTAMINATION EXPERIENCE"
i

| S. W. Duce
Idaho National Engineering Laboratory, EG&G Idaho Inc.*

During the years 1983 to 1986 chemical decontaminations of ,

primary recirculation system piping was performed at many
'

boiling water reactors in the United States. At most facilities
the recirculation piping was replaced following the chemical
decontamination. At a few facilities the piping was inspected
for cracks and weld overlays were applied to any identified
cracks. This paper presents information on the recontamination -

of these recirculation systems following one to two fuel cycles.

INTRODUCTION

During the years 1983 to 1986 many utilities operating BWRs (boiling
water reactors) in the United States performed chemical decontaminations of
primary coolant recirculation system (PCRS) piping. These chemical
decontaminations were performed as part of an ALARA (As Low As Reasonably
Achievable) dose savings program for personnel working on the PCRS piping.
There were two main thrusts for PCRS piping _ work: in-service inspection
with weld overlays on discovered cracks, or complete PCRS replacement. !
Interest within the NRC in the effectiveness of these chemical
decontamination processes resulted in the funding of a program :,

"Effectiveness and Safety Aspects of Selected Decontamination Processes" i

which was instituted in the fall of 1983 by EG&G Idaho at the Idaho National ,

Engineering Laboratory (INEL). The purpose of this program was to obtain i

information on both chemical decontamination processes and recontamination '

of decontaminated systems in light water reactors. During the years 1984 to :,

* 1986 observations of the various chemical decontamination processes, as they r

were applied at BWRs, and measurements to determine the effectiveness of the |
processes were made. A final report, "Effectiveng and Safety Aspects of !SelectedDecontaminationProcess",NUREG/CR-4445,LpJwaswrittenandI ;

published in August 1986 which described the results of the program. |

The recontamination determination aspect of the program started during
the summer of 1985, where measurements to determine the recontamination of
PCRS piping began, and continued through to the summer of 1987. Initial*

measurements were made on BWR recirculation piping that had been chemically
i decontaminated for the purpose of inspection and/or weld overlay. Later
1 measurements were on PCRS piping that had either been replaced with new

oiping or had operated for a second fuel cycle past a chemical decontamina-
tion. Measurements made consisted of dose rate determinations using either
TLDs (thermoluminescent dosimeters) or an Eberline E530-N with a "peanut" GM
detector, and gamma spectral measurements to determine the internal PCRS
piping surface concentration of radionuclides in the oxide film.

* Work supported by the U. S. Nuclear Regulatory Commission, Office of
Nuclear Regulatory Research, under 00E Contract No. OE-AC07-76100570.
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METHODS ]

During the course of the recontamination study seven BWRs weri
visited: Quad Cities Nuclear Power Station Units 1 and 2, Pilgrin, ucle .
Power Station, Millstone Nuclear Power Station Unit 1, Peach Botter tomic

'Power Station Unit 2, Hatch Generating Station Unit 2, and Limerick Atomic
Power Station Unit 1. In addition to the seven facilities visited,
information for. Cooper Nuclear Station and Monticello Nuclear Generating

obtained from Radiological and Chemical Technology Inc.PlantgL rg3 These facilities represent two different models and two '

(RCT). *

different types of containment. All of the facilities, with the exception
of Cooper, Hatch Unit 2, Peach Bottom Unit 2, and Limerick Unit 1, are BWR ;

Model 3s with a Mark I containment. Cooper, Hatch and Peach Bottom are ,

BWR 4s with Mark I containments, and Limerick is a BWR 4 with a Mark Il
containment. ,

At each facility information on power history, reactor chemistry, and :

reactor coolant activation product concentratioris were obtained.
Information on soluble zinc was also requested but not frequently
obtained. Pre-chemical decontamination dose rates on the PCRS piping were
obtained if the information was not available from the previous efforts of
the Effectiveness and Safety Aspects of Chemical Decontamination Methods '

program.

'Measurements of dose rate and gamma spectral emissions were made at
similar locations at all facilities to allow for comparison of the !

; measurement data. At each facility dose rate measurements were made on !

| the PCRS piping using TLDs and/or an Eberline E530-N GM. Dose rate !

measurements were made on the risers, suction and discharge piping, and on i
the inlet and outlet pipe elbows for the recirculation pumps. When TLDs I

were used to determine the dose rates a "cheerio" TLO, which contained two
TLD chips, was placed in a plastic bag. The bag was taped to a location

; a-d left for a period of two to three hours before being removed. All f

TL0s were then returned to the INEL for. analysis. In all cases "trip"
TL0s were used to subtract dose that resulted from air shipment and the :,

transit time within the drywell. The Eberline E530-N used a "peanut" GM ,

'

tube (i.e , an approximately 1/4" long GM tube), which was shielded in a,

two pi-geometry by a tungsten hemisphere. :

Gamma spectral measurements were made on the vertical run of the four i

suction and discharge pipes using an Ortec CPD-1 germanium detector to j
acquire the spectra at each location. The detector was placed in a

.

collimated tungsten shield which was attached to a pipe. The shield and !
,

collimator reduced the gamma spectral interference of other sources in the !
drywell while maximizing the gamma fluence from the measured pipe. A [
200-foot signal, preamplifier, and high voltage cable connected the i

! detector to a Davidson Multichannel Analyzer which acquired the spectral !
! data in 4096 channels and stored the results on cassette tapes. Two [' spectra were acquired at each location, a collimated spectrum and a f
; background spectrum. The background spectrum was used to adjust the i

collimated spectrum for unattenuated gamma rays from other drywell "

,

j sources. Spectral tapes were returned-to the INEL for analysis of peak
energy and radionuclide identification by a VAX 11/750 computer using a
sophisticated gamma-ray analysis package termed GAP which uses nonlinear

: least squares fitting of a gaussion function to define peaks.
,

k

f
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RESULTS AND DISCUSS 10N

The following discussion presents and summarizes the results of the
recontamination measurements of PCRS piping that was either chemically
decontaminated or replaced at BWRs. In this discussion and throughout the
rest of this report the.words new and old pipe are used to indicate pipe
that were either replaced or chemically decontaminated, respectively,
during a grevious refueling outage.

Dose rate measuremcnt results. tended to vary between the TLD and
E530-N 'iM. In those cases where disagreement was noted, the TLD results
were ncrmally used as these results represented a time weighted average

l over ssveral hours. In most cases the disagreement occurred when the dose
rates were <100 mR/h. At the low dose rates meter variation of the E530-N
increased significantly, wavering 110 to 115 mR/h about a central value,
making it difficult to obtain an accurate reading. Table 1 lists
calculated average values for the measured dose rates from various,

| components. The listed values have been supplemented ith measurement
datafrom[4jcilitypersonnel,fromvendorreports,L2,3$andfromGeneralf,

! Electric. Data for Quad Cities Units 1 and 2 appear several times in
Table 1. The reason for this is that both units underweat successive
decontaminations,. making the post-decontamination measurements for the
prior decontamination the pre-decontamination measurements (after a number'

; of fuel cycles) for the latter decontamination. In all cases, with the
exception of Millstone Unit 1 risers, the average one to two yeare

recontamination values were at least a factor of two lower than the
pre-decontamination average values.

Average component dose rate data from Table 1 were used to calculate
. recontamination factors (shown in Table 2) for each component and for the
i total system. A recontamination factor is defined as the ratio of a
I measurement performed one to two years after a decontamination to the -

corresponding measurement performed prior to a decontamination. Overall
recontamination factors average 0.49, 0.47, and 0.43 for risers,
suction / discharge, and elbows, respectively, but vary from 0.16 to 1.2 for,

the risers, from 0.15 to 0.78 for the suction / discharge pipe, and 0.15 to '

0.58 for the pump elbows. For new pipe the averages are 0.29, 0.29, and-

0.20 for risers, suction / discharge, and elbows, respectively; while for1

old pipe that was decontaminated, the averages are 0.70, 0.65, and 0.55,
,

respectively for the same locations.
! i

Total system recontamination factors for the two BWR models studied
are plotted in Figure 1. With the exception of Pilgrim, there appears to *

be a definite trend in the recontamination rates of the PCRS piping where ,,

the older facilities (i.e., BWR 3s), as measured by dose rate, are higher;

than the recontamination rates for the newer facilities. This observation

concurs with the findings of an Elec';pJ where it was found that thec Power Research Institute (EPRI)
program on BWR radiation assessment,.

. older model BWRs had higher dose rates than the newer facilities.
|' However, the EPRI researchers could not find any correlation to facility i

parameters that could explain the difference. A second but less
: pronounced trend in Figure 1 indicates the recontamination fat t er for old

,

pipe is higher than that for new pipe. The first four data points in !

|
1

'

|

3 |
|

"

i

!
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TABLE 1. . AVERAGE COMPONENT: DOSE RATE DATA (mR/h)
,
'

i-
i

AVERAGE PRE-DECONTAMINATION VALUES
'

LOCATION: PILGRIM- -MILLSTONE-1 MONTICELLO PEACH BOTTOM-2 COOPER |

RISERS 800 383 638 823 730< <

SUCT/DISCH 400 210 -463- 391 444 |

ELB0WS- 306 120 . N D. - 614 688 ;

!

LOCATION: QUAD CITY-1 QUAD CITY-1- QUAD CITY-2- QUAD CITY-2 :

!

j. RISERS 1230 714 1394 785-
SUCT/DISCH 483 230 433 283 i

'
ELB0WS 427 248 690 320;

!
'

i

AVERAGE ONE TO TWO YEAR RECONTAMINATION VALUES'

; LOCATION: PILGRIM MILLSTONE-1 MONTICELLO PEACH BOTTOM-2 COOPER .;

RISERS 125 447 l',3 198 138' f
SUCT/DISCH 121 164 199 101 69 .

'

-

ELBOWS 77 67 ND 93 ND

.

LOCATION: QUA0 CITY-1- QUAD CITY-2 QUAD CITY-2 HATCH LIMERICK ,1

RISERS 714 785 683 94 133

| SUCT/DISCH 230 283 303 44 55
ELBOWS 248 320 -400 168 216 ;

-

;

LOCATION: SUSQUEHANNA-2
! ;

RISERS 156 .

SUCT/DISCH 101 !

j ELBOWS ND {

i
-

i

NO = No Data.

,

I

|

!

!
4 |
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Table 2. RECONTAMINATION FACTORS BASED ON DOSE RATES

l

I

COMPONENT: PILGRIM MILLSTONE-1 MONTICELLO PEACH BOTTOM-2

RISERS 0.156 1.17 0.600 0.210
SUCT/DISCH 0.302 0.781 0.430 0.279
ELB0WS 0.252 0.558 ND 0.151

COMPONENT: COOPER QUAD CITY-1 QUAD CITY-2 QUAD CITY-2

RISERS 0.189 0.580 0.563 0.490
SUCT/DISCH 0.155 0.476 0.654 0.700
ELBOWS ND 0.581 0.464 0.580

COMPONENT AVERAGES: ALL PLANTS NEW PIPE PLANTS OLD PIPE PLANTS

RISERS 0.495 0.289 0.700
SUCT/DISCH 0.472 0.291 0.653
ELBOWS 0.431 0.201 0.546

ND = No Data.

I
,

I

|
|
1

|'
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RECONTAMINATION FACTORS VS BWR MODEL :
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Figure 1 (which are for old pipe) are higher than the fifth through eighth
data points (which are for new pipe). This trend for higher i

recontamination factors in decontaminated systems can also be seen in the ,

data in Table 2, where recontamination factors for old pipe are shown to |4

be slightly more than twice the corresponding values for new pipe.
I An effort was made to find correlations between dose rate data and

physical plant parameters that were acquired during the study. Both
effective full power hours (EFPHs) and reactor coolant Co-60
concentrations were tested for correlations. The only correlation that

j was observed was one in which the dose rates on the elbows decreased with
EFPHs. The reduced dose rates of the elbows may be a function of abrasion
of the oxide film on the outer pipe walls due to the flow of water as it"

,

makes the 90* bends before and after the recirculation pump. Other than
this correlation neither of these two parameters resulted in any further'

.

positive correlations to the dose rates.
~

.
'

Gamma spectral data acquired pre-decontamination, post-
) decontamination,orhl}qwingthefirstorsecondfuelcycle(s)eitherbyEG&G Idaho or by RCT m J are listed in Table 3. Error values listed

are for counting statistics only; total measurement error is estimated to
,

be less than 30%. With the exception of Limerick, Co-60 accounted for >85%
of the activity in the oxide films at all facilities, which was expected,

j The low Co-60 film concentrations at Limerick are approximately equal to
j the Co-58 concentrations which is also expected as this is the first fuel

cycle for Limerick. As time goes on, the longer half-life Co-60 will
dominate all other radionuclides as reactor coolant and surface film
activities reach equilibrium while the shorter half-life Co-58 will remain ;

J approximately the same as it already reached equilibrium in the coolant ?

and on pipe surfaces.*

Recontamination factors for each radionuclide were calculated for
those plants where pre- and post-decontamination spectral information were
available. These recontamination factors (listed in Table 4) were

; calculated by dividing the surface film concentrations measured after the
' first or second fuel cycle following pipe decontamination or pipe
j replacement by the concentrations obtained prior to decontamination. For

] Quad Cities Unit 1 and Millstone Unit 1, where pre-decontamination results
were not available, the pre-decontamination surface film values were

! estimated by multiplying the post-decontamination surface concentrations
by the average decontamination factor for the suction / discharge piping for'

each facility respectively.

| The results indicate that, in general, the old pipe systems tended to
; have higher recontamination factors than the new pipe systems. For

example, for Co-60, the average recontamination factor was approximately:

i 1.5 times higher for the decontaminated PCRS pipe than is was for replaced
! pipe. It is interesting to note that the average Co-58 surface activities
! after the first or second fuel cycle following a decontamination or pipe
| replacement were nearly a factor of three higher than the
| pre-decontamination activities. In addition, the recontamination rates

for Mn-54 were much higher at Millstone Unit 1 and Cooper (where they
,

i
l

7
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TABLE 3. MEASURED RAD 10NUCLlDE SURFACE FILM CONCENTRATIONS IN PCRS
PIPING (uC1/cm )2

f

QUAD CITIES UNIT I DATE: 8-15-84 STATUS: Post-decontamination
NUCLIDE A SUCTION A DISCHARGE B SUCTION 8 DISCHARGE
Co-60 2.4! 0.1 0.96 1 0.08 1.2 0.1 1.6 1 0.1
mR/h 29 31 16 73

QUAD CITIES UNIT 1 DATE: 1-15-86 STATUS: 1st Fuel Cycle
NUCLIDE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 1.08 0.02 1.10 0.06 0.82 2 0.05 1.04 t 0.06
Mn-54 0.94 t 0.06 0.84 0.06 0.62 1 0.05 0.84 i 0.05
Zn-65 0.49 ! 0.06 0.47 t 0.06 ND 1.5 i 0.2
Co-60 10.2 0.1 7.1 t 0.1 6.84 i 0.08 8.0 i 0.1
mR/h 276 281 EV 287

QUAD CITIES UNIT 2 DATE: 4-13-85 STATUS: 1st Fuel Cycle
NUCLIDE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 1.7 0.1 1.4 0.1 NM 1.4 t 0.1
Mn-54 1.6 1 0.1 1.7 t 0.1 NM 1.1 2 0.1
Zn-65 1.0 0.1 0.9 i 0.1 NM 1.0 1 0.1
Fe-59 0.38 0.06 0.44 2 0.06 NM ND
Co-60 20.7 t 0.1 17.9 i 0.1 NM 18.1 0.1
mR/h 347 333 475 354

MILLSTONE UNIT 1 DATE: 6-15-84 STATUS: Post decontamination
NUCLIDE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 0.03 2 0.01 0.02 1 0.01 0.04 i 0.01 0.04 i 0.01
Mn-54 0.03 2 0.01 0.05 2 0.01 0.02 1 0.01 0.03 2 0.01
Co=60 0.8 2 0.01 0.65 2 0.07 0.94 i 0.01 0.78 i 0.01
mR/h 12 20 20 14

MILLSTONE UNIT 1 DATE: 10-30-85 STATUS: 1st Fuel Cycle
NUCLIDE A SUCTION A DISCHARGE B SUCTION 8 DISCHARGE
Co-58 1.8 0.1 1.9 0.1 1.9 1 0.1 2.1 0.1
Mn-54 4.1 i 0.1 4.5 t 0.1 4.1 1 0.1 4.0 t 0.1
Fe-59 0.43 0.05 0.51 1 0.05 0.40 t 0.05 0.52 2 0.05
Co-60 7.0 t 0.1 8.6 2 0.1 7.5 0.1 9.1 t 0.1
mR/h 167 166 142 182

PILGRIM DATE: 1-8-87 STATUS: 1st Fuel Cycle
NUCLIDE A SUCTION A DISCHARGE B SUCTION B DISCHARGE4

Co-58 0.05 t 0.02 0.05 t 0.01 0.06 t 0.01 0.05 0.01
Mn-54 0.63 1 0.04 0.49 t 0.01 0.62 t 0.01 0.51 i 0.01
Zn-65 0.05 t 0.03 0.06 i 0.01 0.06 t 0.01 0.04 t 0.01
Co-60 2.95 0.08 3.10 2 0.05 4.0 0.1 3.20 t 0.06
mR/h 149 89 155 92

|

|
8

i



TABLE 3. MEASURED RADIONUCLIDE SURFACE FILM CONCENTRATIONS IN PCRS
PIPING (uCi/cm ) (Contd)2

4

HATCH UNIT 2 DATE: 11-7-86 STATUS: 2nd Fuel Cycle
NUCLIOE A SUCTION A DISCHARGE B SUCTION 8 OISCHARGE
Nb-95 0.06 1 0.01 NM NM 0.06 i 0.01
Co-58 0.27 2 0.01 NM NM 0.18 i 0.01
Mn-54 1.13 t 0.01 NM NM 0.77 t 0.01
Zn-65 1.34 1 0.02 NM NM 1.11 1 0.03
Fe-59 0.16 t 0.01 NM NM 0.13 1 0.02
Co-60 2.64 0.06 NM NM 2.22 i 0.08
mR/h 43 50 55 38

COOPER * OATE: 11-84 STATUS: Pre-decontamination
NUCLIDE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 0.87 0.92 0.56 0.74
Mn-54 0.17 0.17 0.14 0.16
Co-60 6.17 5.91 7.07 5.16
mR/h 450 425 500 400

i

COOPER DATE: 11-84 STATUS: Post-decontamination
NUCLIOE A SUCTION * A DISCHARGE B SUCTION B OISCHARGE
Co-58 0.12 0.03 1 0.01 0.02 1 0.01 0.4+ 1 0.01
Mn-54 0.56 0.13 0.01 0.11 1 0.01 0.19 0.1
Co-60 1.22 0.93 1 0.01 0.98 i 0.01 1.33 2 0.05
mR/h 61 74 42 43

COOPER * OATE: 10-86 STATUS: 1st Fuel Cycle
NUCLIDE A SUCTION A DISCHARGE 8 SUCTION B OISCHARGE
Co-58 1.56 2.45 1.96 2.35
Mn-54 1.81 1.81 1.61 1.82
Co-60 2.97 2.89 3.56 4.74

:

MONTICELLO* DATE: 2-6-84 STATUS: Pre-decontamination |
NUCLIDE A SUCTION * A DISCHARGE B SUCTION 8 DISCHARGE i

Co-58 1.08 0.63 0.95 0.8
Mn-54 1.79 1.84 2.03 1,91
Zn-65 2.89 2.28 3.34 2.35
Fe-59 0.75 0.87 0.97 0.7
Co-60 14.42 13.98 15.5 10.46
mR/h 600 400 450 400 i

MONTICELLO* OATE: 2-84 STATUS: Post-decontamination
NUCLIDE A SUCTION A DISCHARGE B SUCTION 8 OISCHARGE |

Zn-65 0.15 0.04 NM <0.01 |

Co-60 0.20 <0.01 NM 0.07
mR/h 10 7 7 10

, ,

9
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TABLE 3. MEASURED RADIONUCLIOE SURFACE FILM CONCENTRATIONS IN PCRS
(uCi/cm ) (Contd)aPIPING

MONTICELLO* OATE: 4-86 STATUS: 1st Fuel Cycle
NUCLIOE A SUCTION A DISCHARGE B SUCTION B OISCHARGE
Co-58 0.74 0.81 1.1 1.16
Mn-54 0.74 1.33 1.22 1.24
Zn-65 1.31 1.26 1.58 1.02
Fe-59 0.26 ND 0.37 0.36
Co-60 5.64 6.1 6.48 6.18
mR/h 185 200 210 200

PEACH BOTTOM UNIT 2 DATE: 7-84 STATUS: Pre-decontamination
NUCLIOE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 0.42 1 0.05 0.33 0.04 0.36 1 0.03 NM

Mn-54 0.3 1 0.2 NO NO NM

Zn-65 3.9 2 U.1 3.2 t 0.1 3.7 2 0.1 NM

Co-60 17.0 0.1 13.0 0.1 15.0 0.1 NM

mR/h 370 350 458 384

!

IPEACH BOTTOM UNIT 2 DATE: 8-84 STATUS: Post-decontamination
NUCLIOE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 0.04 1 0.01 0.03 t 0.01 0.02 t 0.01 NM

Zn-65 0.40 0.01 0.32 2 0.01 0.83 2 0.07 NM
Co-60 1.30 t 0.01 0.93 2 0.08 0.83 0.07 NM

mR/h 20 22 24 17

PEACH BOTTOM UNIT 2 DATE: 3-87 STATUS: 1st Fuel Cycle
NUCLIOE A SUCTION A DISCHARGE B SUCTION B DISCHARGE
Co-58 1.42 0.05 1.19 1 0.03 1.60 2 0.06 1.21 2 0.05
Mn-54 0.08 i 0.01 0.07 0.01 0.08 t 0.01 0.06 0.01
2n-65 1.65 2 0.02 1.5 t 0.2 1.81 2 0.03 1.52 2 0.02
Fe-59 0.06 2 0.01 0.07 0.01 0.07 i 0.01 0.05 2 0.01
Co-60 5.5 t 0.1 4.8 2 0.1 5.9 t 0.1 4.9 t 0.1
mR/h 98 NM 126 103

LIMERICK UNIT 1 DATE: 6-11-87 STATUS: 1st Fuel Cycle
NUCLIOE A SUCTION A DISCHARGE B SUCTION B OISCHARGE
Co-58 1.93 1 0.04 1.87 2 0.01 2.38 1 0.06 1.10 t 0.01
Mn-54 0.19 2 0.01 0.15 t 0.01 0.21 2 0.01 0.08 2 0.01
Zn-65 2.75 0.03 2.76 1 0.04 3.64 0.05 1,74 2 0.02

Fe-59 0.13 t 0.01 0.11 2 0.01 0.31 2 0.01 0.07 t 0.01
Co-60 1.69 t 0.03 1.61 t 0.01 2.09 t 0.06 0.99 2 0.09
Cr-51 0.49 2 0.07 0.7 t 0.1 0.7 2 0.1 0.3 2 0.1;

mR/h 50 44 56 39

NM = location not measured
NO = nuclide not detected

= RCT's data*

10
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TABLE 4. RECONTAMINATION FACTORS FOR RADIONUCLIDES IN BWR PCRS'
. SUCTION DISCHARGE PIPING

|
?

-

QUAD CITIES UNIT 1
t.

NUCLIOE A SUCTION A DISCHARGE B SUCTION 8 O!SCHARGE AVERAGE ;

. Co-60 0.61 1.1 0.81 0.71 0.81
! :

!

MILLSTONE UNIT 1 |
,

i NUCLICE A SUCTION A DISCHARGE B SUCTION 8 OISCHARGE AVERAGE

Co-58 3.5 5.6 2.8 3.1 3.7
Mn-54 8.0 5.3 12.1 7.8 8.3
Co-60 0.51 0.78 0.47 0.69 0.61 ;

'

a
3

COOPER ;

NUCLIDE A SUCTION A DISCHARGE B SUCTION 8 DISCHARGE AVERAGE i

Co-58 1,79 2.66 3.50 3.18 2.78 |

j Mn-54 10.6 10.6 11.5 11.4 11.0 !

Co-60 0.48 0.49 0.50 0.92 0.60 ;

i

MONTICELLO,

,

NUCLIOE A SUCTION A DISCHARGE B SUCTION B OISCHARGE AVERAGE |

) Co-58 0.68 1.28 1.16 1.45 1.14
Mn-54 0.41 0.72 0.60 0.65 0.59i

.

2n-65 0.45 0.55 0.47 0.43 0.47
Co-60 0.39 0.44 0.42 0.59 0.46'

: i
i

PEACH BOTTOM UNIT 2
!,

NUCLIOE A SUCTION A DISCHARGE B SUCTION 8 DISCHARGE AVERAGE I
Co-58 3.38 3.61 4.44 ** 3.81 ;

3

; Mn-54 0.27 * * ** 0.27 j

: Zn-65 0.42 0.47 0.49 ** 0.46
Co-60 0.32 0.37 0.39 ** 0.36 |

|
j System Averages For All Facilities |

! TOTAL DECONED NEW

j NUCLIDE QUAD 1 MILL COOPER MONT PEACH AVG AVG AVG i

i Co-58 * 3.7 2.78 1.14 3.81 2.86 3.7 2.58 i

f Mn-54 * 8.3 11.0 0.59 0.27 5.0 8.3 3.95 |' Zn-65 * * * 0.47 0.46 0.46 * 0.46 i

Co-60 0.81 0.61 0.60 0.46 0.36 0.57 0.71 0.47
|
j

; * = nuclide not detected in one spectra
'

** = location not measured

i

11a
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averaged about 10) than at Monticello and Peach Bottom Unit 2 (where they
averaged about 0.4). The reason (s) for the behaviors of Co-58 and Mn-54
are not apparent. Pipe replacement versus pipe decontamination can be
ruled out as a cause because Millstene Unit I was_the only one of the
three to have its pipe decontaminated (Cooper, Monticello, and Peach
Bottom Unit 2 underwent pipe replacement).

Average surface film concentrations are plotted in Figures 2 through 5
for Co-60, Co-58, Mn-54, and Fe-59, respectively. These plots indicate
that the radionuclide concentrations in the inner pipe surface films
varied widely for the plants studied. The average Co-60 surface

2

concengrationvariedfromabout1.5uCi/cm (Limerick) to about 19uCi/cm (Quad Cities Unit 2); Co-58, from 0.05 uC1/cm2 (Pilgrim) to
about 2 uCi/cm2 (Cooper); Mn-54, from 0.07 uCi/cm2 (Peach Bottom Unit
2) to 4.2 uCi/cm2 (Millstone Unit 1); and Fe-59, from 0.06 uCi/cm2
(Peach Bottom Unit 2) to 0.44 uCi/cm2 (Quad Cities Unit 2). For Co-60
and Fe-59, the newer plants generally exhibited a lower surface film
concentration than did the older plants. No similar generalization,
however, can be made concerning Co-58 and Mn-54. In general the Co-60
surface concentration tended to be higher for BWR 3s with old pipe than it
was for BWR 3s with new pipe, a similar trend as was seen with the dose
rate data.

r

In order to remove the effects of the reactor coolant radionuclide
concentrations from the comparison of the gamma spectral results from the
various plants, the surface film concentrations for Co-60 were normalized
to the reactor coolant for each plant by dividing the surface radionuclide
concentration by yearly average reactor coolant concentrations. Figure 6 <

shows the resultant bar graph for Co-60. The most striking difference '

this normalization makes is that the variation between the lowest and the
highest values of Co-60 shows a significant reduction from Figure 2 and,
with the exception of Quad Cities Unit 2, all plants exhibited a similar
value for Co-60, being within +25% of a mean value of approximately 16.
Dependence of plant-to-power history, noted in Figure 2, for surface film
concentrations of Co-60 was no longer apparent after the data were
normalized to reactor coolant concentrations, indicating that power
history plays at best a minor part in recontamination. In addition, there
does not appear to be any significant difference between old pipe and new
pipe normalized film concentrations.

General Electric has performed controlled studies on Co-60 deposition
in a laboratory eny
inanEPRIreport.Lggonment.

The results of their findings were published
J Part of their findings showed that within 2000'

,hours of exposure to simulated reactor coolant, the Co-60 surface film had
i

come to approximately 95% of equilibrium on "as received" type 304 stain-
less steel test samples. The lack of correlation between surface film
Co-60 concentration and EFPHs found in our study agrees well with this
finding by General Electric, since all the plants we studied had been
operating much longer than 2000 hours following a chemical decontamination ior pipe replacement. A linear correlation between Co-60 surface depost-
tion and the Co-60 concentration in the water flowing through the system

12
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| Co-58 SURFACE FILM CONCENTRATIONS
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Mn-54 SURFACE FILM CONCENTRATIONS
(uCI/cm2)
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Fe-59 SUPEACE FILM CONCENTRATIONS
(uCi/cm2)
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NORMALIZED SURFACE CONCENTRATIONS
Co-60 Rim AcUvity (uCI/cm2)
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wasasecondfindingbyGeneralElectr}c.5 , where they found ".... the
This was also found to be true

in an earlier General Electric StudyL
Co-60 levels on high-temperature decontaminated surfaces after several
hundred hours were dependent on the soluble Co-60 concentrations in the
reactor water during this time period...." The apparent correlation

between surface film Co-60 concentration and reactor coolant Co-60
concentration found in our study agrees well with this finding by General
Electric.

A mathematical equation for the activity on the pipe surface was
determined by C. C. Lin to be:

A = RC in (kt+1)
2where A = Co-60 activity on the surface, uC1/cm

2R = deposition rate constant, kg/cm
k = corrosion kinetic constant, h"1
C = Co-60 concentration in water, uCi/kg
t = exposure time, h

General Electric calculated the constants R and k for conductivities 1,

0.1 and approximately 0.5 uS/cm for both type 304 and type 31o stainless
steel.

All of the recontamination surface film data listed in Table 3 were
tested against the GE equation using the constants for 50.1 uS/cm . The8

calculated values for 5 0.1 uS/cm conductivity and the values measured3
,

after tne first or second fuel cycle after pipe decontamination or'

replacement, are graphically displayed in Figure 7. There is good
agreement (within a factor of two) of the measured data to the calculated
values, when tested against the rate constants for f 0.1 uS/cm 8

conductivities. This agreement was obtained even though most
conductivities ranged from 0.16 to 0.25 uS/cm . At a few of the8

facilities conductivity was high for the first few thousand hours of
i operation, averaging 0.5 uS/cm . However, when these data were compared8

to calculated values for approximately 0.5 uS/cm conductivity there was8

poor correlation. The General Electric equation was also tested against
the pre-decontamination data. Surface film concentrations were calculated
from the average dose rate data using the dose rate to Co-60 uCi/cm 2

factors of 26.09 for new pipe and 22.61 for old pipe. The results are
shown in Figure 8. There is not reasonable correlation of the measured
data (i.e., the calculated value using the averaged measured dose rates)
to the calculated data. However if one allows for the measured values to
be high by 50%, which is probably not an unreasonable assumption, then the
agreement is quite good.

General Electric also studied the effects of other metal ions in the I

reactor coolant on the incorporation of Co-60 into the out of core pipe
surfaces. Their studies have determined that Zn ions in the reactor
coolant tend.to inhibit tng incorporation of Co-60 into the oxide film in

6out-of-core pipe surfaces.L J lt was found that Zn concentrations as
|

|
I
)
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CALCULATED-VS-MEASURED PIPE ACTIVITY
Co-60 Surface Activity
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low as 5 ppb had a positive affect on reducing the incorporation of
Co-60. The data acquired as part of the recontamination program as well
as data that were acquired as part of a General Electric gg

| program on BWR radiation assessment and control program,b)asurementwere used to
evaluate if Zn in the reactor coolant did show a trend for reducing the
surface film concentrations in the suction / discharge pipe. Table 5 lists,

l the average radioisotopic concentrations (prior to any decontamination or
pipe replacement, except where noted) on BWR recirculation lines for both
the General Electric data and data obtained in this study.
Recentamination data are noted with asterisks. The data indicate that, in I

general, the trend is for those facilities having Admiralty brass
condensers to have lower Co-60 film concentrations for the same equivalent !

EFPHs than those without brass condensers. The brass condenser tubes
contain Zn in the alloyed metal. During normal operation Zn gets into the

: feedwater, and hence into the reactor coolant, by erosion of the condenser
! tubing. Note that for Limerick Unit 1, which has measured values of >25
! ppb Zn, the data show the same general trend in the contamination rate as

,

'Hatch Unit 2 and Brunswick Unit 2, both of which have brass condensers.
All three show pipe surface film activities significantly less than the

: other facilities.

There are two other interesting observations of the data in Table 5.
First, for Quad Cities Units 1 and 2, Hatch Unit 2, and Limerick Unit 1,
the recontamination data agree well with the initial contamination data'

time sequence but for Monticello and Millstone the data fit well in the
initial contamination data at approximately 3 EFDYs (effective full power
years). Secondly, Co-58 approximates the Co-60 film concentrations in the

,

time frame of <1.5 EFPYs, but after that time the Co-60 becomes the
dominant nuclide in the pipe surface film. This is due to the equilibrium !

concentration dependence on the halflife of the radionuclide, where Co-58
has a halflife of 71.4 days and Co-60 has a halflife of 5.26 years, ,

Therefore, the surface film concentration of Co-60 should be much larger
than Co-58. Measured data show that Co-60 reaches equilibrium around
three to five EFPYs.

Since some of the studied facilities had replaced the PCRS pipes with
pre-treated pipe, the measured film concentrations were examined to'

I determine if there was any significant reduction in the out of core
' surface concentrations of Co-60 caused by any pretreatment of new pipe

used in the PCRS replacement. The following lists a brief review of the i

facilities and pipe treatment received prior to the pipe being installed.

) Facility Pipe Pretreatment

i

Cooper Pipe were electropolished and then pre-oxidized using
hot moist air ~ 5600F for 150 hours.

Monticello Pipe were electropolished

! Pilgrim Pipe were electropolished

Hatch No pipe pretreatment

] Peach Bottom Pipe were electropolished j

l

i
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TABLE 5. RADIO!SOTOP!C SURFACE CONCENTRAT!ONS IN BUR PCRS PIP!NG

2Concentration (uci/cm )
BWR EFPY Co-60 Co-58 Mn-54 Zn-65 Fe-59

Brunswick-2*** 0.32 0.3 0.9 0.2 0.2 ND

0.96 2.2 1.7 0.9 0.8 ND

2.19 5.1 2.1 1.1 0.9 ND

Quad Cities-1 1.19** 8.0 1.0 0.8 0.8 ND

2.79 25.5 1.7 1.4 ND ND

4.06 34.7 1,6 2.1 ND ND

4.71 38.5 1.5 1.5 ND ND

5.27 39.9 1.0 2.1 ND ND

6.05 38.3 1.6 1.6 ND ND

Quad Cities-2 0.90** 14.2 1.1 1.1 1.0 0.4
2.85 27.9 0.9 1.0 ND ND

4.13 34.8 1.5 1.5 ND ND

4.63 43.1 1.5 1.6 ND ND

5.10 36.9 1.1 1.5 ND ND

5.80 39.3 1.3 2.3 ND ND

Hatch *** 0.61 0.5 1.8 0,1 ND ND
1.50** 2.4 0.2 0.9 1.2 0.1

Monticello 1.16** 6.1 1.0 1.1 1.3 0.3
1.31 0.5 0.4 0.1 1.0 ND

1.88 1.2 1.3 0.3 1.2 ND
2.35 4.0 1.0 1.0 3.5 ND
2.83 7.9 1.3 1.1 4.5 ND
4.41 8.5 0.6 0.5 1.3 ND

10.26 13.6 0.9 1.9 2.7 0.8

! Millstone-1 1.20 3.4 1.8 1.5 0.1 ND
1.27** 8.1 1.9 4.2 ND 0.5
1.28 3.3 0.7 1.0 0.1 ND
2.04 7.1 1.7 3.1 0.6 ND

1 2.72 5.8 1.1 1.6 0.1 ND
3.44 8.9 1.5 2.3 ND ND

Limerick-1*** 1.27 1.6 1.8 0.2 2.7 0.2+

1 ,

j t

ND : not detected in spectra
* = EFPY is effective full power years

** = measured values on pipe that were either removed or decontaminated
EFPY is for the next fuel cycle.

**** Admiralty Brass condenser tubes ;,

I
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Figure 9 shows a plot of tho reactor coolant normalized Co-60 surface
film concentration versus EFPHs, The line is drawn in for an aid to the
viewer. Review of Figure 9 shows that there does not appear to be any
significant advantage to pretreatment of pipe surfaces to reduce the Co-60 ;
incorporation into the oxide film. Of the facilities that show

; significant deviation from a linear relationship of normalized surface
' activity to EFPHs, Hatch and Limerick were lower and Monticello was

higher. Hatch did not perform any pipe pretreatment and historically has
had low oxide film concentrations as mesured using dose rate. Limerick
had measurable Zn at >25 ppb which may have had a greater affect on
lowering the Co-60 film concentration than pipe pretreatment. Monticello, |

'

which was higher by a factor of 2, replaced the 28 in. PRCS piping with4

pipingthathad[pJen formed from stainless steel plate which was rolled
and seam welded. This pipe formation process was different than the

1 normal extruded pipe process used for most PCRS replacement piping. The
rolled pipe surface was observed to be more rough following ,

electropolishing than the electropolished extruded pipe surfaces, which<

should, and apparently did, significantly enhance the Co-60 buildup og the
; pipe surfaces. Our finding agrees with the General Electric finding,L5;

where they found that "The prefilming test demonstrated that prefilming of"

stainless steel surfaces can significantly reduce the initial buildup rate
on BWR stainless steel surfaces. However, the longer-term buildup rate
appears to be unaffected. Thus, as the exposure time increases, the

]
relative differences between the radioisotopic levels on the prefilmed and
non-prefilmed surfaces will decrease " All of the plant data (except that

obtained soon after a decontamination) were at facilities that had,

sufficient operational hours so that any early prefilming advantage wouldi

not be apparent with this data. This is borne out by a comparison of;

Co-60 results obtained from Cooper (see Figure 7). The first set of
'

,

1 Cooper data in Figure 7 was obtained after 1104 EFPHs of operation, while
the second set was obtained after 8628 EFPHs. At 1104 EFPHs, the

4

calculated value is much larger than the measured value, but this1

j difference is reduced considerably at 8628 EFPHs, This indicates that by i

,

8628 EFPHs the initial advantage of pretreatment of the pipe at Cooper had '

; been lost.

| Man-rem savings are a direct result of reduced dose rates in general
] areas or at contact with equipment components. Chemical decontaminations !

i havebqgshowntobeeffectiveinreducingthedoseratesinPCRS ,

1 pipingc J However, what about the long term savings of man-rem due to
chemical decontaminations? The results of this recontamination study show
that for at least the first fuel cycle there will be on average a 43%

,

savings in worker dose for performing a similar task before a chemicalt

decontamination of the PCRS piping. For old pipe systems the savings are
not as great averaging 29% but new pipe systems enjoy a greater average;

i savings of 53%. With all facilities the savings are different and are
I calculated by subtracting the recontamination factor from one. The reader

is referred to Table 4 for the recontamination factors for each facility.
;

I

l

i

1
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1 l
|
'

- - . -- _- . _. . _ . - _ __ .~ , -.



-rs-.._--_. .-was~~am .-m.o ,_ma.-, _a-,ms___wu, __r_,_ u _se._a__.__ma.s u.__._u_m_, n .-u.. _ _ _ _ . _ _ , , _ x_ ._a ... s _a . .u . a _ ...w, . . _ >w a -_ -. ......

A

&

NORMALIZED SURFACE CONCENTRATIONS
Co-60 Film Activity (uCi/cm2)

So

D
45 -

40 -

i

35 -n

os
) 3. N~

*v
-

8x a. 25 -
-

0

56
1

'

;

N 20 - a,
i

! U D
0

15 - 0
0

10 -

'
-'

5- -r

i #

/

O i , , , , , , i i , , ,

1 3 5 7 9 11 13 .

(Tiunasands),

EFPHs OF OPEMDON'

FIGURE 9
>

_ _ _ _ _ _ , . _ _ _ __ _ ___ _ __ _ _ __ _ _ _ _ _ _ _ _ ___._-,.--ww, - . - ----m-- ---+,%-e.---r-.w',+,%+.,-w---- 1,*-- 4- ~ , - -- _ . e - -- - --, - - - - - . - . . - _ , , . . . - --_,_. , _ , , . . _ . . , ,, ,



.- -- . -

1
CONCLUSIONS !

! -The results of this study-indicate that:

o Dose rates following a decontamination or pipe replacement tend ;

not to be a function of effective full power hours,

o Dose rates following a decontamination.or pipe replacement tend. |
to be a function of Co-60 reactor coolant concentrations. |

i. ;

j o Surface filni concentrations on out of core pipe surfaces tend to ,

be dominated by Co-60 both prior to and following a' chemical is

decontamination or pipe replacement. :

J >

o Old pipe systems tend to have higher oxide film radionuclide !|
! concentrations than new pipe systems following at least one fuel

cycle. ;

1
I

o Co-60 surface film concentrations on out of core pipe surfaces i2

following a decontamination or pipe replacement tend to be a |
function of reactor coolant Co-60 concentrations. {

;
.

!
o 'Co-60 and Fe-59 surface film concentrations on out-of core pipe

surfaces tend to be lower in systems where the PCRS pipe were- t

replaced, but Co-58 and Mn-54 tend not to follow this pattern. |

4 o Co-60 surface film concentrations on out of core pipe surfaces
,

following a decontamination or pipe replacement tend not to be a i

'

; function of effective full power hours. |
i

o Zine tends to reduce the incorporation rate of Co-60 into the i

) oxida film on out of core pipe surfaces.
4

j o There is little apparent correlation-to surface film radionuclide !

; concentrations on out of core pipe surfaces and pre-treatment of i

] pipe surfaces, j
1 ;

| o Nan-rem savings, following at least one fuel cycle, tend on
average to be equal to 43% for all facilities, i

|

|

|
1 !

! !
i
'
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I !
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- EFFECT OF DECONTAMINATION ON AOING PROCESSES .

F AND CONSIDERATIONS FOR LIFE EXTENSION |
"

,
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1

ABSTRACT ',
!

| The basis for a recendy initiated program on the chemical i
decontamination of nuclear reactor components and the possible ;

impact of decontamination on extended-life service is described. ;-

The incentives for extending plant life beyond the present 40-year i

; limit are discussed, and the possible aging degradation processes .

| that may be accentuated in extended life service are described.
i Chemical decontamination processes for nuclear plant primary i

!
i systems are summarized with respect to their corrosive effects on

structural alloys, particularly those in the aged condition. Available
experience with chemical cleaning processes for the secondary |

;

: sicie of PWR steam generators is also briefly considered. Overall.
-

i no severe materials corrosion problems have been found that would !

i areclude the use of these chemical processes, but concerns have !
xen raised in several areas. particularly with respect to |

| corrosion-related problems that may develop during extended :

a service. !

j !

!

INTRODUCTION

! 31s paper describes the basis for a recendy initiated program on the
i decontamination of nuclear reactor components and the possible impact of
I decontamination on extended life service. 'Ihis program Ls being developed
j in response to the ever-increasing use of chemical decontamination
: processes in nuclear power plants to reduce worker exposures during repairs
i and maintenance, and to a growing interest in extending the life of exisung
] nuclear plants beyond their present 40 year licensing period. Concerns a%ut
; the possible adverse effects of repeated decontaminations on the remaining
! service life of aged components must be addressed before operating licenses

h a wide variety of nuclear{ for extended life can be renewed. Althou g'ects of one kind or another, powerplant components are subject to aging ef the4

| present program is specifically concerned with metallurgical and chemical
i effects in components that are direcdy exposed to decontamination solutions.
! i.e., selected pressure boundary components and reactor internals. In

addition, chemical cleaning of steam generators to remove sludge and reduce
denting, though not striedy a decontamination process, is also included.

!

|
7." ~"" 7 .',* ;"? C
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PLANT LIFE EATENSION AND COMPONENT AGING
,

The duration of a license for a nuclear power plant was set at a maximum
of 40 years by Ole Atomic Energy Act of 1954, with possible renewal at the
end of that ume period.1 Several studies 4 to evaluate the technical and2

economic merits of extending service lives beyond this 40 year limit have
found that such life extensions are technically feasible and that the economic
incentives are considerable. A 1982 evaluation perfonned for the Electric
Power Research Institute (EPRI) concluded that such life extension could be
cost-effective even at a plant refurbishment cost of $300 million to
$1 billion.3 Robert B. Minogue, former Director of the Office of Nuclear
Research of the U. S. Nuclear Regulatory Commission (USNRC), has noted
diat present 40-year o acratin licenses for nuclear ower plants will begin to
expire in the year 200L, and 2015 approximatel 85 percent of the
licenses granted through 198 will have expired.5 t is therefore not
surprising that the USNRC has already begun to seriously examine the safety
implications associated with nuclear power plant life extension.6

.

The major concern with respect to the possible licensing of nuclear |

plants for operadon beyond 40 years is diat of component aging. In tenns of
metallurgical effects, such aging can take several forms, including
low-temperature sensitization of stainless steels, long term embrittlement of
cast du plex stainless steels, and radiation induced embrittlement of reactor
internal components. Each of these aging phenomena will be discussed
briefly,

it has been recognized only relatively recently that sensitization of
stainless steels can occur after prolonged exposures (of the order of years) to
temperatures of 400*C (750 F) or less.' 8 This process, known as
low temperature sensitization, generally requires an initial brief exposure to
higher temperatures (600 to 800 C or 1110 to 1470 F) to nucleate the
carbide particles that subsequently grow at lower temperatures. Just as with
conventional sensitization, this precipitation process depletes the;

grain-boundary regions of Cr and leaves them more susceptible to
intergranular corrosion. Low temperature sensluzation is of concern in:

) nuclear plant coolant piping and reactor internals operating at temperatures
of 250 to 288*C (480 to 550*F), particularly under conditions of extended life|

operation.

! Another aging phenomenon, sometimes known as 475 C embrittlement,
can occur in ferritic and cast duplex stain'. ass stainless steels. When thesc,

steels are exposed for extended p'eriods of time to temperatures in the range;
,

from 300 to 500*C, the Cr-rich a phase precipitates within the ferrite,
resulting in severe embrittlement. It now appears that a similar series ofi

time-dependent precipitauon phenomena may occur at LWR operating
1 temperatures in the ferrite phase of cast duplex stainless steels such as CF-3'

and CF-8, which are used to fabricate nuclear plant primary coolant piping as
: well as valve and pump casings.9 Again, these very slow aging processes are

,

J of greatest concern under conditions of extended-life operation.
,

i

i

28



The embrittlement of reactor pressure vessels and internal components
due to neutron irradiation may also be considered to be an aging phenomenon
of sorts. This embrittlement process is generally characterized in terms of
an increase in the transluon temperature between brittle behavior observed
at lower temperatures and ducule fracture at higher temperatures. This
transluon temperature increases with increasing neutron fluence (and
therefore service time), and it has also been found to be strongly influenced
by the presence of certain impurities such as Cu and Niin the steel. Control
of these residual element levels has greatly reduced the embrittlement
problem in the newer reactor aressure vessels, but older vessels will require
careful monitoring, particular y if extended-life operauons are attempted.

.

CIIEhtICAL DECONTAhtlNATION

During the operation of a nuclear power plant (BWR or PWR), oxide
corrosion films form on the surfaces of piping, pumps, valves, steam
generator tubing, and other components in contact with the primary coolant.
Some of these corrosion products dissolve or erode in the circulatitg coolant,
are deposited on the fuel cladding, and become activ}ted. 'the principal5 Co. WCo 55pe, 59Fe,radionuclide formed by this activation process are
54hin, 51Cr. Ni, and 652n. These radionuclides, in turn, are released and
carried out of the core region by the coolant and are incorporated into the

I oxide films on the surfaces of the primary coolant system components. The
result is a steadily increasing radlauon field on these components.

This radiauon field is of principal concern during reactor outages for
maintenance or repair, since :t limits the working time of personnel in thea

region, in fact, radiation exposure represbnts a specific cost, commonlyquoted as $5000 to S7000 per man-rem,1 1I that electrical uulides must
bear during maintenance and repair procedures. Decontaminadon of primary
loop components to reduce radiation fields and lower the man rem exposure
is therefore of vital economic interest to utilities. For example, based upon
experiences with the Dresden 3 and Quad Cities 1 and 2 reactors,
Commonwealth Edison Company reports average net savings of $1.25 million
from decontamination of recirculation p
in service inspection and repair work.1,lping preparatory to performingReducuon of the radiadon exposure
of nuclear plant personnel tnrough effective decontamination is also
consistent with the NRC objective of maintaining such exposure as low as
reasonably achievable (ALARA).

i

'Ihe results of a survey of U. S. experience with the chemical!

decontamination of commercial nuclear aower reactors are summarized in
Table I. 'Ihis tabulation is not necessari y exhaustive, but it does include a
large majority of the chemical decontaminations that were performed in this
country through the end of 1986, hiost of the decontaminations were carried i

out on BWR primary coolant recirculation systems (PCRS) and reactor water |

clean up systems (RWCU). In PWRs. the components most commonly I

decontaminated have been steam generator channel heads. Almost all of
j these decontaminations were carried out immediately prior to maintenance

: |
\ |

|

|

|

|
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Table I. Sununary of Experience with Chemical Decontamination of
Commercial Nuclear Power Reactors in the United States.

!

Component 4 Years Since
Date Plant I h ss Dwontaminated* Startup

Boiling Water Heactore

19G1 Shippingport Tum 4502'4521 PCRS 7

676 Dresden 1 NS-1 (cone.) Primary system test loop 16

4'77 Peach Bottom 3 NS 1 (cone-) RWCS 3

9/77 Peach Bottom 2 NS 1 (cone.) RWCS 3

IG79 Vermont Yankee CAN DECON RWCS 7

3'80 Brunswick 2 CAN DECON RWCS 4

3'81 Nine 51ile Point CAN DECON 5 primary recire. pumps 4

4'81 Brunswick 1 CAN DECON RWCS 4

1031 Vermont Yankee CAN DECON RWCS 9

1231 Brunswick 1 CAN DECON aux. steam system 5

4'82 Peach Bottom 2 CAN DECON RWCS 8

4'82 Nine $1ile Point CAN DECON 2 primary recire. pumps 12

5 &'82 Nine hiile Point CAN DECON PCRS 12

1232 Ilatch 1 CAN DECON RWCS 7

4'83 Peach Bottom 3 CAN DECON RWC-S 8

3-4'83 Vermont Yankee CAN DECON PCRS 10

1033 Quad Cities 2 CAN DECON PCRS 11

1033 Dresden 3 CAN-DECON PCRS and RWCS 12

1/84 Pilgrim NS-1 (dilute) PCRS 11

3 84 hionticello LOhli PCRS and RWCS 13

4'84 Quad Cities 1 CAN DECON RWCS 12

4'84 Brunswick 2 Citrox RWCS 8

5'84 htillstone 1 CAN DECON PCRS and RWCS 14

7/84 Peach Bottom 2 CAN DECON PCRS 10
'

7 &'84 Pilgrim NS 1 (dilute) PCRS and RWCS 12

30



Table I. (Cont'd.)

Components Years Since
Date Plant Process Dwontaminatal, Startup

934 Dresden 1 NS 1 (cone.) PCRS 24

1084 Dresden 2 NS 1 (dilute) PCRS 14

12'S4 Cooper Citrox (dilute) PCRS 10

1981 Quad Cities 2 CAN DECON RWCS 12

1GB5 Vermont Yankee WMI PCRS and RWCS 13

11/85 Dresden 3 WMI PCRS and RWCS 14

1/86 Quad Cities 2 WM1 PCRS 13

5'86 Quad Cities 1 CAN DECON/WMI 2 Irrad. fuel assemblies 14

636 Oyster Creek WMI PCRS 17

7/86 BrowWs Ferry 1,2,&3 7 processes 6 RWCS pumps 9-12
compared

1236 Dresden 2 WMI PCHS and RWCS(hot leg) 16

Pressurised Waterbactoes

1976 Surry NS 1 (cone.) Evaporator 3
932 Surry 2 CAN.DECCN Channel head (cold leg) 9
11/82 Surry 2 WM1 Channelhead(hotleg) 9
4/83 Ginna CAN DECON Channel heads 13
833 Millstone 2 OZOX Channel heads 8
&B4 Palisades CAN DECON Channel heads 13
535 Millstone 2 Citro: A Channel heads 10
1965 Indian Point 3 WMI Channel heads 9
1/86 Connecticut Yankee CAN DECON Channelheads 18

6-8/86 II. B. Robinson WMI Isolated primary pump 15

1986 Millstone 2 O20X A Channelheads 11

* PCRS = Primary Coolant Recirculation System
RWCS = Reactor Water Cleanup System
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1

or repair work to reduce worker exposure. The principal decontamination
processes were CAN-DECON, NS-1, and, in more recent years, LOMI. It is
apparent from the table that chemical decontamination is becoming an
increasingly common practice in this country.

During a nuclear reactor decontamination, the chemical solutions are
likely to come in contact with a number of different structural alloys. The
more important alloys are listed in Table II alon with examples of -
components in which they are utilized. Althou core decontaminations with
the fuel in place are not yet being routinely pe ormed in this country, they
have been performed in Canada (Douglas Point and Pickering Candu Reactors) :

and the U. K. (Winfrith SGHWR), and are of growing interest in the U. S. For
this reason, Zircaloy cladding material is included in Table II. The
high-strength Ni-base Inconel Alloys 718,625, and X-750, which are used for
core structural applications, are included for the same reason.

It should be noted that several of the alloys listed in Table II are
susceptible to the long-term metallurgical aging effects previously described.
For example, the austenitic stainless steels (SS) and, to a lesser extent,
Incoloy 600 are subject to low-temperature sensitization, although Type 316
NG SS has been specifically developed to resist sensitization Possible aging
embrittlement of the cast duplex stainless steels CF-8 and CF-3 has already
been discussed, as has the neutron irradiation embrittlement of the low-alloy
pressure-vessel materials.

CORROSIVE EFFECTS OF DECONTAMINATION PROCESSES

Table I indicates that the most widely used decontamination processes
in this country are CAN-DECON and, more recently, LOMI, and these two
arocesses are of principal interest in the present program. - Both processes
lave been extensively studied for possible corrosive effects on the reactor
structural materials with which they come in contact daring use. The results
of these studies are summarized in this paper.

CAN-DECON Process

The CAN-DECON process is a dilute chemical decontamination process .

developed by Atomic Energy of Canada Ltd. (AECL) during the early 1970's.13
The process was first used on a commercial basis in the United States to
decontaminate the RWCS of the Vermont Yankee BWR in late 1979. Since
that time, more than 20 decontaminations of BWR's and PWR's have been
carried out in this country with CAN-DECON.

The principal active chemical reagent used in the CAN-DECON process
was orip,{inally Nutek L-106, sold by Nuclear Technology Corp. of Amston,
CN.14 :>ince 1977, when London Nuclear Decontamination Ltd. (now LN
Technologies) became the licensee of the AECL for the application of the
process, the chemically similar reagent LND-101 A has been utilized. This
reagent consists of a mixture of organic acids (including oxalic acid) to
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Table II. Nuclear Reactor Structural Alloys Likely to be Exposed to
I Deco'ntaminant Solutions During Chemical Decontamination.

|
i

Alloy Application
,

Austenitic Stainless Steels
Type 304 - Primary coolant piping -,

Type 316 NG Primary coolant piping
Types 308 and 309 Corrosion resistant cladding

on pressure vessels and piping
,

Cast Duplex Stainless Steels -

CF-8 Primary coolant piping; ;

CF-3 valve and pump casings
,

Carbon and Low alloy Steels
A106 Primary coolant piping
SA333, Grade B Primary coolant piping
A516, Grade 70 Primary coolant piping

,

A508, Grade 2 Reactor pressure vessel
A533, Grade B Reactor pressure vessel -

A302, Grade B Steam generator shells
A570, Grade 40 Steam generator support plates --

Nickel base Alloys
Inconel 600 . PWR steam generator tubing
Inconel 718 Core structural components
Inconel 625 Core structural components- '

Inconel X-750 Core structural components

Special Purpose Alloys
Zircaloy-2 and -4 Nuclear fuel cladding !
Haynes Stellite 6B Control element drives
Haynes Stellite 6 Weld deposited hard facing on

. pumps and valves

|
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dissolve the radioactive oxide films present on the components and a chelant
to prevent redeposition of dissolved radioactive metal ions. The oxide films
formed on PWR steam generator components typically contain more Cr (as
much as 40 wt. %) than is present in typical BWR corrosion films.15
Chromium is present as CP+ ions, which are insoluble in the LND-101A
reagent and its modifications. It is therefore necessary to utilize an alkaline

3 6permanganate solution (LND-104) to oxidize the Cr + ions to the soluble Cr +
state. In decontaminating PWR components, therefore, the reducing
LND-101A treatments are typically precceded by or are alternated with the
oxidizing LND-104 treatments.

The CAN-DECON LND-101 A solution is typically injected into the
circulating reactor coolant in sufficient quantity to achieve a diluted
concentration of 0.1 wt. % in solution. A side stream of circulating solution is
passed through a filter and cation resin columns to remove particulate and
dissolved materials. The normal decontamination temperature is 120 C

temperatures from approximately 80 to 135 C.1g out successfully at
(248 F), but decontaminations have been carrie

Concerns about the possible detrimental effects of LND-101A on LWR
structural alloys were first raised in early 1982 in conjunction with the
decontamination of the Nine Mile Point 1 BWR primary coolant recirculation
system (PCRS).17 This decontamination was carried out in order to reduce
worker exposure during repairs to safe end-to-pipe welds in the 28-in.
diameter coolant lines. which developed through-wall leaks in the
heat-affected zones of the welds. A Task Force formed to study the Nine Mile
Point 1 failures also . considered the question of whether the CAN-DECON
decontamination performed immediately prior to component removal
contributed to the observed cracking. The Task Force report, issued in
Septeniber 1982, concluded that "...the 1982 total recirculation system
decontamination does not appear to have exacerbated the observed
cracking."17 Its only clear effect, insofar as the cracking was concerned, was
...the increase in sensitivity for inspection of cracks which already existed in"

the system."17 I-Iowever, some of the piping welds were heavily
electropolished after decontamination to further reduce radiation levels, and
this electropolishing treatment removed some of the originalinner surface
where intergranular attack (IGA) induced by the decontamination process
might have occurred. Furthermore, the failed piping was removed
immediately after decontamination and therefore never saw actual reactor
service. The Task Force report cautioned that longer term exposures after
decontamination might reveal effects related to subsequent crack initiation.18

Laboratory tests of the CAN-DECON LND-101 A reagent and studies ofits
possib'.e contribution to the corrosion of reactor structural materials were
conducted in 1984 by the General Electric Co. under EPRI sponsorship.19
Three LWR structural materials, namely sensitized Type 304 stainless steel.
Inconel 600, and SA 533 Grade B pressure-vessel low-alloy steel. were
evaluated in laboratory tests. Decontamination processin for 48 h at 120 C
in a 0.1 wt % solution of LND-101A produced relatively h h corrosion rates
of about 0.18 mm/ day in the low alloy steel, but the rates r the other two

,

I

34

__ ___ _ _____ _.
--



alloys were of the order of 10-3 mm/ day. However, the decontaminauon
process was found to have produced IGA to a depth of about 0.2 mm (2 to 3
grain diameters) in the Type 304 stainless steel specimens and 0.09 mm
(~3 grain diameters) in the Inconel 600 specimen. In addition, surface
pitting was observed in these latter two materials. Subsequent constant
extension rate tensile (CERT) tests at 288 C (550 F) in water containing
0.2 ppm dissolved oxygen indicated an increased susceptibility to stress
corrosion cracking (SCC) in the sensitized Type 304 stainless steel. In the
case of field-decontaminated Type 304 stainless steel BWR pipe welds,
shallow IGA was observed in the heat affected zone, and dense shallow pits
were found in one specimen. However neither of these features adversely
affected the IGSCC resistance of these specimens as measured by CERT tests.

As a follow-up to the General Electric study, London Nuclear conducted
a comprehensive review of general, galvanic, crevice, and pitting corrosion
data and SCC test results for the CAN-DECON process obtained by them and
others over a number of years.16.20-23 The alloys evaluated included several
carbon stects, austenitic and ferride stainless steels, nickel-base alloys,
Zircaloy-2, and Stellite 6. 'Ihe LND-101 A reagent concentrations in these
tests ranged from 0.05 to 0.3 wt. %; solution temperatures ranged from 25 to
135 C; and decontamination times ranged from 6 to 550 h. This study
concluded that the LND-101A solution does not, in general, produce any
undesirable corrosion effects in the evaluated alloys. The highest corrosion
rates were observed in the carbon steels, with a maximum rate of about
0.19 mm/ day. However, this rate could be reduced by about a factor of 10 by
the addition of suitable corrosion inhibitors. Non sensitized Type 304
stainless steel and Inconel 600 showed no increase susceptibility to IGSCC.
In the sensitized conditions, these two allovs showed a significant
susceptibility to IGSCC after a 500-h treatinent when the solution contained
no ferric tons. The addition of ferric lons at concentrations of ~50 to 80 ppm
in the decontaminant solution climinated the susceptibility to IGA and IGSCC.
The enhanced IGA and IGSCC susceptibility previously observed in the
General Electric studies was therefore attributed to a lack of ferric lons in
solution, a condition that would not normally be present during actual reactor
decontamination, except possibly for a brief period near the beginning of the
decontamination process. For this reason London Nuclear has introduced a
reformulated versicn of LND 101A, known as Rem-E-D, which contains ferric
citrate additions to ensure a sufficiently high concentration of ferric lons
during the initial stages of decontamination. In addition. London Nuclear
concluded that the presence of oxalic acid in the LND-101A reagent can lead
to IGA of certain alloys under severe conditions. Therefore, reagent
LND-107, in which the oxalic acid has been removed, was also introduced as
an alternative modification of the original LND-101 A.13

LOMI Process

The LOMI (low oxidation-state metal lon) decontamination process 24
was developed by the Central Felectricity Generating Board in Great Britain,
and is currently licensed to several firms for use in the United States. The
decontaminating reagent consists oflow concentrations of picolinic acid and
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vanadium (II) formate plus a chelating agent, and the process works by
converting the ferric tons in the oxide layer on the contaminated component

2surfaces to the more soluble ferrous ions, with the V + ions serving as the
reductant. For PWR oxide films, which typically have a higher Cr
concentration, prior alkaline or nitric acid permanganate (AP or NP) ,

oxidation treatments are commonly used. The LOMI reagent is injected into
the circulating reactor coolant as with the CAN-DECON process, and a side
stream of circulating coolant plus decontamination soludon is again passed -
through a filter and cation exchange resing columns to regenerate the
chelant. The normal decontamination temperature of 80 to 90 C (176 to -
194 F) for the LOMI process is somewhat lower than the decontamination
temperature for the CAN-DECON process.

19 and Pacific Northwest laboratoriesBoth General Electric Company
(PNL)25 have conducted studies on the corrosive effects of the LOMI process
on LWR structural materials. The General Electric study found the general
corrosion rates of SA533 Grade B carbon steel, Type 304 stainless steel, and
Inconel 600 to be approximately one order of magnitude lower in the LOMI
reagent than in the CAN-DECON reagent, and no IGA or increased
susceptibility to SCC was observed. PNL similarly found that both lightly and
heavily sensitized Tyne 304 stainless steel and Inconel 600 specimens
exhibited low genera corrosion rates in the LOMI solution. The Inconel 600
specimens exhibited some shallow pitting after AP, AP/NP, and AP/NP/LOMI
treatments, but the pits repassivated in subsequent post-filming. No IGA or
increased susceptibility to SCC was observed under any of the test conditions
for either alloy studied by PNL.

Chemical Cleaning of Steam Generators
,

In the past nine years, the Electric Power Research Institute Steam
'

Generators Owners Group has developed solutions for the chemical cleaning
of the secondary side of PWR steam generators to remove Fe and Cu corrosion
produce sludge deposits. Because of the large volume of material to be
removed, the solutions tend to be more concentrated than those used for
primary system decontaminations,= and the formulations that have be n
developed for the Fe and Cu removal steps are somewhat ditTerent.2d8 The
principal active ingredient in both cases is ammonium EDTA (ethylene-
diaminetetraacetic acid), which is present at a concentration of 10 wt. % in
the Fe solvent and 5 wt. % in the Cu solvent. He Fe solvent also contains

3 21 wt. % hydrazine to reduct Fe + to Fe +, which is more easily complexed by
EDTA. The two solvents are typically used sec

uentially, w(190 to 205 F) for
ith interspersed

rinses, and the application temperatures are 68 to 96 C
the Fe solvent and 32 to 43 C (90 to 110 F) for the Cu solvent. In addition, a
stronger solvent containing 20 wt. % ammonium EDTA has been developed
for dissolving sludge from crevices.

nese concentrated solutions are potentially more corrosive than the
dilute solutions used in nrimary system decontamination and a series of
corrosion tests was carned out during their development.h,29,30 This series
consisted mostly of general corrosion tests, but limited crevice, galvanic,
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pitting, and U-bend tests were also conducted. Essentially all of the alloys
found in PWR steam generators were tested; weldments and sensitized test
specimens were included. Corrosion coupons were also included as a part of |
the Millstone 2 steam generator cleaning conducted in 1985.27 For the most !

part, the general corrosion rates of the carbon and low-alloy steels have
typically been found to be less than 0.13 mm (5 mils) per application, and
serious galvanic, crevice, or pitting effects were generally not observed. In
view of the limited number of steam generator cleanings expected over the
life of a PWR these rates appear to be acceptable. However, unacceptably
high localized corrosion rates of carbon and low-alloy steels were observed in
some sample weldments, particularly when galvanicall coupled to Inconel
600. This effect appears to be influenced most strong by variations in
solvent corrosion inhibitor and weld configuration, idonal site-specific
weld region corrosion testing and qualificauon was recommended before
using the chemical cleaning process at a specific plant.

POSSIBLE INTERACTIONS BETWEEN DECONTAMINATION AND AGING

The aging effects discussed above are produced by metallurgical changes
that occur throughout the volume of the material, and one would not expect
these bulk aging effects to be significantly influenced bf decontaminadon,
which is a surface process. However, the microstructural changes produced
at the surface of a component by an aging process such as low-temperature
sensitization may affect the response of Ulat component to decontamination.
Decontamination surface effects can, in turn, greatly influence subse
corrosion and crack initiation and growth at the component surface. quentThus,
the principalinteraction between decontamination and metallurgical aging is
likely to be the effect of aging on decontamination response and the
subsequent effect of any surface changes produced by decontamination on
corrosion and crack initiation and growth.

An early concern with decontaminadon was that it might cause IGA and
possibly an increased susceptibility to SCC, particularly in sensluzed material.
This concern has been shown to have some basis in fact for the CAN-DECON
arocess under certain severe conditions, as discussed above. However, the ;

follow-up tests perfonned by London Nuclear and others provide persuasive i

evidence that IGA and SCC would not be expected under nonnal I

decontamination conditions, and, in addition, the CAN-DECON reagents have
been reformulated to further reduce the likelihood of such problems. |

The relatively high general corrosion rates observed for carbon and
low-alloy steels in the CAN-DECON LND 101 A reagent are also of concern.
Corrosion rates approaching 0.2 mm/ day have been observed, and repeated
decontaminations, as during extended-life operation, could lead to corrosion
wastages in excess of the corrosion allowances for some components. The i

presence of cracks through the weld-deposited austenluc stainless steel |

cladding of the reactor pressure vessel would locally expose the underlying
low-alloy steel to these solutions. Corrosion inhibitors have been found
effective in reducing corrosion rates. but the sulfur compounds commonly

i
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found in these inhibitors may cause pitting in the austenttic stainless steels.,

In the case of the LOMI reagent, the general corrosion rates of the carbon
and low-alloy steels are about an order of magnitude lower, but excessive
corrosion may still occur in PWR decontaminations during the NP oxidizing
pretreatment. For both BWR and PWR decontaminations, very little data are
available on possible corrosion effects on the high-strength Ni-base alloys
used for core structural applications.

The effects of decontamination on aged cast duplex stainless steels have
not been evaluated experimentally. The concern here is that, under certain
condluons, decontamination might aroduce microscopically sharp surface,

irregularides through such localizec corrosion processes as IGA, galvanic
corrosion at the boundaries between the ferrite and austentite grains, or
preferendal attack of one of the two phases. These irregularities could, in
turn, contribute to reduced impact strength by acting as points of stress
concentration. This problem would be aggravated under conditions of
extended-life service, since repeated decontaminations would accentuate the
surface irregularities and the duplex alloys would have more time to embrittle
because of aging effects.

Finally, additional data are needed on the corrosive effects of the more
concentrated solutions used to clean the secondary sides of steam generators.
The localized corrosion of carbon and low-alloy steel weldments has been
discussed above, and the contribution of this wastage to the possible fatigue
cracking of secondary feedwater lines owing to , clic thermal stresses
produced by stratifled flows must be considered.1 In addluon, further
studies are needed on possible IGA and SCC cffects in alloys that have been
sensitized by long-term aging. It should also be noted that Pacific Nuclear '

Corporation and KWU are presently developing alternadve chemical cleaning -

soludons, and the possible corrosive effects of these processes will require
careful evaluauon.

SUMMARY

In summary, the considerable body of data on and experience with the '

chemical decontamination of nuclear reactor primary systems indicate no
severe materials corrosion arablems. Hovrever, concerns remain in several

,

areas, including (1) the higi corrosion rates of carbon and low-alloy steels in ;
the CAN-DECON and possibly in the LOMI NP processes, and the effects of j
corrosion inhibitors on the pitting of stainless steels; (2) the possible non-
uniform corrosion of the cast duplex stainless steels that results in the intro-
duction of microscopic surface features which may accentuate possible aging
embrittlement in these materials; and (3) the very limited data available on
the high-strength Ni-base alloys used for core structural applications and on
materials subjected to long-term aging. Additional data are needed on pos-
sible localized corrosion and SCC cffects associated with the chemical cleaning
of the secondary side of PWR steam generators, particularly on aged and
sensitized steam-generator alloys and weldments. These concerns and data,

needs will be addressed in the experimental portion of the present program.
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POTENTIAL PROBLEMS ASSOCIATED WITH ION-EXCHANGE RESINS USED'IN THE
DECONTAMINATION OF LIGHT-WATER' REACTOR SYSTEMS *

P. Soo, J.W.' Adams, C.R. Kempf ;.

Brookhaven National Laboratory, Upton, NY 11973
,

ABSTRACT

During a typical decontamination event, ion-exchange resin ;

beds are used to remove corrosion products ' (radioactive and non-

radioactive) and . excess decontamination . reagents from waste
~

;

streams. The spent resins .may be solidified; in a binder, such as <

cement, or sealed in a high-integrity container (HIC) in order to.
~

meet waste stability requirements specified by the Nuclear Regula- ,

tory Commission. Lack'of stability of. low-level waste in a shallow :)
land burial trench may lead to trench- subsidence, enhanced water !

infiltration and waste leaching, which would result in accelerated
transport of radionuclides .and the complexing _ agents used for

.

decontamination. The current program is directed at investigating
safety problems associated with the handling, solidification and
containerization of decontamination resin' wastes. The three tasks
currently underway include freeze-thaw cycling of cementitious and
vinyl ester-styrene forms to determine if mechanical integrity is I

,

compromised, a study of the corrosion of container materials ' by I
'

spent decontamination waste resins, and investigations of resin
degradation mechanisms.

,

~

1. INTRODUCTION
,

During light-water reactor operation, components in the primary . system
become radioactive because of the deposition of corrosion products which are
transported from the core regions by the coolant. In order to minimize
worker exposure to radiation during routine = maintenance operations, indus-
trial procedures have been developed to chemically remove the corrosion prod--

| ucts and the activity that they contain. After the corrosion products-have
"

been removed by organic reagents the waste stream is passed 'through mixed
(anion / cation) resin beds which remove residual reagent and the radioactive
and non-radioactive ions in solution. The resins are either sealed-in high-
integrity containers, or they may be solidified- in cement or some other
matrix, in order to meet structural stability requirement specified in the
NRC Technical Position on Waste Form (NRC, 1983).

:

! * Work performed under the auspices of the U. S. Nuclear Regulatory
Commission.

,

s

s
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The current program is an effort to evaluate the solidification pro-
cesses that are being used in industry for decontamination waste, and to
determine how the vastes behave during on-site storage and subsequent
disposal at a shallow-land burial site. Particularly important are the cor-
rosion of container materials by spent resins, and resin degradation mech-
anisms which could lead to gas generation and pressurization of sealed
containers. Another important consideration involves the potential for the
cracking of cement-based decontamination waste _ forms by alternate freeze-thaw
cycling. Such temperature excursions may occur during the storage period
prior to disposal when daily tecipe ra ture excursions could result in the
freezing and thawing of water in the cement pore structure, resulting in
waste form cracking.

Below are described results to date in the current program. The
freeze-thaw cycling effort is close to completion, the container corrosion
work will continue for approximately 1 more year to obtain long-term perfor-
mance data, and the resin degradation effort is currently being initiated.

2. THERMAL-CYCLING OF ION-EXCHANGE-RESIN / BINDER COMPOSITES

2.1 Background

The purpose of this task is to examine the effects of possible tempera-
ture variations on solidified ion-exchange resin decontamination wastes
during above-ground storage and transportation. Testing, as outlined in the
NRC Technical Position on Waste Form, has been completed. The method calls
for 30 complete cycles, each with a temperature sequence of -40*C, 20*C, 60*C
and 20*C; naintaining a uniform specimen temperature at each step for one
hour before proceeding. Following completion of the test, samples were
examined for free liquid generation, degradation, and changes in compressive
strength with respect to non-cycled controls. In addition, at least one
sample was immersion tested in water following thermal cycling. Test
specimens included simulated ion-exchange resin decontamination wastes,
solidified in cement and vinyl ester-styrene (VES) binders. Test forms were
right cylinders, nominally measuring 2 inches in diameter and 4 inches high.

2.2 Test Procedures

The vastes were dewatered mixed-bed resins of four types: 1) one-to-one
by volume of polystyrene anion resin (as-received , OH- form) to polystyrene

2cation resin (fully saturated with Fe +), 2) one-to-one polystyrene anion
resin (fully loaded with LND-101A reagent) to polystyrene cation resin (fully

2saturated with Fe +), 3) polyacrylic anion resin (as-received, free base
form) and polystyrene cation resin (as-received, IP form) in a 2:1 volume
ratio, and 4) polyacrylic anion resin (half of which was fully loaded with
formic acid, half of which was fully loaded with picolinic acid) and
polystyrene cation resin (as-received, if form) in a 2:1 ratio. These wastes
will be referred to respectively as PSC, PSL, PAC, and PAL to indicate the
type of anion resin and whether it was loaded with decontamination reagent or
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Table-l Ion exchange resin loadings used in simulated decontamination vaste streama.

-

Wt. of Wt. of Loading
Total Reagent Reagent Efficiency

As- Exchange in loaded (1 of total

Received Vt. of Capacity solution on exchange

Resin Form Resin (g) (eq)* Reage nt (g) resin (g) capacity)

6000 31.68 Picolinic 3352.0 2830.3 73IONAC A-365 h12
Acid

6000 31.68 Formic Acid 1440.4 1171.0 8010NAC A-365 hH2

1P"-78 OH- 1200 2.11 LND-101A 141.50 141.50 100

1RN-77 H+ 1200 2.70 FeS0g.7H O 380.00 368.2 98
2

* Based on manuf acturer's einimum specification for devatered resin

used in the as-received (control) form. In discussing results in the follow-
ing section, these identifiers will be prefaced by a "C": for wastes solid-
ified in Portland Type 1 cement or "V" for wastes solidified in VES. Data on
the resin loadings are given in Table 1. Formulations for the encapsulation
of the resins in cement and VES are given in Table 2.

The cement-based forms were made with a waste (dewatered resin and
water) to cement ratio of 0.60 and a water to cement ratio of 0.40 by
weight. For the VES forms the waste to binder ratio was 2.24 by weight and
the water to binder ratio was 1.12.

Forms for thermal cycling were weighed and measured after removal from
the solidification molds. The forms were placed, unsupported, in glass con-
tainers measuring about 3 inches in diameter and 6 inches high with a tightly
sealed screw cap. Cure times for the forms ranges from 50 to 55 days.
Thermal cycling was started at the same time for all forms except picolinate
and formate-loaded mixed-bed resins solidified in VES. Four forms of each
waste / binder combination were thermally cycled and four were maintained at
20*C over the duration of the test.

Cycling of the samples was carried out according to the following
schedule:
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Table 2 Formulations used for solidt fication of simulated mixed-bed resin decontamination wastes.

Anton Catton Waste pH*** Wt. NaOH pH of
Resin Wt. Anton Resin Wt. Catton Mt. Water Wt. Binder before Added to Final

Code * (Form) Resin (g) (form) Resin (g) (g) (g)** Adjustment Waste (g) Waste

CPSC IRN-78 187.S IRN-77 167.5 750.0 1875.0 =6.2 3.2 12.0
2(OH-) (Fe +)

CPSL I RN-78 187.5 1RN-77 187.5 750.0 1875.0 5.3 5.7 12.0
2

(LND-101 A) (Fe +)

CPAC 10NAC A-365 250.0 IRN-77 125.0 750.0 1875.0 5.8 0 5.8
(NH ) (H*)2

CPAL 10NAC A-365 250.0 IRN-77 125.0 750.0 1875.0 3.3 0 3.3
* (LOMI) (H+)m

VPSC IRN-78 280.0 IRN-77 280.0 560.0 500.0 =7.0 0 = 7.0r(OH-) (rc +)

VPSL I RN-78 280.0 IRN-77 280.0 560.0 500.0 5.2 0 5.2
2(LND-101A) (Fe +)

VPAC IONAC A-365 373.3 IRN-77 186.7 560.0 500.0 =5.7 0 =5.7
(NH ) (H+)2

VPAL IONAC A-365 373.3 IRN-77 186.7 560.0 500.0 3.2 26.9 6.0
(LOMI) (H+)

* The first letter indicates the binder (C= cement, V= vinyl ester-styrene); the second and third letters indicate the
type of anion resin in the waste (PS-IRN--78, PA=IGNAC A-365); and the f ourth letter indicates whether the anion resin
is loaded with decontamination reagent (C= control, L=1oaded).

** The binder for cement formulations was Portland I cement. The binder f or VES formulation was styrene monomer and
does not include the weights of promoter and catalyst added.

*** The term "waste" refers to the slurry of dewatered anion and cation resin plus the water required f or
batch solidification.

_ -_____
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7.5 h at'-40*C,
Overnight (=16.5 h) at 20'C

4.5 h at +60*C,
Overnight (=19.5 h) at 20'C.

To ensure that uniform temperatures were established through the samples,.one l
waste form for each formulation was , drilled and fitted with a - Type K
thermocouple. Temperatures were maintained to within 12*C at the set point
temperature. During _ weekends , temperatures were kept at ambient temperature
( = 22*C).

|

2.3 Results

2.3.1 Thermal Cycling of Polyacrylic Anion Resin / Cement Composites

Cement-based control forms containing as-received IONAC A-365 anion
resin and IRN-77_ cation resin (CPAC) began cracking after two cycles (Figure
1). Cracking occurred in the lower two thirds of the forms and it became |

more severe with an increasing number of' cycles, as can.be seen in Figures 1B '

and IC. _After 30' cycles,- almost complete disintegration of .the samples- '

occurred. On the other hand, LOMI-loaded polyacrylic resin / cement samples
(CPAL) showed no cracking af ter 13 cycles but, after the full 30 cycles was
completed, the specimens showed basically, similar but slightly less dis-
integration than the CPAC controls. The presence of the simulated - LOMI _r

reagent on the anion resin apparently minimizes the rate of damage from
freeze-thaw cycling.

-

,

As expected, uncycled forms, loaded or unloaded with simulated LOMI
reagent, showed no tendency to crack.

2.3.2 Thermal Cycling of Polystyrene Anion Resin / Cement Composites

2Cement forms containing LND-101A/Fe + type waste (polystyrene anion -

and polystyrene cation mixed-bed resins) only began to show effects from ,

. thermal cycling after about 20 cycles. Figure 2 shows a typical CPSC form
2(containing as-received anion and Fe + loaded cation resin) after 20 cycles,

with cracking present near the base of the form. . Figure 3 shows the most
2severe effect of any CPSL form (containing LND-loaded anion and Fe + loaded

,

cation resin). .Near-surface stresses have caused slight spalling on the;

.
lower portions of these samples; however, no large structural cracks were

j noticed.

I

After the full 30 cycles, cracking of the control and loaded-anion resin
forms was still restricted to the lower quarter of the samples. It also
appears that the forms containing the LND-101A reagent were less prone to I

cracking compared to the reagent-free controls.

2.3.3 Thermal Cycling of VES Forms

All VES forms maintained their monolithic structure during the 30 |
thermal cycles. One form, however, containing polystyrene anion resin loaded i

) i

i

)

|
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Figure 1 Cement form containing as-received polyacrylic anion resin (free base form) and as-
received polystyrene cation resin (11* form) in a 2:1 volume ratio, photographed af ter
(left to right) 2, 5, and 13 thermal cycles. A replicate sample is shown in Figure 4.

_ _ _ _ _ _ _ _ _ _ - _ _ _ _ __ - _ _ _ _ - _ _ - _ - - - -



_ . __ _ _

. . I_. .c s. ,.., - M< . ~ . .
-

g

Am 1 ,5

. : 1.. O d ,%. .. .
..,.

.' ,; . ., 3 c . , .' -.nW. e,
. . < . - . < v ,,

.,. :- ,,,

: 7. .:(_p b+g, , .p. .m .ig,g.qt3,jg ):
.

J. 4 :'a3%. v,' .*:i? ';~. ye,yn;;,(q - . '.
; 7 .g. n~n .<,: s
. . , .h ....; g p1:. p :*

. . - . . :g . 6)g. i. '<.,,5 . . n.. #, s. ,,.y . . -. ' . e. M W t
-<

- 'I'?W $k5A$5'&n@2$'~ ? ,' .'

" "
.

S- h 'fg. N , , . ..

.

j ~> M .,':%2$ p -r. . * *; . ' --.!
py}.''.1 ..g.-*

a,K. , r,G.'--
- .L'. _ - , _-' m-:3tg

g efL . h'pG_; Q.. , ,L ,*_~ *
,.,.~ ..

.

'.k.G . ~
*'-

: .

-.
-

-

.

~~ -.\;;,' y ,... .T .? % m ,, -. ' . . .-

--

:::. , , .- - .3
;~_,.m.r_. _7-

. . . . 1.,. . . , . ': ;.. ;. _ - : 1,'-
..

s . _ w- -_ = . , . . . ,:. ~. -

' . < - - - .
.. - s- _.w.-y .

-
. .

Figure 2 Cement f orm containing a 1:1 mixture of IRN-78 anion
resin (as received, OH f orm) and IRN-77 cation resin

2(Fe + f orm), af ter 20 thermal cycles.

1
l

49
1

I
1

_ _ _ _ _ _ _ _ __. . _____ ______. .__ - _ - . _ - _ _ . . - - . _ . . . - . w- _



_ _ _ _ . . -____

,

. .<, .g .
r. . .

k* .

^ r . ... ' .. . .

,Q;-'..*4p'4
.b.%
'-

a.:. L' ' :-
,

*^ ': .
-% r-.v ' - * , - '

.,,, , ,

? ? *;*'a .A
' 37.,- . .C..O 3. ,.

; . .; . . . , . e :..n e,y;*
,

... e. . _ -. , '
t .. .' :n
3. - sa: .':.-
' *$ p ,; r'b , *

- , .:. . . . . -. .s' vp ,....s,,, ,..

A74;y:<; + ~, . 1 T5.' ->

'O';. 5 u ;...'. b &. -
,

m i,s.%.,.*. , .. .- ' ;_, ;1%*. ;. ;}y..'n,.. ..

h y g * . . .. - ;
..

*''W:,% '.' i ., ?.7,;;-. xm,vt: csr : ..;, . - .s.

e:-q%,n?? ~ %W$$4
*

't- ' %T4 3 ' :<i e

1 . ~ .

c.,y
.

t

Figure 3 Cement form containing a 1:1 mixture of IRN-78 anion
resin (fully loaded with LND-101A geagent) and IRN-77
cation resin (fully loaded with Fe +), after 20 thermal

cycles.
.

50

. _ _ _ _ - . - - __ . _ _ _ _ _ _ _ _ _ ____ _ _ , . . _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ . . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ -



i

i

with LND-101 A reagent (VPSL type) did develop slight surface irregularities I

but this was probably a result of its being the last of 9 samples cast from a
large batch. It is thought that the VES mixture was less adequately mixed at
the bottom of the container resulting in a non-representative composition for
this form.

2.3.4 Other Tests on Cement and VES Forms

Table 3 shows compressive strength measurements for the control and
loaded forms, together with the amounts of free liquid generated during
thermal cycling. The compressive strengths for the cement forms were based
on the maximum load attained in the test, whereas for VES forms the strength
was based on the load et 10% st rain. Usually, forms containing polystyrene
anion resin had marginally higher strengths compared to forms containing
polyacrylic anion resin, and control forms (as-received resins) were
marginally stronger than corresponding forms containing resins loaded with
decontamination reagent. No free liquid was observed for any cement
samples. However, large amounts of free liquid were generated as cycling of
VES samples progressed. One VES form containing LOMI reagent generated about
10.6 g of liquid which, being mainly water, represents a volume of about 10.6
mL. Since a typical 2" diameter x 4" long form has an approximate volume of
206 mL the amount of free liquid in this particular case is about 5.2% by
volume. This is far in excess of the maximum 0.5% for colidified wastes
recommended in the Technical Position on Waste Form. However, non-cycled VES
and cementitious forms, evaluated here, meet this recommendation. Note that
all forms easily passed the 50 psi compressive strength recommendation, even
cement samples containing large cracks.

Non-cycled cement forms immersed in water appear to show the same rela-
tive mechanical integrity as when thermal cycled, i.e., the CPAC form (con-
taining as-received polyacrylic anion and polystyrene cation resin) spalled

,and cracked within one day after immersion, and the CPAL form (containing '

LOMI-loaded polyacrylic anion and as-received polystyrene cation resin) I

spalled af ter a slightly longer time (about one week). Figure 4 shows an
individual CPAC form af ter immersion times of 2 h and 4 d. Much different
behavior was observed for the CPSL and CPSC forms (containing LND-loaded and

2as-received polystyrene anion resins and Fe + saturated cation resins) which
after about 6 weeks of immersion remain intact.

Immersion tests on the cycled and non-cycled VES forms have been under-
way for 6 weeks and no loss of integrity is noticeable. However, one of the
PSL samples described in Table 3, which gave off a large amount of free
liquid during thermal cycling, is actually floating in the water bath.

2.4 Discussior |

From these results it is clear that cementitious waste forms containing
the polyacrylic-based anion resins are far more susceptible to freeze-thaw
cracking compared to those containing polystyrene-based anion resins.
Loading of the polyacrylic anion resin with LOMI reagent and the polystyrene
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Table 3 Compressive strengths 'and f ree-liquid for. cement and
vinyl-ester styrene decontamination waste forms.

4

Resin Compressive Free Liquid in'

Binder Type' Strength (psi)- Container (g) i

__

Cement- PAC 44601151 0
(Non-cycled) PAL -43591124 0

PSC 48181134 0-
PSL. 4774 156 0

Cement PAC Not tested (1) OL

(Cycled) PAL 3981(2) 0 i

TSC 33741250(3) 0
.PSC 44141355(4). O

PSL 4538t339(5) o

VES PAC 1446110 0.810.2
(Non-cycled). PAL- To be det. To be det.

PSC ~1540 11 0.510.1
PSL 1423117 0.6 0.2

VES PAC 1645177 4.911.5
(Cycled) PAL To be det. To be det.

PSC 15701102 4.311.8
PSL 1689116 10.611.6

r

1. All four forms were severely cracked during thermal cycling.

2. Only one form was compression tested. Three other forms were -

2 severely cracked during thermal cycling.

3. Value is for tests on cracked portion of the forms.

<

4. Value is for forms which were not cracked or where the cracked ;
portion has been removed prior to compression testing. ;

~

5. For one form, cracked portion near bottom of form was removed
prior to compression testing. j

|

i.

; i

I.
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Figure 4 Ph.itograph of cement form containing as-received polyacrylic
anion resin and as-received polystyrene cation resin after 2
hours and 4 days immersion in deionized water. The form was
a non-cycled control. Magnification IX.

anion resin with LND-101 A reagent appears to retard the tendency
of the cement forms to crack when compared with non-loaded controls. However,
the reagents only slightly reduce the final severity of the cracking
phenomenon.

Three mechanisms may be proposed as contributors to the cracking observed
in these cement waste forms:

|

1
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(i) Free (pore) . water,' which : may accumulate in the lower part of the
form during curing by the action of gravity or,. during thermal

cycling, by means of evaporation, condensation, and resorption.
This water freezes during .the low temperature part -of the cycles

and causes volumetric increases which stress the cement structure
to failure ( Le a ', 1971). Horizontal water marks on the cement
samples . af ter cycling prove that the ' lower . portions of the forms
become -loaded with excess water during- the cycling' process.

(ii) During solidification in the . cement paste,- the anion and cation
resins lose water to the-cement hydration process. Upon immersion, ,

water is reabsorbed by the resins and the swelling pressures exert
'enough stress to cause cracking of the form.

(iii) The cation (IRN-77) resins which are used in the H+ form undergo
2ion exchange with constituents, such as Ca +, from the cement paste

during solidification. The effective size of .the resin is
increased and this, in turn, causes the cement structure to crack.

Severe cracking during immersion of the 'cementitious forms containing
simulated LOMI reagent (CPAL), and the non-loaded controls (CPAC), is
probably connected with the presence of cation resins in the as-received H+
form (mechanism 111). In contrast, forms containing IRN-77 resins loaded

2with the Fe + ion (CPSA and CPSL forms, also containing polystyrene-based
anion resins) show no evidence of cracking after six weeks of immersion.

2- ~

the Fe + loaded cation resins areThis could be explained on the basis that;

stable and do not undergo expansion'by ion-exchange reactions with the cement
components. Further studies are being carried out to fully characterize the
immersion test results in this study. ,

i
; A further contributing factor could be the total amount of water.that is

used in the formulation. Since resins which are mixed with cement and water
j during solidification are typically measured in a damp (dewatered) state, the ;

; net amount of free water could vary quite widely from one type of
cementitious form to another depending on the type of resin used and the
ionic loading of the resin. New "control" thermal-cycle tests are currently
being performed to determine whether those forms most _ susceptible to cracking
contain the largest amounts of water. However, a definitive correlation
between cracking severity and total water content in a form probably cannot
be made unless the amount of free (i.e., pore) water available for freezing !
can be distinguished from the molecules of water present in the hydrated
cement and in the resin beads.

1

'

3. COMPATIBILITY OF CONTAINER MATERIALS WITH DECONTAMINATION WASTE RESINS
,

3.1 Background

In some instances, bead resins are not solidified in a matrix, such as
cement, to meet the NRC waste stability requirement. Instead, some genera-
tors opt to place spent resins in "high integrity containers" (HICs) which

|

!

!-

|

I
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themselves meet the stability requirement. The current task was designed to |
"

check the corrosivity of LOMI-loaded mixed-bed resins to selected metallic |
and polymeric HIC materials. A range of other materials was added to the !

list of materials studied because of available space in the test vessels. |
Two different batches of resin were prepared in this study, and they are '

identical to the control (unloaded) and picolinate / formate loaded resin I
'

batches used to prepare the cement forms for the . thermal-cycling study,
described above. The initial moisture contents of the resin batches were
47.3% by weight for the LOMI-loaded batch and 52.7% for' the contro1 ' batch,
based on oven drying of some of the resins.

3.2 Test Procedures

The two HIC materials being studied are high-density. polyethylene (HDPE)
and Ferralium-255 (a duplex stainless steel). . TiCode-12 (a dilute titanium
alloy), Type 304 stainless steel, and Type 316 stainless steel were also
included. TiCode-12 is very resistant to a wide range of corrosive environ-

,

ments whereas Types 304 and 316 stainless steel are . moderately resistant.
1

Carbon steel was added to the. test materials later in the program, as some
'

original specimens were deemed surplus, and removed. Ferralium was tested in
the as-welded state, and HDPE was prepared in the form of stressed (U-bend)
specimens. All other materials were prepared as metallographically polished
flat coupons.

.

2 Gamma irradiation was incorporated into the test procedure since it is |
j usually present in low-level decontamination wastes. Four s2parate batches !

of samples were tested for corrosion while they were in intimate contact with
the mixed bed resin. They include: i,

(1) Specimens exposed to unloaded resins and left unirradiated.

(ii) Specimens exposed to LOMI-loaded anion resin and left !2

unitradiated.
|

(iii) As for (i) above but irradiated in a gamma field. ;
.

(iv) As for (ii) above but irradiated in a gamma field. !

The metal specimens were placed in two layers in a vertical resin column |
! contained in a glass cylinder approximately 30 cm tall and 8 cm in diameter.

The bottom layer of specimens was laid on the flat bottom of the glass con-.

! tainer and covered with resin. A similar layer was placed in the middle
of the resin column. Four HDPE U-bend specimens were placed in the column,

3 between the layers of metal specimens. Two specimens were prepared such that
i the oxidized surface layer, formed during high-temperature rotary molding of

the container, was on the outer bend of the sample. Since oxidized HDPE is
more brittle than non-oxidized material, sharp cracks were formed during the
bending process. The other two specimens were bent'such that the unoxidized,

surface was on the outer bend surface. .No cracks were present. The two
resin / specimen columns to be irradiated were placed in sealed stainless steel

|vessels and emplaced in the BNL gamma irradiation facility. The irradiation i

l

l
l
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4temperature was about 12*C and the gamma dose rates were in the 1 x 10 to 2
4

} x 10 rad /h range. The two batches of unirradiated specimens were sealed
with "Parafilm" and placed in a refrigerator maintained at about 10*C.

3.3 Results

To date, the irradiated specimens have been examined once, after an
7accumulated gamma dose of 5 x 10 rads. The unirradiated controls have also

been examined for comparison purposes. Examination involvee carefully
removing the resin above the various specimen locations and checking the
coupons for evidence of attack.

Figure 5 shows the appearance of the top layer of specimens after
removal of the overlying unloaded resin. They had been exposed to a dose of

7 45 x 10 rad at a dose rate of 2.1 x 10 rad /h. The long specimens are welded
Ferralium, as evidenced by the weld material across their midsections.
Figure 6 shows small corrosion spots in a Type 304 stainless steel coupon
from the same resin column. Similar spots were also seen in the irradiated
specimens exposed to LOMI-loaded resin af ter the same gamma dose. However,
attack in this case was more prominent for the Type 304 stainless steel, and
even the more corrosion resistant Type 316 steel also show this type of
attack. No other metals showed corrosion effects. |

|
For the unirradiated batches of specimens only Type 304 stainless steel I

showed any attack. It was in the form of slight staining and was only
observed for the LOMI-loaded resin.

For HDPE, cracks were not initiated during the tests on specimens which
had the more-ductile non-oxidized layer on the outer U-bend surf ace. On the
other hand cracks formed in the oxidized layer during bending could propagate
under some of the test conditions.

| 3.4 Discussion,

Table 4 summarizes results available at this time. Clearly, the attack
i on Types 304 and 316 stainless steel is enhanced by irradiation and the

presence of LOMI-reagent. Cracks can propagate in stressed HDFE and the rate
also seems to be accelerated by irradiation and LOMI reagent.

The nature of the corrosion spots was studied and found to be related to

contact between individual cation resin beads and the stainless steels. The
beads become orange-brown in color, and corrosion spots develop at the points
of resin / metal contact where liquid is present as a result of surface tension

2forces. Apparently, Fe + ions are removed f rom the steel, and transferred to
the cation resin beads. LOMI reagent may accelerate corrosion by decreasing
the pH of residual water in the resin column. The pH of the waste
immediately prior to solidification in cement was 3.3 compared to 5.8 for the
LOMI-free resins (Table 2).

On the whole, the amount of corrosion was less than expected. This
could be influenced by the rapid loss of oxygen in the irradiation vessels by

|
4

|
'
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Figure 5 Appearance of top layer of metal specimens after a
7gam:ta dose of 5.0 x 10 rad in the presence of LOMI-

type as-received mixed-bed resin. Magnification 1.2 X.
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Figure 6 Corrosion spots on Type 304 stainless steel exposed
7

to a gamma dose of 5.0 x 10 rad in the presence of
LOMI-type as-received mixed-bed resin. Magnification
50X.
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7Table 4 The'effect of gamma irradiation to 5 x 10 rad,_and LOMI
decontamination reagent, on the corrosion of container

| materials in contact with mixed-bed ion-exchange resin.

Irradiation i

System Dose Comment

2 parts 10NAC A-365 0 No corrosion on any metallic-

anion resin (as rec.) specimens. A small crack was |
to 1 part IRN-77 initiated at the apex of a |
cation resin (as rec.)~ bent HDPE specimen. 1>

7
j As above 5 x 10 rad corrosion spots on T304 SS.

No crack propagation in HUPE.

2 part 10NAC A-365 0 Slight staining on one T304-
'

anion resin, loaded with 'SS specimen. S:se crack
LOMI reagent, to 1 part . propagation a'id initic? ton
IRN-77 cation resin in HDPE.
(as rec.)

7As above 5 x 10 rad More prominent corrosion spots=

on T304 SS compared to un-
irradiated control. T316 SS
also shows attack but less
than T304 SS. Significant .

crack initiation and propaga-
tion in HDPE.

!

:

| gamma-induced oxidation of the polymeric - materials present (Schnabel, W.,
8- 1981). Monitoring of the gas pressure within the irradiation vessels showed
] that there was a rapid loss in pressure of about 20 percent (almost certainly

.

oxygen) during the first 8-10 days, followed by an essentially-linear rise in [
:

; pressure caused mainly by generation of hydrogen and nitrogen. However, *

] oxygen loss would not be a major factor for unirradiated specimens since
significant oxygen should always be present. Factors other than oxygen-a

; availability would have to be invoked to explain accelerated attack on
irradiated samples.4

.

1 The experiments are continuing to determine the severity of attack with
i= time. Upon reloading the resin columns, some surplus samples of Ferralium
; and TiCode-12 were removed and carbon steel specimens substituted.

| 4. EFFECTS OF OXIDIZING AGENTS ON ION EXCHANGE RESIN WASTES
<

Test plans are currently being formulated to check the types of oxi-;

dizing agents e t contaminants which could lead to degradation of ion-exchange
'

.

J

4

'
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through interaction with the resins and contaminants, will become more
concentrated solutions. Current plans include experiments to ascertain which
resin / chemical combinations show the greatest potential for exothermic reat-
tion and/or gas generation during dewatering and storage of spent resins.

The objective is to test representative decontamination resin wastes
along with typical reactor demineralizer resins, especially those employed
where pressurization or thermal excursion incidents were previously observed
(Bowerman, B. S., and P. L. Piciulo, 1986). Added to the resin wastes w!il
be chemicals which represent decontamination pretceatments or processes

or KMn0 ), metal ions solubilized in the(e.g., EDTA, picolinic acid, HNO33 2 2
4

decontamination processes (e.g. Fe +, Mn +, or Cu +), and chemicals which may
| be present as a result of biodegradation or radiolytic degradation of a resin

| bed (e.g. thiols or peroxides). Initially, concentrations and combinations
of chemicals will be chosen to try to induce instability in the resin.

Work will be started soon to test the sensitivity of procedures to be
used to measure changes in the resins. Of most interest is an oxygen flow-
through test which will simulate the oxidation and drying of the resin bed
during dewatering. The temperature of the resin bed will be compared to a
control with no oxygen flow.
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POWER. REACTOR DECOMMISSIONfNG-
PROJECTS IN THE FEDERAL REPUBLIC 0F GERMANY

Robert L. Miller, P.E.

Westinghouse Hanford Company-
:

,

! ABSTRACT ,
1

During 1987, three power reactor decommissioning projects in the
Federal Republic of Germany (FRG) were visited. The three projects -

were the Kernkraftwerk Lingen (KWL), the Kernforschungszentrum
! Yarlsruhe Niederaichbach (KKN), and the Kerkraftwerk RWE-Bayernwerk

Block A (KRBA). This paper briefly discusses the status of each of
these projects and includes some observations on the FRG

'

decommissioning methodology and philosophy.

OISCUSSION

Kernkraftwerk Lincen

The KWL nuclear power station is located near Lingen in . lower Saxony in
northwest Germany. It was an early prototype boiling-water reactor (BWR) of
General Electric design with a 520-MW thermal output. The primary steam
heated two steam converters to produce secondary, noncontaminated steam that
was lead to the turbine via a fossil-fited super-heater.

In January 1977, the plant was shut-down to check the steam converters.
Af ter discovering small cracks in the converters, KWL management decided to
replace the converters. The licensing authority defined the replacement as
an essential plant modification; thus, the plant would be required to pass

.

through a new licensing procedure. !

Because the backfitting required to begin the relicensing orocedure would
cost 100-200 million Deutsche Marks (DM) with no guarantee of obtaining a new
operating licens9, the parent company decided the financial risk was too !

; great. The decision was made in 1979 to deccmmission the facility.
i

Preparations for decommissioning were completed during 1981 and 1982,
'concurrent with development of documentation required by the licensing

authority to picce the plant in a "safe enclosure" condition. Figure 1
indicates the safe enclosure portions of the plant. The safe ent.losure
includes the containment building, the waste treatment building, and thej

j connecting building.
;

The safe enclosure is designed to have a life of at least 25 years. At the"

end of the safe enclosure period, the plant will be demolished. Placing the
plant in the safe enclosure condition reouired defueling, considerable

.

4
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Figure 1. Kernkraftwerk Lingen plant laycut. [
"

!

decontamination, removing all piping penetrations (except one), and sealing iall entries into the safe enclosure boundary (except one). A small air i

circulation system with a drier is being installed to monitor the atmosphere !

within the enclosure and to maintain the relative humidity at less than j
approximately 50%.

All wastes generated during the safe enclosure preparations are stored within -

the containment building. All combustible weites were sent to a Karlstein
facility to be incinerated and the ashes will be returned to KWL for storage.
All high dose rate wastes are stored in shielded containers located on the
upper floor of the containment building.

Instrumentation will be provided to monitor the access door, the sump levels, |
and the circulating air system. Alarms will sound in the guard station of
the adjacent Lingen-2 power plant if any of the monitored items need
attention.

|

;
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;

The safe enclosure preparations, scheduled for completion at the end of 1987,
cost approximately DM 10-million. The total cost to clear the site to "green
field" is estimated to be DM 120-million (1987 DM).

Kernforschunaszentrum Karlsruhe Niederaichbach (KKN)
,

KKN is a 200-MWe gas-cooled (CO2), heavy-water (D20) moderated, pressure-tube
type reactor that operated for only an equivalent of 18 full-power days
during 1972 to 1974. Leaks in the C02/H2O steam generator were the primary !
reason for plant shutdown. Due to the unique challenges presented by the
KKN, it was decided to decommission the plant as a demonstration project.

| The plant is in a safe enclosure condition; however, work is actively being
pursued to demolish the plant. The machine hall (turbine generator building)
is empty and decontaminated. The focus and major challenge now is to remove ,

the pressure-tube calandria (pressure vessel). To accomplish this, a
remotely cperated manipulator machine has been designed, fabricated, and is
being tested by the Noell Company in Wurzburg. This machine will be
installed in the space above the pressure vessel and will cut and remove each
pressure tube. Work is proceeding at the KKN to prepare for' installation of
the manipulator machine, following thorough testing at Noell. Some i

uncertainty exists regarding when the machine will be moved to KKN, but it is
likely that it will be done sometime in 1988.

Approximately 1,700 tons of the contaminated steel are expected to be removed
,

during KKN dismantlement; this steel can be recycled by using melting '

techniques. The melting is part of the total demonstration project and is ,

expected to provide valuable information for future decommissioning projects.
A 2-ton induction furnace has been installed in the FR2 reactor building at
the Karlsruhe Nuclear Research Center. Current plans are to make three
melts / day (i.e. approximately 4-1/2 tons), separate the dross as a low-level i

waste, and release the metal for reuse. i
,

!

The activity levels of the melted material are controlled to the levels shown I

in Table 1 for final disposition.

Table 1. Metallic-Radicactive Levels.
!

; Activity Disposition

! <0.5 Bq/g Unrestricted
j 0.5 - 74 Bq/g Controlled reuse (such as in casks) ,

4

>74 Bq/g Reuse in controlled areas !
(averaged over ikg) (as shielding blocks, etc.)

|
<0.05 Bq/cm2 Unrestricted i

; (surfacecontamination) i

! 0.05 - 0.5 Bq/cm2 Controlled reuse ;
'

>0.5 Bq/cm2 Reuse in controlled areas
.

)

i
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Kerkraftwerk RWE-Bayernwerk Block A
,

Gundremmingen is the site of the KRBA Reactor. The KRBA is a 250-MWe BWR
similar to Dresden in the United States of America and Garigliano in Italy,
with the unique feature of having the steam drier inside the pressure vessel.,

The plant operated well for approximately 10 years. The plant fed an
electrical grid that failed, triggering a series of events that caused
extensive damage to the plant including fuel pin failures. Plant repairs
were made in approximately six months; however, due to findings in other BWRs
at that point, it became necessary to check the primary system for-
intergr&nular stress corrosion cracking. Lines were cut, cracks were found,
and af ter analysis, the autberities required the piping to be replaced and
other changes made. '.nen the estimated cost of repairs reached OM
250 million and there was still no guarantee of approval of long-term
operation, it was decided to decommission KRBA to safe enclosure.

The project management method used for the KRBA decommissioning project is
described by the project manager, Wolfgang Stang, as the "salami method."
That is, small pieces of work are identified and submitted to authorities for-

approval. After approval, the work is completed, concurrent with submitting
another "slice" to the authc ities, etc. This management method allows a'

steady work force of approxinately 20 persons to perform all the necessary
work from actual dismantlirg to final survey for release or recycle.

To date, nearly all the piping has been removed from the turbine hall, and
the low-pressure section of the turbine itself is nearly removed. Wark on
the high-pressure turbine section is being started. Small piping and valves
that cannot be adequately surveyed are sized and placed in 200-liter drums
for future melting. The larger pieces are electropolished for unrestricted
release.

,

All electropolishing is being done in two 5-m3 tanks. A third 8-m3 tank was
installed to clean the fuel racks. All piping with a sufficient diameter to
allow a complete survey is electropolished, and af ter survey, is released

,

i from the site as scrap. The release limit for surface contamination is
0.37 Bq/cm2 In practice, a value of 0.22 Bq/cm2 is used. The mass-specific '

release limit is 3.7 Bq/g. In practice, a value of 0.37 Bq/g is used.
Material with a mass-specific activity of up to 1 Bq/g is sold to a smelting
company where it is mixed with very "clean" scrap (automobile bodies) in a
ratio of three parts clean to one part contaminated. This blended material
is used within the nuclear industry for casks and shielding.

To date, approximately 1,200 tons of metal, 50 tons of motors, 30 tons of
glasswool, and 50 tons of oil have been removed and released for unrestricted
use. The glasswool is still onsite awaiting a decision from the authorities
fer release levels. An additional 800 tons of metal have been removed and
wil' be used in the nuclear industry for casks and shielding. Approximately;

'

420 tans of concrete have been removed and released.

After coQletion of the dismantling of the turbine hall and following
i shipment of the last fuel elements, plans are to begin dismantling

i

|
|
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contaminated (not activated) components in the reactor building. The clean
turbine hall will be used as a workshop for all future decommissioning.

Dismantling cf activated material will await the opening of a final storage
facility in 1992. Opening of the final storage facility is a boundary :

condition for beginning reactor dismantling.

SUMMARY
,

' The FRG has a strong commitment to nuclear power with nearly 35% of. their
total power generation being nuclear. With this commitment is the
recognition that decommissioning of the FRG power plants is a necessary part
.of the - total program. While only KKN dismantling is officially titled a
demonstration project, all three projects discussed serve as demorstrations<

of decommissioning methods. The KWL safe enclosure will demonstrate,

' equipment can be maintained throughout an extended time (25 years) by
controlling the relative humidity and providing a nominal air exchange within
the enclosure. The KKN project will demonstrate development of remote
tooling and waste volume reduction by melting. The KRBA project has already

,

demonstrated that large masses of material can effectively be decontaminated
and released for unrestricted use or for controlled use within the industry,

i i

e
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DISCLAIMER
This report was prepared as an account of work sponsored by
an agency of the Un4ted States Govemment. Neeer the
United States Government nor any agency thereof. nor any of
their ernployees, not any of their contractors. subcontractors
or the r employees, rrskes any warrantw express or impf ed,
or assumes any legal liabdity or responsbirty for the accuracy,
completeness, or any third party's use or the results of such
use of any informatiert apparatus, product, or process
disclosed, or represents that its use would not infringe
privatey owned rights, Reference herein to any specif.c
comtrercal product, process, or serv <e by trade name.
trademark, rnanuf acturer, or otherwrse, does not necessarily+

constitute or imply its endorsement, recommendation, or
favoring by the Unned States Government or any agency
thereof or as contractors or subcontractors. The views and
opinions of authors expressed herein do not necessardy state ,

or ref1ect those of he Unned States Government or any !| t
agency thereof. ;
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RADIONUCLIOE SOURCE TERM MEASUREMENTS
FOR POWER REACTOR DEC0m!SS10NING ASSESSMENT

0. E. Robertson
C. W. Thomas

Pacific Northwest Laboratory (a)-
Richland, Washington 99352

|
<

ABSTRACT

| Studies are in progress to characterize the residual
! radionuclide concentrations, distributions, and inventories in

materials and components from nuclear power reactors at the time of
decommissioning. These studies are providing essential information
for assessing the radiological safety, technology, waste disposal,
and environmental assurance associated with commercial reactor
decommissioning. The decommissioning of Shippingport Station
provides the first opportunity, following the establishment of NRC

,

rules on commercial decommissioning and waste disposal, to
characterize and assess the residual radiological conditions during
the actual decommissioning of a nuclear power station. Through
cooperation with the U.S. Department of Energy (00E), which is
conducting the Shippingport Station decommissioning, a detailed
examination of residual radionuclide conditions is being performed.
Preliminary measurements have indicated that the residual activation
product concentrations in primary loop systems at Shippingport
Station are, on the average, 5 to 50 times lower than observed at,

commercial stations. In addition, no significant concentrations of
fission products and transuranic radionuclides are present in the

,

residual radioactive materials. l

Studies are also in progress to assess the problem associated
with decommissioning and disposal of highly neutron activated j
components from within commercial reactor pressure vessels and spent j4

fuel assembly hardware. This assessment is being accomplished- '

through a sampling and analysis program which examines neutron i

activation of pressure vessel steel, stainless steel, inconel and
zircaloy components of fuel assembly hardware. This assessment will
include a comparison of empirical activation product measurements
with predicted levels using established codes to evaluate the 4

accuracy and identify any shortcomings in the predictive calculation
methodology.

1

(a)0perated for the U.S. Department of Energy (00E) By Battelle
Memorial Institute under contract DE-AC06-76RL0 1830- '

,
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1.0 INTRODUCTION

The U.S. Nuclear Regulatory Commission (NRC) has recently enacted
proposed rules setting forth technical, safety, and financial criteria for

decommissioning (of licensed nuclear facilities, including comercial nuclearpower stations U.S.N.R.C.,1985). These rules have addressed six major
issues, including decommissioning alternatives, timing, planning, financial
assurance, residcal radioactivity, and environmental review. In addition,

the rules governing disposal of low-level radioactive wastes in commercial
shallow land burial facilities (U.S. N.R.C., 1981), will be applicable to
most of the wastes generated during reactor decommissioning. The appropriate
response to each of these issues by the licensee and the NRC depends greatly
on an accurate and reliable assessment of the residual radiological
conditions existing at the nuclear power stations at the time of
decommissioning. Large volumes of data exist which describe the radionuclide
concentrations associated with active waste streams generated at nuclear
power stations. However, comparatively little information is available that
documents the residual radionuclide concentrations, distributions, and
inventories residing in contaminated piping, components, and materials of
nuclear plant systems and in neutron-activated materials associated with the
reactor pressure vessel and biological shield. Especially lacking is a
detailed radiological characterization during an actual reactor
decommissioning.

This study has been implemented to provide the NRC and licensees with a
more comprehensive and defensible data base and regulatory assessment of the
radiological factors associated with reactor decommissioning and disposal of
wastes generated during these activities. The objectives of this study are
being accomplished during a two-phase sampling, measurement, and appraisal
program utilizing: 1) the decommissioning of Shippingport Atomic Power
Station, and 2) neutron activated materials from commercial reactors. The
program is presently in the sample acquisition phase, and radioactive
materials are being obtained from Shippingport Station and from a number of
commercial stations for comprehensive radionuclide and stable element
analyses. These measurements will be utilized to assess the following
important aspects of reactor decommissioning:

radiological safety and technology assessment from an actual reactor.

decommissioning (Shippingport)

radiological characterization of intensely radioactive materials.

(greater than Class-C) associated with the reactor pressure vessel and
spent fuel assembly hardware from commercial nuclear power plants

evaluation of the accuracy of codes for predicting radionuclide.

inventories in retired reactors and neutron activated components

assessment of waste disposal options associated with reactor=

decommissioning.
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2.0 SCOPE OF PROJECT

This study comprises two main research areas associated with reactor
decommissioning: 1) providing a detailed radiological characterization and,

assessment from the actual complete decommissioning of Shippingport Atomic |

| Power Station, and 2) conducting a detailed radiological assessment of the
highly neutron activated metal components associated with reactor internals
and spent fuel assembly hardware.

2.1 RADIOLOGICAL CHARACTERIZATION FROM SHIPPINGPORT DECOMMISSIONING

. The complete dismantlement of Shippingport Atomic Power Station and the
! restoration of the site to unrestricted use provides a unique opportunity to

conduct a detailed radiological assessment from an actual reactor
decommissioning. Although this reactor station is a Department of Energy
(00E) facility and not subject to the decommissioning and radioactive waste ;

disposal rules provided by the NRC for commercial reactors, the technology,;

safety, and trans)ortation methods associated with its decommissioning are
' very similar to t1at which a commercial licensee would utilize.

Shippingport station is significantly smaller than most commercial.3
I reactors and it is recognized that there are some differences in design,

materials and operations. However, the similarities are such that an
examination of the residual radioactivity associated with its dismantlement
could provide valuable generic information for helping to assess the

j technology, safety, and costs of decommissioning commercial stations.

1 The residual radionuclide inventory remaining within nuclear power
plants following permanent shutdown is primarily affected by the following
parameters:

composition and purity of construction materials*

general design of the primary and secondary systems*
3

.

core design*

i

operational parameters (water chemistry, corrosion control, fuel*

integrity,radwastemanagement,maintenanceoperationsandhousekeeping)

.

criticality controle

reactor power level (megawatts)*

length of operation. :e
,

With regard to all of the above parameters, except reactor power level,
and later water chemistry, the Shippingport Station bears many similarities ,

to a modern, commercial pressurized water reactor (PWR) power station. It is i

i quite probable that the inventory and distribution of residual radionuclides I
t would scale up in a generic way to larger light-water reactor (LWR)/PWR
! stations that have experienced little or no fuel failures. Therefore, it is
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expected that a sampling and analysis of th3 primary and sec ndary systems
during decommissioning would provide a unique opportunity to develop
information generically applicable to the eventual decomissioning of larger
commercial PWR stations.

The following table gives a comparison of important parameters of the
Shippingport Station primary system with that for the Reference PWR used in
the conceptual decomissioning assessment by Smith et al. (1978).

TABLE 2.1. Comparison of the Shippingport Primary System
with the Primary System in a Reference PWR

Component Reference PWR ShiDoinaDort

Power 1000 MWe 72 MWe

Pressure vessel size 44' X 15' diam. 33.2' X 10.5' dia.

Piping Systems 80 miles 20 miles
Fuel Cladding Zircaloy Zircaloy
Control Rods Ag-In (ss clad) Hafnium !
Vessel Internals Stainless and Inconel Stainless and Inconel ;

Reactor Vessel Carbon steel, stainless Carbon steel, stainless
steel clad, 0.156" min. steel clad, 0.125" min.

Heat Exchangers Carbon steel, inconel Stainless tubes, U and ;

and stainless steel straight tube types
clad, U tube type

Coolant Loops 4 4

Primary Piping Stainless steel Stainless steel
pH Control LiOH, 0.2 to 2 ppm LiOH (Core 1); NH40H

(CoresII&III)
0xygen Control Hydrogen, 30 ml/kg Hydrogen, 25 ml/kg
Reactivity Control Boric acid, 0-2000 ppm see footnote

(a) Core I controlled with rods only; Core II used control rods and burnable
poison inside the fuel rods; Core III was controlled by moveable fuel rods
only. K28407 8H20 was used only for defueling criticality control.

The similarity between the two primary systems is striking. The !

composition of the fuel cladding, reactor vessel internals, and primary loop
materials are essentially identical. These materials supply the major and
trace elements which are the parent elements of the radionuclides formed by
neutron activation of the pressure vessel, vessel internals, and corrosion
product impurities in the primary coolant. The important water chemistry
parameters, e.g. pH and oxygen control, are also similar. The main
difference, other than size, is the composition of the control rods.
However, the control rods do not contribute significantly to the residual

|
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radionuclide inventory deposited throughout the primary and secondary <
.

systems.
4

The Shippingport primary loop contains all the com)onents of a typical
PWR: a pressurizer, steam generators, coolant pumps, tie reactor vessel
itself, and a chemical purification system. As shown in the above table, the
materials of construction within the primary loop are, stainless steel,
carbon steel, zircaloy, and inconel, and are very similar to-those used in
typical PWR primary systems. The coolant and purification system was also
typical of other PWRs, being a combination of regenerative and non-
regenerative heat exchangers with filters and ion exchange beds. Likewise,
pH and corrosion controls were similar to commercial PWRs. Lithium hydroxide
(and later NH40H) was utilized for pH control, and hydrogen and hydrazine (at
starting only) were used to limit oxygen levels and thus minimize corrosion.
Thus, the fact that the Shippingport Station appears to be similar to a
scaled-down version of a modern, commercial PWR would permit generic

'

observations and conclusions regarding residual radioactivity considerations
during dismantlement and decommissioning of PWRs in general.

To the extent possible, samples from the primary, secondary, and
auxiliary systems at Shippingport are being obtained for detailed
radiochemical analyses. These measurements will provide the basis for
estimating the radionuclide inventory and distribution within the various
plant systems, and for assessing the waste disposal options under the
assumption that the decommissioning materials are representative of
commercial wastes which would come under NRC and U.S. Department of
Transportation (D0T) regulations.

2.2 RADIOLOGICAL CHARACTERIZATION OF HIGHLY NEUTRON ACTIVATED METALS
ASSOCIATED WITH PRESSURE VESSELS AND FUEL ASSEMBLIES ,

One of the most significant unanswered problems associated with
commercial reactor decommissioning is the disposition of the highly neutron
activated metal components associated with the reactor pressure vessel
internals and the fuel assembly hardware. As shown in Table 2.2, it has been ;
estimatedthatsomegfthgsemater[alswillhaveconcentrationsoflong-lived
radionuclides ("C, Ni, Ni, and Nb) that will greatly exceed the Class-:

C limit for disposal in low-level waste shallow land burial facilities
(Luksic,1986). Since provisions have not been made in either the high-level
(10CFR72) or the low-level (10CFR61) radioactive waste disposal rules for.

disposition of these types of materials, there presently no regulations
governing their disposal. It is, therefore, essential that a complete
characterization of these types of materials and their radionuclide contents I

at the time of decommissioning be obtained.
,

!
!

|

|
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TABLE 2.2. Ratio of Calculated Specific Activity to Maximum
Allowable Specific Activity for Shallow Land Burial
for Selected Components (adapted from Luksic et al.,
1986),

m3/MTU 14C 59Ni 94Nb 63Ni

Half-Life 5730 r 8 x 104 yr 2 x 104 yr 100 yr
10 CFR 61 Class C Limit 80 Ci m3 220 Ci/m3 0.2 Ci/m3 7000 Ci/m3

PWR Fuel Assembly (33,000 mwd /MTU)
Total Fuel 0.00651 1.1 3.6 990 15

Assembly Hardware

Grids / Springs /Etc. 0.003 2 2.4 7.4 2100 32
(SS-304 & Inconel-718)

End Fitting (SS-304) 0.00339 0.03 0.02 0.08 0.08

BWR(a) Assembiv (28.000 mwd /MTV)
iotal Fuel 0.04526 0.15 0.09 9.8 0.43

Assembly Hardware and Channel

Grid / Springs /Etc. 0.00209 0.41 1.5 86 7.3 i

(Zircaloy-4 and Inconel X-750)
|

End Fittings (SS-304) 0.00461 0.33 0.20 0.94 0.95

Channel (Zircaloy-4) 0.03856 0.12 <0.01 6.8 <0.01

(a)BWR = boiling-water reactor

In order to accomplish this characterization, samples of stainless
steel, inconel and zircaloy alloys used in pressure vessel components and
fuel assemblies are being acquired for analyses. These measurements will
empirically determine the concentrations of all intermediate an lon lived
gadiogyclidgs of signQicagp in these materials, including H,(C, gNi,3

Ni, Sr, Nb, gTc, I, Cs, and Pu, Am and Cm isotopes. Con-
currently with the empirical measurements, estimates of activation product
concentrations in these materials will be calculated using existing codes
(e.g. ORIGEN-II, ANISN, etc.) and materials compositions. These calculations
will allow a direct comparison with the measured radionuclide concentrations
and provide an assessment of the accuracy of the calculational methods.
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2.3 WASTE DISPOSAL OPTIONS ASSOCIATED WITH REACTOR DECOMMISSIONING

The recent rule governing disposal of low-level radioactive wastes in
shallow land burial facilities (10CFR61) will have direct impact on the
options available for disposal of decommissioning wastes. Previous studies
(Robertson et al., 1984; Abel et al., 1986) have indicated that essentially
all primary, secondary, and auxiliary systems in a nuclear power plant would
generally have residual radionuclide contamination levels sufficiently low to
pennit disposal as Class-A waste. The Shippingport Station decommissioning
will be an excellent opportunity to test these previous observations. In
addition, the pressure vessel is currently being prepared for packaging and
shipment as a low specific activity (LSA) package. The radionuclide
characterization and compliance procedures for 00T regulations associated
with the shipment and disposal of the pressure vessel will provide important
information for evaluating disposal options for commercial reactor pressure
vessels.

3.0 EXPERIMENTAL !

Specimens of surface-contaminated and neutron activated components from
Shippingport Station, from three types of spent fuel assembly hardware, and
pressure vessel samples from the Gundremmigen KRB-A reactor have been i

obtained for detailed radiochemical analyses. These materials will provide Ithe basis for evaluating the radiological safety and waste disposal options !associated with reactor decommissioning. j

3.1 SHIPPINGPORT STATION SAMPLING
,

The majority of the residual radioactive material residing within a
retired nuclear plant (excluding the pressure vessel and internals) is

: located within the primary coolant loop attached to the surface corrosion
film. Five excellent cores of the primary coolant piping were provided for

, analysis at PNL by the Shippingport Station Decommissioning Project Office
'

for characterization of the contaminated corrosion layer in the primary
system. These cores, shown in Figure 3.1, were 7 cm in diameter by 4 cm
thick and contained a thin, black, radioactive corrosion product layer on the
inside surface which was very hard and retentive. Cores were taken from the,

"A," "B," and "C" loop primary coolant piping, at the entrance to (cold side)!

and exit from (hot side) the reactor pressure vessel at the outer surface of
the neutron shield tank (see Figure 3.2). The radioactive corrosion film was
removed by immersing the contaminated side in hot 6!! hydrochloric acid for
several minutes and brushing the surface with a stiff nylon brush. The
stripped corrosion film was then completely solubilized by-heating in a
mixture of hydrochloric and nitric acids and the acid solutions were used for
direct gamma spectrometric and radiochemical analyses. One of the core
specimens ("A" loop-hot side) was saved for special testing and was cut into
four equal wedge-shaped pieces for conducting a series of special form tests
for radioactive materials.

'

>
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Also obtained from several of these cores were small strips of the thin
lip of stainless steel around the outer circumference of the contaminated
side of the cores. The lip segments were a remnant from the coring operation
and were formed when the core prematurely broke free from the piping aefore
the hole saw completely cut through the pipe. These lip segments can be seen
still attached to the outer circumference of the cores in Figure 3.1. Pieces
of these strips were mounted in epoxy resin and a cross-section was polished
for examination by microphotography and scanning electron microscopy (SEM)/x-c

ray microprobe analysis for chemical composition.'

Other samples of primary, secondary, and auxiliary system components
were also collected during the dismantling and shipped to Argonne National

,

Laboratory (ANL) where further sub-sampling was conducted for materials*

| characterization studies at ANL and radiological characterization studies at
PNL. These samples included the following materials. j

3

! i

primary coolant check valve ("B" loop) I; *

primary coolant purification piping*

monitoring / instrumentation system primary coolant piping (80 and AC |*

chambers) ;
,

fuel pool recirculation system pipinga

secondary system feedwater pipinga

main steam piping.a

t
'

In addition to the surface-contaminated components, samples from the
highly neutron activated fuel assembly hardware from the Core 3 fuel elements -

i are also being obtained. These samples, taken from a blanket rod, a !

reflector rod, and a seed rod, include pieces of the following components: "
,

stainless steel grid bolts and lock nuts+

! inconel-750 springs*

1 i

348-stainless steel support sleeve' *

'

zircaloy-4 cladding (midplane and upper end).-

j 3.2 GUNDREMMINGEN KRB-A PRESSURE VESSEL

i'

On January 13, 1977, the Gundremmigen KRB-A reactor, a 250-MWe BWR, was
permanently shutdown after 10 years of o)eration at 75% availability. After j
decommissioning, 15 cores (trepans) of tie reactor )ressure vessel were taken i
for radiological and materials characterization. T1e trepans were taken at e

'
differer.t axial and azimuthal positions within the 90 to 135 degree octant of '

the reactor. Two 8- and 9- gram segments of trepan G (115'), representin i

depths through the pressure vessel of 5.5 cm (0.41 T) and 9.0 cm (0.67 T)g :

from its inside surface, were sent to PNL for detailed radiochemical and ;
',

elemental analysis, which are currently in progress. The neutron fluences
!

!

!
'
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for the pressure vessel have been carefully calculated (Prillinger, 1986),
and these specimens will provide an excellent opportunity to test the (
accuracy of computer codes for estimating activation product concentrations
in a reactor pressure vessel.y

3.3 SAMPLING COMPONENTS FROM COMMERCIAL POWER REACTOR FUEL ASSEMBLIES

A number of well-characterized spent fuel assemblies have become
available at PNL for obtaining samples of the various metals of construction.
These specimens will be radiochemically analyzed for the long-lived
activation products of waste disposal concern. The empirical measurements
will then be compared with calculated activation product concentrations using ,

existing codes (e.g., ORIGEN, ANISN, etc.) to determine the accuracy withi

which calculated estimates can be made. This comparison will lend confidence
to calculational methods and/or identify shortcomings in these methods. -

I Three high-burnup commercial fuel assemblies are currently being
sampled. The following materials are being obtained for analysis:

i

1
i Assembly Type Reactor Station Materials Sampled

General Electric Cooper Stainless steel bottom end
(7 X 7) fittings, and upper tie plate,,

'

inconel expansion springs,
' zircaloy grid spacers !

Combustion Engineering Calvert Cliffs Stainless steel bottom end
| (14 X 14) fittings and flow / hold-down '

1 plates, zircaloy and inconel grid
i spacers, inconel hold-down springs
:

Westinghouse Point Beach Stainless steel bottom and upper<

j (14X14) end fittings, inconel hold-down
,

'
springs, zircaloy guide tube and
grid spacers

;,

;

j One- to 10- gm specimens of the above materials are being cut from these fuel '

; assemblies. Full hot-cell facilities at PNL are required for this work and ;

individual 10-gm pieces range in dose rate from a few hundred mR/h to over 50-

R/h. radiochemical analysis are proceeding in both the hot-cell facilities
j and in shielded fume hoods. t

'
i

I
4

4.0 RESULTS AND DISCUSSION

.

| Although the radioanalytical analyses are presently in progress, some
; preliminary results are available for characterizing the residual .

i radionuclides associated with the corrosion film on the Shippingport Station I

| systems exposed to primary coolant.
1;

!

!
:
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4.1 RESIDVAL RADIONUCLIDE CONCENTRATION IN SHIPPINGPORT PRIMARY COOLANT
PIPING

The primary coolant piping core specimens described in Section 3.1 were
analyzed for the long-lived radionuclides of a safety and waste disposal
concern. The results are given in Table 4.1. It is immediately obvious that
the residual radioactivity at Shippingport Station is somewhat atypical of
that observed in a number of comercial nuclear power stations (Robertson, et
al. 1984; Abel et al., 1986). Figst,thegamma-rayspectraofthestripped
corrosion layer resembled a pure Co spectrum. A careful examination of the
spectra could not iden),ify any,pther gama-emitting radionuclides. Although
thesamplescontaiged Fe and Ni concentrations that were sometimes-
comparable to the Co levels, these radionuclides emit only low-energy x-
rays and beta particles and cannot be detected by direct gama-ray
spectrometry. The second unusual feature of the residual radioactivity is
the almost complete absence of any fission products or transuranic
radionuclides. Although trace amounts of Pu, Am, and Cm isotopes were
detectible in the corrosion film samples, their concentrations were so low
that their origin a) pears to have been from traces of tramp uranium on the
outer surfaces of tie fuel elements, and not due to leakage from failed fuel.
These measurements confinn the fact that no measurable fuel failures occurred
at Shippingport Station during the entire operating history of the plant - a
truly noteworthy operational record.

,

! A comparison of the residual radionuclide concentrations associated with
the contaminated surfaces of primary coolant piping at Shippingport Station
with that observed at seven comercial nuclear power stations is shown in
Figure 4.1. The data from the seven comercial units were taken from
Robertson, et al. [1984y Shgwn ig Fig g 4.1 arg ,t g range and average
concentrations of Co, Ni, Fe, Nb, Cs, and Pu associated
with the residual radioactivity at these stations. The
goncentrations of the activation product radionuclides ',averggeNi , ''Fe, andCo,

NbarelowerintheShippigggrtsamp{pbyfactorsofabout 10, 2.7, 60,
and 40, respectively. The Pu and Cs are 1000 and greater than 200
times lower, respectively, than the average concentrations for the comercial
units.1

I In addition to the surface contamination, the stainless steel cores from
ppe pgmary coo,{agt piping had also become slightly neutron activated, and

! Co, Fe, and ' Ni were the main radionuclide constituents in the metal
' itself. Drill turnings were collected from six locations (shown in Figu

4.2)6 dissolvegin acid, and analyzed for gama-emitting radionuclides, geFe
and Ni. The Co concentrations are given in Table 4.2, and avera
1000 pCi/g of steel for the B and C hoop "hot side" (outlet piping)ged about

>

,

and about '

80 to 400 pCi/g of steel for the B and C loop "cold side" (inlet piping)
samples. Elemental analyses are currently in progress to provide stable Co,
Fe, and Ni concentrations for calculating specific activities from which
neutron fluences at these locations can be detennined.

,

.

.

I

h
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TABLE 4.1

Residual Radionuclide Concentrations Associated With
the Corrosion Layer on Shippingport Primary Coolant Piping

Radionuclide Concentration (pCi/cm2) as of Feb., 1987

Radionuclide llalf-Life (yr) B-Loop, Cold Side B-Loop,llot Side C-Loop, Cold Side C-Loop,llot Side

60Co 5.27 0.38 * 0.011 0.88 * 0.029 0.57 * 0.017 0.88 * 0.029
55Fe 2.7 0.050 * 0.0002 1.13 * 0.034 0.100 * 0.003 0.62 * 0.019
63Ni 100 0.035 * 0.0018 0.53 * 0.029 0.069 * 0.006 0.74 * 0.037
59Ni 8.0 x 104 (2.25 * 0.113)E-4 (4.04 * 0.121)E-3 (4.40 * 0.132)E-4 (3.20 * 0.096)E-3
94Nb 2.0 x 104 (2.40 * 0.44)E-6 (1.13 4 0.07)E-5 (6.09 * 0.53)E-6 (7.85 * 0.43)E-6
14C 5730 (5.6 * 7.7)E-5 (4.9 * 8.8)E-5 (8.1 * 7.8)E-5 (6.9 * 6.1)E-5y
99Ic 2.13 x 105 (3.4 * 2.4)E-6 (2.8 * 0.24)E-5 (8.1 * 2.2)E-6 (1.29) * 0.27)E-5
3 11 12.33 (1.4 * 1.6)E-6 (1.7 * 1.6)E-6 (1.2 * 1.3)E-6 (1.6 * 1.8)E-6
239-240 u 2.44 x 104 (1.26 * 0.06)E-7 (1.88 * 0.10)E-7 (3.09 * 0.04)E-6 (2.79 * 0.09)E-7P

238 u 87.8- (7.51 * 0.43)E-8 (1.16 * 0.08)E-7 (5.56 * 0.18)E-7 (1.31 * 0.07)E-7P

241 m 433 (1.10 * 0.16)E-7 (1.36 * 0.14)E-7 (1.16 * 0.04)E-6 (1.67 * 0.16)E-7A

244 m 18.1 (9.0 * 7.9)E-9 (5.9 * 5.9)E-9 (8.7 * 3.8)E-9 (5.8 * 5.8)E-9C

137 s 30.2 <3E-4 <5E-4 <4E-4 <5E-4C

Dose Rate
0 I cm
w/ beta shield (mR/h) 10 32 15 22
w/out beta shield (mrad /h) 23 . 1000 350 800
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TABLE 4.2

60Co Concentrations in Stainless Steel Primary Cooling
Piping Exiting the Shippingport Reactor Pressure Vessel

Subsample (Orill Turnings)
Sample Location 60Co Concentration (oCi/am)(A)

B-Loop, Cold Side I 128

II 124,

III 119
<

IV 59'

B-1 333
B-2 431

A-1 482
A-2 150

(

| B-Loop, Hot Side I .965
!

'

II 1,061
III 962

:

IV 1,111 i

B-1 1,142

i B-2 1,109
A-1 10,150* i

,

A-2 1,468
4

i ;

C-Loop, Cold Side 1 77.9'

II 82.9 i

| III 87.4 !
4

~ IV . 87.4 i

B-1 206 -

B-2 108
A-1 793 !

;
A-2 538 ;

i :

! C-Loop, Hot Side I 1,059
II 975

.

III 1,042
IV 1,040

} B-1 1,237
I B-2 972 !

t

! A-1 6,428*
4 A-2 6,733* I

f
'

Drill turnings appear to be contaminated with surface contamination*

from the more radioactive corrosion film. f

| (A) Activity as of May, 1987.

!;

I

| I
'

,
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4.2 PHYSICAL / CHEMICAL CHARACTERIZATION OF THE CORROSION FILM ON SHIPPINGPORT
STATION PRIMARY COOLANT PIPING

The thin strips of stainless steel removed from the perimeter of the
primary coolant piping cores contained an undisturbed layer of corrosion
products. These strips were mounted edgewise in epoxy resin, polished, and
examined by microphotography and SEH/x-ray microprobe analysis to determine
the physical structure of the corrosion layer and its chemical composition.

Photomicrographic cross-sections of the contaminated corrosion layer on
8-loop, hot (outlet) and cold (inlet) primary coolant piping are shown in
Figure 4.3. The photomicrographs clearly show that the outer corrosion layer

on the hot leg (outlet) piping )is about three to four times thicker than thatobserved on the cold leg (inlet piping. Both specimens show a very thin
oxide layer of a uniform thickness of about 1.5 to 2 pm attached directly to
the base metal. Attached to this oxide layer is a granular layer of
corrosion product particles which range in thickness from about 8 to 15 pm on
the hot leg piping to about 3 to 5 gm on the cold leg ~ piping. The corrosion
product granules on the hot leg specimen ne of a much coarser texture, with
individual particles having diameters of up to 1-2 m.

Figure 4.4 shows two SEM micrographs of the hot leg niping corrosion
layer with specific regions selected for chemical analysis by energy
dispersive x-ray fluorescence microprobe analysis (EDAX). These micrographs
more clearly show the thin (1.5-2 pm) oxide layer attached to the base metal,
with the thicker, granular outer layer of corrosion product particles. The
chemical analyses for the probe locations are given in Table 4.3. As shown !
in Table 4.3, the analysis of the base metal (X1) is typical of AISI Type 304 |

stainless steel. The thin adherent oxide layer (X6) appears to be a
multimetal oxide, e.g., MX04, H203, or M02 The larger corrosion product
metal oxide particles in the outer layer (X3, X4) are enriched in A1, Zr, and
Ni, and depleted in Cr and Hn, relative to the base metal. The same analyses
conducted on the cold leg piping specimen showed very similar results.

The inner oxide layer and the outer granular layer of corrosion product
particles are very adherent to the base metal. Subsequent special form
testing (49CFR173.469) of another core specimen (A-loop, hot side) to
determine the dispersability of the contaminated corrosion layer showed this
layer to be highly resistant to detachment caused by impact, percussion,
heating, and leaching with high-purity water and seawater (Robertson, et al.
1987). These tests were conducted to simulate the accidental release of
radioactive material from the contaminated inside surfaces of the
Shippingport reactor pressure vessel in the event of an accident during
transportation for disposal. The pressure vessel is being prepared intact
for an LSA shipment for burial at Hanford, Washington (Kea,1987).

;

4.3 LOW-LEVEL WASTE DISPOSAL CONSIDERATIONS OF SHIPPINGPORT DECOMMISSIONING
| MATERIALS

Although the decommissioning wastes generated at Shippingport Station
are not subject to the regulations governing shallow land disposal of
commercial low-level wastes (10CFR61), an assessment of the radionuclide

1
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TABLE 4.3. Composition in Weight ". and ( Atomic ") of the Shippingport Station Primary Coolant Piping
Corrosion Film at Hot Leg (Specimen #3). Probe Locations Shown in Figure 4.4

LOCATION

Elemnt X1 X2 X3 X4 IS X6 X7 X8 X9 X10 X11

A1 0.7 1.2 1.6 2.2 1.4 0.8 0.8 1.1 0.7 1.1 0.7
(1.5) (1.3) (1.6) (2.2) (1.4) (0.9) (0.9) (1.5) (1.0) (1.5) (1.0)

Si 1.3 1.4 0.9 1.4 1.3 1.5 1.6 1.6 1.5 1.6 1.4
(2.5) (1.4) (0.9) (1.4) (1.3) gl.5) (1.8) (2.1) (2.1) (2.3) (2.1)

P 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)

5 0 0 0 0 0 0 0 0 0.2 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0.3) .0) (0)

Cr 18.2 0.4 1.3 9.7 17.7 20.4 20.2 17.0 15.9 15.5 15.5
(18.9) (0.2) (0.71 (5.0) (9.3) (10.9) (12.1) (11.6) (12.1) (11.8) (12.1)

Mn 1.8 0 0.1 0.6 0.7 1.1 1.3 1.3 1.7 1.6 1.7
(1.8) (0) (0.1) (0.3) (0.3) (0.6) (0.7) (0.8) (1.2) (1.1) (1.3)

Fe 67.6 40.7 39.6 30.5 26.7 27.2 33.4 46.1 55.4 56.1 57.7
(65.3) (20.4) (18.8) (14.5) (13.0) (13.6) (18.7) (29.3) (39.2) (39.6) (41.9)

Ni 9.9 16.2 12.6 13.2 11.1 9.9 12.2 11.3 9.0- 8.9 C.7
(9.1) (7.7) (5.7) (6.0) (5.2) (4.7) (6.5) (6.8) (6.1) (6.0) (6.0)

Zr 0 0.7 0.5 0 0 0.2 0 0 0 0 0
(0) (0.2) (3.1) (0) (0) (0.1) (0) (0) (0) (0) (0)

Mo 0 0 0 0 0.2 0 0.2 0 0 0 0
(0) (0) (0) (0) (0.5) (0) (0.1) (0) (0) (0) (0)

Cs 0.1 0 0.2 0 0.2 0 0 0 0.3 0 0.3
(0.05) (0) (0.04) (0) (0.04) (0) (0) (0) (0.1) (0) (0.1)

0* 0.3 39.3 43.3 42.5 40.8 38.9 30.3 21.6 15.3 15.3 14.0
(0.9) (68.8) (72.2) (70.8) (69.5) (67.9) (59.2) (47.9) (37.9) (37.8) (35.5)

Residual Assumption*
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contamination associated with the various decomissioning wastes is of !,

i interest. Based upon the comarehensive radiochemical analyses of the .

j corrosion film associated wit 1 the primary coolant piping (Table 4.1), and
assuming that the average concentration and observed range are representative

,

of the contamination level of all plant systems exposed to primary coolant,
4 e.g. steam generators, pressurizer, coolant pumps, primary purification

systems, etc., it is possible to classify the waste with respect to the ,

regulations in 10CFR61. Robertson et al. (1984) and Abel et al. (1986) have i

shown that for comercial power reactor stations having 5 to 50 times higher ,

'residual radioactivity levels in the primary systems, all components
,

(excluding the pressure vessel) could be dis |waste (the least restrictive classification) posed of as Class
"A" low-level

in shallow land burial :
: facilities. It, therefore, becomes obvious that all primary systems removed ,

during the decomissioning would be well below Class "A" radionuclide2

i concentrations and, therefore, eligible for disposal as Class "A" waste if it '

; were to be disposed of in a comercial facility. These results confirm that ,

4 for well-maintained power reactors, the residual radionuclide levels
] associated with the most contaminated systems outside of the pressure vessel

,

can be readily disposed as Class "A" waste during comercial reactor*
i

decomissioning.
,

4.4 NEUTRON ACTIVATED COMPONENTS FROM COMMERCIAL REACTORS;

! Although a large sampling and radiochemical analysis program is i

; currently underway to determine activation levels in pressure vessel steel
{ and reactor internal components (see Sections 3.2 and 3.3), sufficient data

.'
; for incorporation in this paper are presently not available. These
i measurements will, however, firmly document the leveis of long-lived i

i activation products produced in spent fuel assembly hardware, pressure vessel '

! internai components, and in the pressure vessel itself. Comparisons will
; then be made with predicted levels calculated from existing activation codes
j to test their accuracy,

i

j s, SU9 ARY AND CONCLUSIONS

Work underway at PNL is carefully documenting the residual radiological;

conditions in retired nuclear power stations slated for decomissioning. The;

residual radionuclide conditions observed at Shippingport gtatig indfcate l;

t ghat the g erage levels of long-lived activation products Co, Fe, Ni,
! Ni, and Nb are approximately 5 to 50 times lower than observed in

comercial nuclear power stations. In addition, the residual radioactive'

materials are essentially) free of long-lived fission product and transuranic3

radionuclides (Pu, Am, Cm . These conditions have simplified the dismantling'

and decomissioning of the Shippingport Station. Had these decomissioning4

;j wastes gone to a comercial low-level waste shallow land burial facility,
they would all have qualified as Class "A" waste.

I

i

!

1
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,

;

,

Good day. Today I would like to discuss with you the concept of severt accidenti

l managerent, the role it is expected to play if a severe accident were to occur,

and the approach the NRC expects to take in ensuring the implementation of ;

severe accident ranagement programs in operating U.S. plants.

J <

I i

! First, severe accident managerent is only part of a larger concept called

risk management. Risk management is in essence the underlying philosophy of

operation of all U.S. plants, as well as the underlying philosophy of the hRC's
1 entire regulatory program. The major elements of risk management are depicted

in Figure 1 and consist of reliability management, accidant managerent, and

emergency ranagement. Together these elements form a ss fety hierarchy.
;

I

i,

Reliability management is by far the main focus of bot t regulatory and industry )

programs, and strives to achieve safety through ensuring reliable plant<

I
i

j

i

39
1

!
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Elements of Risk Management
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i

construction and operation. It encompasses quality assurance, quality

control, high quality design and construction methods and requirements, and

effective operations management, to name a few.

Notwithstanding the objective of ensuring safety through reliable design ar.d

operation, it is recognized that, as in any ter.hnology, things can go wrong.
*

In recognition of this, precautions arc taken to minimize the consequences of

failures. For most plants, the extent of the precautions originally taken were

primarily derived from the design basis of the plant, For example, the

containment design basis is set by postulating a large break loss-of-coolant

accident. However, these precautions did not include consideration of core

melt accidents. Follow'ng THI-2, the extent of these precautions was expanded
'to include the ability to accomodate certain aspects of beyond design basis

accidents. In the area of design, all U.S. plants were required to accomodate

safely the release of 75 percent of the maximum amount of hydrogen that could

theoretically be released through complete oxidation of the fuel cladding.

Safety parameter display systems were required. In addition, emergency

procedures were extensively revised to be symptom rather than event oriented,

and were expanded to provide guidance on managing accidents up to inadequate

core cooling events.

|
Recognizing that in the event of certain failures a core melt and potentially

containment failure could not be avoided, tne Commission also implemented

emergency management. This involved requiring all licensees to have offsite

emergency plans that provided for evacuation or sheltering of the public in a

structured, planned manner in the event of a radiological emergency.
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Trom the following discussions of the concept of risk managerrent, it is evident !

|

that a key ingredient that i, still missing in the operation of plants is the

management of tecidents that progress beyond inadequate core cooling. This is

the area of severe accident managen.nt.

Severe Accident Managernent Concept

.

As a concept, severe accident management is new but not unique. Procedures

for the management of events that went up to degraded cores were instituted

following the TMI-2 accident. The need for these proceduras was obvious:

operators would not sit idly by when an event occurred, as assumed for the

establishment of the design basis. Rather, they could and in all probability

would actively intervene in an attempt to mitigate the event. Thus, while the

procedurs were designed to aid the operator in making the right decisit.t , they

also were specifically designed to help ensure the operator did not make the

wrong decision. In fact, they were so structured so that if a wrong decision

was made, the operator would be guided to correct the error and take the right

action based on the observed symptoms.

While it has never been accurately quantified, many safety experts from a

variety of backgrounds seem to generally agree that the operator can

potentially contribute anywhere from 10 to 50 percent of the risk to the

health and safety of the public. Although the Commission is conducting a

number of research programs aimed at developing human reliability models and

data bases in an attempt to quantify the risk contributed by the operator,

I
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this is by far a highly inexact science, and _our ability to quantify this risk

with reasonable uncertainty bounds is still in the future.

Ar, alternative way to pursue the reduction of uncertainty in risk resulting

from operator actions is to concentrate on minimizing the extent to which an

,

operator will have to opcrate without guidance. Therefore, the basic premise
1

| underlying the need for an accident management program is that a much more

| substantial reduction in not only absolute risk but also in risk uncertainty

can be obtained by providing operators with guidance en how to manage severe

accidents, rather than relying on a "seat-of-the-pants" decision process that

unfolds as a severe accident is occurring.

It must also be pointed out that the need for a severe accident managerent
i

program becomes obvious from a risk reduction perspective when one considers

that severe accidents contribute the largest risk to the health and safety of
j

the public. The concept of accident management, then, is primarily founded on

the premise that a substantial reduction in not only risk, but risk

uncertainty, can be achieved by ensuring operators are properly instructed in

the handling of severe accidents.

The Role of Severe Accident Management

The tems "Severe Accident Management" and ' Severe Accident Management

Strategies" are frequently used in the abstract. They imply that there is

perhaps this cepplex sequence of actions that operators can take that somehow

93
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will miraculously prevent core melt, or vessel or containment failure. Frequently,

rather abstract terms such as "core stabilization" are used. Let me assure you

that severe accident management is not a "black art," but rather a process in

which pctentially effective actions that reduce or mitigate the consequences of

a severe accident are identified, evaluated, incorporated into a structured

program, irplemented at a plant site, and are available to the operators and

management in the event of a severe accident. Severe accident management
I

encerrpasses both techncial as well as human factor and organizational (or I

administrative) areas. All of these are now discussed.

|

Technical Areas

In rigure 2, the four main technical areas related to severe accident

| menagement,are shown. These are 1) existing Emergency Operating Procedures
|

| (EOPs), 2) preventive treasures, 3) in-vessel management, and 4) ex-vessel
|

| management. Since I have already discussed the genesis of the current E0Ps

and their scope (up to inadequate core cooling), I will not address these

further. {

The area of preventive measures encompasses that wide assortment of programs i

and efforts designed to identify and correct significant contributors to risk

found in plants. Programs such as the Comission's Unresolved and Generic

Safety Issue (USI/GSI) programs ar'e designed to examine the risk significance

of potential generic deficiencies in design or operation of commercial U.S.
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i FIGURE 2
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plants, and identify cost-effective treans to correct any deficiencies.

Probabilistic Risk Assessments, or PRAs, also provide insights into both plant

specific and generic risk dominant sequences with the intent to ensure that

they do not pose unacceptable risks.

In-vessel Management

The three major barriers to fission product release are the fuel cladding, the

primary system pressure boundary, and the containment. In-vessel accident

management addresses the maintenance of the first two boundaries. With the

possible expection of ATWS, all core melts result from the loss of coolant

from the primary system. Thus, there is no secret to in-vessel accident
Imanagement. The fundamental strategy is to put water in the vessel sufficient

to cool the core. Thus, accident management actions are expected to focus on

identifying all alternative means for injecting water into the primary

system. Considerations include the use of low pressure systems, such as the

fire protection system, with suitable connectors available and consideration

of the need for locating hoses, etc., at strategic locations. Symptoms that

would alert the operators to when core integrity was lost should be

predicted. Concerns regarding inappropriate actions must also be evaluated.

For exarrple, would the introduction of relatively cool water from a recovered

water supply onto a hot molten core that has not yet penetrated the vessel

produce a vessel failure due to excessive pressurization from rapid steam

production? Are there special procedures an operator should follow to

minimize any adverse effects of introducir.g water onto a molten core? The
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following were only a few examples of the considerations that must go into the

developtrent of an effective in-vessel severe accident ranagement program.

Ex-vessel Management

Once the cladding and primary system boundary have failed, the containment is

the only barrier which prevents the release of fission products to the

environment. There are a number of actions an operator may take in an attempt

te maintain containment integrity. In particular, the restoration of failed

safety systems poses a number of unique questions that an operator should have

answers to prior to taking restoration action. A number of examples are

listed below:

Will restoration of igniters in a hydrogen-filled containment result in-

unacceptable detonation?

Will restoration of containment sprays in a steam and hydrogen-filled-

containment condense steam to the extent a detonable mixture of hydrogen

results with unacceptable consequences?

Will initiating containment sprays into a previously vented containment
|

-

'

result in implosion?
I

l

In addition to actions related to restoration of failed safety systems, the

benefits fror additional mitigative features must also be explored. In
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'

Europe, for example, all reactors in France, Germany, and Sweden have been or

will be fitted with filtered vents for their containments to prevent late

overpressure failures. Direct Containment Heating (DCH) is a highly controversial
I

subject related to the early overpressurization failure. of PWR containments due

to direct heating of the containment atmosphere by the molten core ejected

during a vessel melt-through at high pressure. Due to the complex phenomena

associated with this scenario, it may not be possible to adequately resolve the

issue within the near future. Hence, an alternative approach is to rapidly

depressurize the primary system prior to vessel failure to preclude ejecting

melt into the upper containment atmosphere. The feasibility of such an approach

should be studied to identify e) the ability to depressurize to a suitably low

pressure prior to vessel failure, b) the key symptoms an operator must recognize

and use to initiate depressurization, c) the desirability of adding additional

blewdown valves to better achieve the necessary depressurization, and d) the

adverse consequences associated with depressurization.

The preceding discussions and examples of technical issues associated with

in-vessel and ex-vessel accident management hopefully illustrate the need for

severe accident programs to be developed in a systematic, structured manner,

as well as exemplifying the subtle technical issues that must be resolved

prior to implementing any severe accident management actions.

Human Factors and Organizational Considerations

Any study of the technical issues associated with developing an effective

accident management program must be accompanied by a consideration of the
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human factors issues that play a large role in the effectiveness of such a

program. It is difficult to distinguish some of the issues between "human

factors" and organizational. Whichever way they are categorized is not important,

however, provided they are appropriately considered and treated. As such, they

will be discussed together here.

One of the first and foremost ouestions that implementing a severe accident

management program raises is the decision-making process. In light of the

stress and confusion a severe accident would impose on not only a utility, but

also on the numerous other organizations that have response responsibilities,

it it imperative that the decision-making process be clearly established and

understood by all plant personnel, from each and every operator to the company

president. For example, if a decision must be made to depressurize the vessel

to prevent DCH, or to vent the containment to prevent overpressure failure,

the operators and plant management should knor exactly who is authorized to

make such a decision. In turn, the decision maker must have available all of

the information he or she needs to make such a decision. Needed to be known

is the reliability of the informatien used for the decision-naking process.

For example, can the sensors being relied upon to establish the states of the

core and containment be trusted? Will they work in the er.vironment they are

being used to assess?

Will the decision maker have the appropriate technical facts readily available

to make informed decisions? For example, the decision maker should kncw what
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the ultimate containment pressure is and at what pressure containment venting

must connence to be effective. He or she should be aware, in advance, of all

of the ramifications of certain decisions. Examples of these were previously

discussed in the technical issues section.

Since the effectiveness of any program is only as good es the people who carry

it out, it follows that effective severe accident management can only be

accomplished by developing all of the necessary infonnation needed for such a

program in advance, and then by training the plant "team" to understand the

plan and effectively carry it out. Through the development of the technical

basis for severe accident decisions, and then the effective implementation of

this technical basis into a severe accident management program in which all :

key plant personnel are trained, will a substantial reduction in risk arising

from human factor considerations be achieved.

NRC's implementation Program

In August, 1985 the Commission issued its Policy on Severe Accidents. This

policy stated that while the Connission believed cperation of reactors fr. the

U.S. did not pose an undue risk to the health ar.d safety of the public, they

also believed that each connercial U.S. reactor licensee should perfonn a

systematic examination of its plant's design for severe accident vulnerabilities. -

The staff is currently preparing a generic letter to be sent to each licensee

requesting they perform an individual plant examination (IPE) to fulfill the

policy's guidance.
!
!
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It is currently our expectation that the conclusions drawn from the IPEs

regarding severe accident vulnerabilities will depend on operators taking

beneficial action during or prior to the onset of severe core damage. More

importantly, these conclusions will in all likelihood also rely on operators

not takino specific action which could have adverse effects. Therefore, in

order to justify the assumptions made with respect to operator (and plant

management) perfortnance, a logical outcome of the IPEs will be a confirmation

of the need for an accident management program for each plant.
|
[

It is recognized that a substantial amount of work has already been done on

severe accident managerrent, both in the U.S. as well as abroad, most notably in

France, Gemany and Sweden. Since many severe accident management strategies

do not involve significant changes in plant design, but rather can be quickly

put in place by appropriate training and procedures, it is believed that

substantial safety benefits can be achieved by the early initiation of severe

accident management programs at each plant that do not rely on the completion i

of an IPE.

Various ongoing programs (both government and industry) indicate that information

on severe accidents and severe accident management will continually be developed j
|

over the next several years. In order to effectively incorporate this information '

into a severe accident management program in a timely manner, we are encouraging

all licensees to structure their programs to be flexible and allow for the

periodic incorporation of new information.
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|
The NRC Research Program

The NRC's Office.of Nuclear Regulatory Research is initiating a comprehensive

Accident Managerent Research Program starting in FY 68. We are currently

developing the detailed program structure, but it will generally follow the

structure shown on Figures I cnd 2. The main objectives of this program are:

to provide a technical basis for staff review of licensee accident-

management programs submitted with the IPE results

to explore the benefits and drawbacks of severe accident management-

strategies and share this infomation with the public, particularly the

operators of nuclear plants

to identify any additional research that is needed to draw conclusions on-

accident management strategies.

Direct funding of this program from the Division of Reactor and Plant Systems ;

i

is currently planned in the neighborhood of $2M in FY 88, which includes efforts

to carry out the severe accident policy (IPE implementation). The program is

being developed to produce results in the short (several months), intemediato,

I

: (1-2 years), and long term (3 years and beyond). In p6rticular, our short-term

results are focused on developing a compendium of severe accident management

information for distribution to the U.S. nuclear industry. The compendium will

identify the key phenomena associated with severe accidents and what is known

(
:
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(and not known) at this time about severe accident managenient strategies

associated with these phenomena. It is the sole intent of this report to

infom licensees of the issues (pros, cons, uncertainties) associated with

severe accident management, and to neither direct, recommend, nor endorse they

be implemented at this time. We intend to update this report periodically as

new information becomes available.

Prcgress to date in developing the research program has focused on

establishing the key tasks for the in-vessel and ex-vessel work. Figure 3

depicts the key tasks associated with the in-vessel program, and Figure 4

depicts the key tasks associated with the ex-vessel program. In the coming

months, these tasks will be further refined, and individual work elements

identified. We anticipate involving substantial university and college

expertise along with national laboratory expertise to resolve specialized

problems associated with invididual tasks.
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In-vessel
Severe Accident

Management

Task I Task 2 Task 3

Characterize | Identify Evaluate ProposedI

Severe Accident Opportunities for In-vessel Accident
vulnerabilities Intervention Management Strategies

- Incorporate PRA Insights: - Quantify time windows for - Screen potential strategies for
* Categorize important system operator intervention - Review those most likely to succeed and

failures by safety function existing calculations for having favorable risk / benefit
g * Identify system operational important accident sequences

limitations (criteria for - Investigate feasibility ofe

induced failure) - Define criteria for successful and anticipated system response
* Establish screening criteria intervention (e.g., minimum flow to promising strategies1

based on failure rates and to regain core cooling, minimum
accident frequencies boron concentrations, required - Sumarize results by appropriate

core geometry...) critical safety function

- Identify minimum requirements
for systems to satisfy their - Characterize the influence of - Identify most cost effective
designed safety function uncertainties on success means of reducing risk and risk

criteria uncertainty
- Identify important differences

in plant design or operations - Identify alternative systems - Develop criteria for use in
within reactor / containment types capable of satisfying critical Individual Plant Reviews

(e.g., diesel generator or dc safety functions (e.g., non-
battery configurations, RPV safety grade, alternate sources
lower head penetrations...) of water)

FIGURE 3
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SEVERE ACCfDENT MANAGEMENT ON FRENCH PWRs

J. Duco, J. Brisbois, D. Qu6niart
Commissariat A l'Energie Atomique, France

Institut de Protection et de SQrets Nuclsaire

1. INTRODUCTION

French PWR power plant design relies basically on a deterministic
approach. In such an approach, the consequences of a limited number of
conventional situations are assessed, as well as the relevant

frequencies of occurrence, which are classed in frequency categories-
expressed in terms of orders of magnitude. The conventional situations
retained are such that their consequences are larger than those of all
other situaticns of the same frequency category. These situations are
called the design basis situations.;

!

A probabilistic approach was introduced in France in the early
seventies to define safety provisions against external impacts ;

(aircraft crashes and risks related to an industrial environment). In )
1977 an overall safety objective - more a target than a mandatory i

'

value - was issued by the safety authority in terms of an upper
probability limit for having unacceptable consequences. Following that
ruling, the utility was required to prove that the loss of the |

redundant safety-related systems would meet the safety objective. As it |
did not, additional measures were taken (the "H" operating procedures)
to complement the automatic systems normally provided by the initial
design, so as to satisfy the safety objective.

The THI-2 accident enhanced the interest in confused situations in
which possible multiple equipment failure and/or unappropriate previous
actions of the operators impede the implementation of any of the
existing event-oriented procedures. In such situations, the objective
becomes to avoid core-melt by any means available : this is the goal of
the U1 symptom-oriented procedure.

Whenever a core-melt occurs, the radioactive releases into the
environment must be compatible with the feasibility of the of f-site
emergency plans ; that meant that for some hypothetical, but still
conceivable scenarios, provisions have to be made to delay and limit
the consequences of the loss of the containment : the U2, U4 and US
ultimate procedures - the latter providing a venting of the containment
through a filtration system - have been elaborated for that purpose.

Emergency management procedures, whether event- or symptom-oriented,
need a significant R and D effort in order to be elaborated and checked;
such an effort resulted in the achievement of the physical code CATHARE
and the integral test facility BETHSY, which are both used for
adjusting the procedures.
For the case of an emergency, a nationwide organization has been set up
to provide the plant operator with a redundant technical expertise, to
help him save his plant or mitigate the radiological consequences of a
core-melt. Besides, such an organization makes prognosos of possible
radioactivity transfers to the environment, aimed at supporting the
government representative in charge of protecting the public.
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2. FRENCH SAFETY RATIONALE
)

I 2.1 - Design bases of - French PWRs for radioactivity retention in plausible
situations

The French Nuclear Power Plant Program is based' on the . design,
construction and operation of. identical series of PWRs. The'only differences
to be found'in reactors of the same series involve adaptation to the site.

American' reactors under construction were used as the reference for the
construction of the first French reactors -(Beaver Valley . for Fessenheim,
North Anna for Bugey). At this stage, Electricit6 de France and the French

-safety authority essentially based themselves on American safety regulations
(10 CFR 50 and Regulatory Guides) .for ensuring and evaluating reactor
safety.

The experience gained in the operation of the two Fessenheim and four i

Bugey units formed the basis for the design of the 900 MWe reactor series I

(cpl and then CP2), the 1300 MWe reactor series (P4 then P'4) and then
the 1400 MWe reactor series (N4).

;

Accident prevention relies essentially on a deterministic approach, the
objective of which is to demonstrate that, in the situations considered as
plausible (normal operation, incident and accident situatiens), the reten-
tion of the radioactive substances is sufficient. Confining radioactivity is
provided by "barriers" and the situations to be allowed for result from
application of a "defense-in-depth" concept.

The radioactive substances are confined by means of "barriers" placed
between them and the plant staff or the general public. In French-built,

,

PWRs, three barriers are schematically considered : the cladding of the ;
'

i fuel, the pressure boundary of the primary system and the containment. The '

integrity of the barriers is checked for normal operation and for the
incident and accident situations considered plausible. Radioactive
susbstances can only be released if all three barriers fail.

>
.

The "defense-in-depc5" concept used to define the situations considered3

as plausible classically involves three levels.

- Prevention by quality
.

The design, fabrication and operating range of the equipment are to I4

i be such as to provide the installation with sufficient safety margins with '

regard to specified limits, to ensure its proper behavior.
3 - Monitoring and protection

The installation is to be equipped with monitoring and protection
systems aimed at restoring it to its normal operating range in all
foreseeable transient and incident cases.

,

1
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- Safeguarding

Regardless of the above preventive' and protective measures,-
plausible accidents are to be allowed for, and safeguard' systems have to be
devised to limit the consequences of such accidents.

When applying this concept, the following points must be borne in
mind :

1) The fact that a component or system is designed for a given situation
'does not mean that its failure in that situation can be disregarded. If

the consequences of such an event are considered unacceptable, additional ,

provisions must be made to mitigate or prevent them. In this way, appro-
priate arrangements are made to ensure that the pressure . systems can
withstand the maximum stress to which they are liable to be subjected,
the case of their failure nevertheless being given consideration in

i accident studies. No exception to-this rule is allowed unless the risk is
sufficiently minimized by adequate preventive measures. The catastrophic
failure of the reactor vessel of a pressurized water reactor is thus
excluded in the light of precautions taken during its design and fabri-
cation, and of the tests carried out during the service life of ' this
component to ensure timely detection of any faults which may be-
forerunners of more serious failures ; in addition, specific regulations

apply to this component which is the subject of special scrutiny by the
relevant government body.

2) As it is not possible to examine all the accident situations considered
plausible, operators and safety authorities have agreed to examine _ a
limited number of them, selected as being ' representative of the risks.

;

Each situation is chosen and studied in such a manner that its
consequences are conservative compared to those of the events of the same
nature that are intended to be represented ("envelope . accident"
approach).

i

! 3) It is necessary to identify the failures which can simultaneously
jeopardize the arrangements made to prevent the accidents and mitigate
their consequences ; provisions have been made to avoid such failures

| being the origin of unacceptable consequences. In this way, the total !

failure of the onsite and offaite power supplies can lead to a LOCA
(leakage at primary pump seals) which the safeguard systems, having no ,

power, will be unable to compensate for. Similarly, fire can be a source I
-

of "comon mode" failure. Here the problem is to decide how far to go,
and what accident situations are to be allowed for in designing the
installation. In the deterministic approach, a convcational list of
situations is usually established, such situations being grouped in*

frequency categories : the lower the probability of occurrence of a cate-
gory the higher the upper limit for the corresponding consequences.

,

1
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For each site, French regulations require authorizations for the gaseous
and liquid radioactive effluent releases ; these authorizations set the
maximum admissible global activities for the releases en a case-by-caser

~

basis and - specify the limits of activity for some . radioactive species.
Conversely, French regulations do not set limits on'the equivalent doses
likely to be received by the public- under , accident conditions. The
radioactive consequences induced by the conventional operating aondi- ;

tions and conditions resulting .from external events . are calculated
without reference to upper limits of dose equivalents, but their asses-
sments are submitted-for each unit to the safety authority for approval-
and are generally deemed acceptable during the licensing procedures in
-which the agreement . of the . Ministry of Health has to . be obtained.
Nonetheless, Electricits de France has proposed the following limits,
which have been accepted by the Safety Authorities for~ PWR design
purposes.

Frequency Estimated
Category Frequency Maximum Radioactive Consequences-

(per year) ~'

1 1

Normal limited by the
operation radioactive vaste release-

,

!

authorizations
2

Minor but 10-2 -1
frequent

,

incidents

3

Unlikely 10-6-10-2 0.5 rem (whole body) or 5m Sv ,

incidents 1.5 rem (thyroid) or 15m Sv

4

Hypothet. 10-5-10-6 15 rem (whole body) or 0.15 Sv
,

accidents 45 rem (thyroid) or 0.45 Sv

i
i 1Appendix 1 gives the conventional list of operating situations ' chosen |

for standardized.1300 MWe nuclear units.

2.2 Complementary probabilistic approach

2.2.1 Safety objectives

The probabilistic approach was first used in France to define safety
measures to be taken against external events. This approach was used
to establish a relationship between such events which had to be taken
into account in the plant design and conventional operating condi-
tions.

.
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IFor e,xample, on the basis of a . probability analysis of an aircraft.
crashing on a PWR, the French safety authority accepted that the
various series of reactors be designed' solely to withstand..the crash
of a general aviation aircraft (based on~a 1.5 tonne Cessna 210 as a-
"hard". projectile and a 5.7 ton Lear-Jet 23 as a "soft" projectile),
therefore ~ not taking into account the' risks deriving from military
and commercial. aircrafts- ; such aL policy resulted 'in deleting: some
names on the list of candidates for-becoming a PWR site.

-As early as 1977 .an examination of the general technical < options;for
the 1300 MWe . PWR series resulted, on the recommendation . of-~ the
Standing Group ("Groupe Permanent") in charge of the nuclear
reactors, in-the setting forth of an overall probabilistic objective ;

in the following terms :

"The design of a nuclear unit. comprising a PWR should be such that
,

the overall probability that the' said ' unit can induce unacceptable
consequences will not exceed 10-5 per year".'

"From hereon, when a probabilistic approach is to be used to assess
whether a group of events should be allowed for in the design of a
unit, it should be assumed that this group of events must be allowed '

for if the probability that it may lead to unacceptable consequences
exceeds 10-2 per year ; such a threshold cannot be exceeded for the

~

said group unless it can be proved that the calculation of the
relevant probabilities is sufficiently conservative", j

"Moreover, Electricit6 de France has to pursue its efforts to extend
as early as possible the use of probabilistic approaches for the
broadest possible range of events".

"In application of the above, Electricit6 de France shall examine on>

a case-by-case basis, whether the simultaneous failure of .the
redundant files of the systems essential to safety should be takea ;

into account in the design of power units using PWRs . . For these !.

studies "realistic" assumptions. and calculations methods may be4

used".

Such statements have to be supplemented by the following comments for
clarification.

1. The overall objective is set forth in terms of "unacceptable
consequences" ; in accordance with the above, these "unacceptable |
consequences" are not defined by any legislative or regulatory text. |
In fact, such consequences are to be assessed in political terms, ta- '

king into account site-related ef fects and the pessible impact of-
measures aimed at protecting the general public.

1
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2. The probability of 10-' per year is a "target" value for a' reactor,
and Electricit6 de France was not required to demonstrate that such a
target value had been met ; nevertheless, this objective was considered
as reasonable, . based on the results .of . the WASH-1400 Report - and on the
improvements-made in the design of French reectors with respect to the
PWR power. plant examined in this report. The justification of the
design provisions adopted to prevent ~any unacceptable risk relies
heavily on deterministic analyses rather than on an' overall: probabilis-
tic analysis.

In this regard, in a letter addressed to Electricit6 de France in 1978,
the Ministry of Industry clearly. specified .the framework for the
probabilistic analyses required from Electricit6 de France :-

1

"I emphasize that my concern to extend the use .of probabilistic...

analysis to the greatest possible number of- groups 'of events does not
imply the direct use of this approach for the design' of- pressurized

- water reactors. Probabilistic evaluation may be.run afterwards_to show-

that the assumptions made for the design provisions are well founded,
and may furthermore be used, if.need be, to improve the definition of
the deterministic critoria used for the design of future reactors".

"Neither do the terms of my letter (of 1977) imply that the... ...

safety of a pressurized water reactor be demonstrated today through an
exhaustive probabilistic analysis. Conversely, the use of a
probabilistic approach should allow a better justification, or even an
improvement, of the definition and classification of the events taken
into account in the design of c pressurized water reactor". I

<

3. The value of 10-' per year is more directly used in an operational
way ; the above-mentioned approach regarding external events does use
this value by considering for example several groups of events for ,

-

i aircraft crashes : the probability of a general aviation aircraft
crashing on a nuclear power plant in France is such that provisions are4

made to protect nuclear units systematically, wherever they are
located. On the other hand, the probability of a commercial airliner
crashing on a reactor in France outside airport approach areas is lov
enough to obviate the need for protective measures against this type of I

crash. Regarding military aviation, the matter is examined for each !
site to make sure the site is indeed suitable for a PWR power plant. |,'

The value of 10-' per year can also be used for treating problems
involving combinations of external ~ events and conventional operating
conditions.

Nonetheless, it should be underlined that the value of 10-' per year is
no longer considered as a "cut-off" value, above which design
provisions for the occasion must be automatically made. The question of
whether or not such design provisions are to be made is examined on a

i case-by-case basis by making a criticism of the assumptions made, based
on the following two major considerations :

(

j
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a. the overall risk objective : for example, so as to remain within
the external event field, greater vulnerability can be attributed to
aircraft crashes given a lesser vulnerability to explosions ; in other
words, the number of groups of events which lead to unacceptable
conditions cnd have a frequency greater than 10-' per year has to be
taken into account.

b. the cost of the extra design provisions envisaged versus the ex-
pected benefit as regards safety.

4. In contrast with the conventional deterministic approach, which is
based on conservative assumptions and calculations regarding conventio-
nal events, the probabilistic approach emphasizes the use of as
realistic values as possible for estimating both probabilities and

| consequences, in order to be fully beneficial and to bring about an
' improved consistency in the provisions made for preventing the

unacceptable from happening.

2.2.2 Implementation of the probabilistic approach on French PWRs

As stated above, in France, the probabilistic approach has been
directly applied to the assessment of the measures to be taken
regarding external events for which the probability of occurrence can
generally be assessed. Such an approach was used for determining the
external events to be adopted for the design of the Grevelines
nuclear power plant, located close to a large crude oil storage,
nearby an oil terminal and not far from a projected LNG terminal. In
particular, the probability of the explosion of a drifting gas cloud
close to the NPP, resulting in unacceptable consequences, has been
assessed for several plant design improvements as regards external
explosions.

!

Moreover, the probabilistic approach has also shown the necessity of I

complementary provisions to ensure a satisfactory level of safety for '

some situations which are not includ7d in the list of conventional
operating conditions. Upon the proposal of the Standing Group in |charge of nuclear reactors, the 1977 letter of the Ministry of jIndustry to Electricits de France requested thorough examination of
the probabilities and the consequences of :

a. anticipated transients without scram
b, total loss of the ultimate heat sink |
c. total loss of electrical power supplies (off- and on-site).

!

On completion of these studies, additional arrangements were
effectively implemented on the different series of standardized units,
with allowance made for the state of progress of their construction.

More generally, in order to meet the safety objective set forth, the
examination of the probabilities and the consequences of the total
loss of redundant and safety-related systems is required. Such
studies have shown the importance of additional measures to
complement the automatic systems normally provided by the initial
design.

113



. . - .

This necessity has led to the definition and development of specific-
operating procedures designated as the "H Procedures", which will be-
further examined hereunder.

3.. REACTOR OPERATION AND SEVERE ACCIDEh7 MANAGEMENT

The.first domain of application of operating procedures on French PWRs
under incident / accident conditions was mainly linked to conventional
design basis situations ("I" and "A" procedures) : this initial domain
has been progressively extended to a reries of' events not allowed for-

in the original design, but which were id=ntified'as requiring conside-1

rr. tion under the probabilistic approach ; the procedures addressing
this new area are the "H" procedures". All the above event-oriented
operating procedures were ther :upplemented by a symptom-oriented
ultimate procedure ("Ul" procedt for proventing core melt and three -
ultimate procedures ("U2", "U4" - and "U5" procedures) to mitigate the
consequences of a core melt, each one addressing a preferential
containment mode of failure.

3.1 The "I" and "A" operating procedure > for conventional incident / accident
events

The "I" and "A" operating procedures are essentially related to design
basis events ; such accidental events have been defined by considering
each failure of active / passive components used in normal operation,

; liable to jeopardize a major safety function such as . ,

!
- the control of the nuclear power

,

- the evacuation of the core energyi

- the confinement of fission products

The consequences of such accidents are limited by the operation of ;
'protection / safeguard systems. ,

L
*

The rules for treating these events, in particular the single failure
criterion, result ia redundant safeguard systems (2 x 100 %), which are

' emergency power supplied. "A" procedures are linked to breaches (Al for
primary system breaches, A2 for those on the secondary circuit and A3-i

for oreaches at the interface of the -two circuits) whereas "I"

procedures address partial failures of support systems (electric -

sources and compressed air). "I" and "A" procedures are event-orie,.ted, [
which implies that a diagnosis of the accident sequence in course has
to be made before any initiation of such procedures.'

J

t

k
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3.2 The "H" and "U3" event-oriented procedures for situations at the limit
of the design

The first results of the probabilistic studies performed by EdF in 1978
showed that the probability of unacceptable consequences associated
with situations of total loss of redundant and safety-related systems
was higher than the safety goal, considering, in this particular case,
that the core melt was inducing unacceptable consequences. The safety
authorities asked EdF to propose design modifications and adapted
procedures to reduce this risk to acceptable values taking into account
all normal operating conditions. This resulted in the definition and
the development of the five following "H" operating procedures :

H1 for the totc.1 loss of the ultimate heat sink

I H2 for the total loss of steam generator feedwater (normal and
'

auxiliary)

H3 for the total loss of electrical power supplies (off- and on-site)

H4-U3 for the mutual back-up of the spray system and emergency low
pressure injection system during the recirculation phase

H5 for the protection of sites along rivers against floods exceeding
the reference level (millennial flood).

The initial "H" is for "hors dimensionnement", that is "beyond
design" : actually, the designation "at the limit of the design" would
be more apprc,.riate.

3.2.1 Total loss of the ultimate heat sink : H1 procedure

The H1 procedure specifies the actions to be taken in the event of a
failure of the component cooling system, the residual heat removal
system or the cold source itself, follocing the failure of the
pumping station or the failure of, the four service water pumps. If

these events are initiated at full power, there is a risk of damaging
the primary pump seals, which induces a small break and leads to a
core melt due to the unavailability of the safety injection pumps.

The purpose of the procedure is to bring the pisat to a stand-by
situation (T < 180*C, primary pressure f 45 bar), which allows the
cooling injection to pump seals to be shut down with no risk of
damage. To reach this stage, the operator cools down the primary !

system "sing the steam generator, the steam being dumped to the
atmosphere.

The water reserves on site and the procedures specified to resupply
the auxiliary feedwater tank allow considerable time for repair of
the heat sink (one month).

|
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If these events are initiated at shutdown, the loss of heat sink
leads to a total loss of reactor cooling and accordingly to core
melt. The purpose of the procedure in these situations is also to
bring the plant to a standby condition where the reactor cooling is
provided by a steam generator (availability of one of two steam
generators is required by the technical specifications). When the
primary system is open, as in the case of maintenance during
shutdown, it may be necessary to start injection by the chemical and
volumetric control system, taking water from the refueling water
system tank, because the steam generators are not operational. Resi-
dual heat is evacuated to the atmosphere by keeping the containment
open.
All these actions are described in the H1 procedure which is
available on all the 900 MW and 1300 MW plant sites.

3.2.2 Total loss of the steam generator feedwater : H2 procedure

This situation results either from the failure of the main feedwater
system, followed by the failure to start the auxiliary feedwater
system, or from the failure of the auxiliary feedwater system when it
is in operation.

This event leads to the opening of the pressurizer relief valves. Due
to the high pressure in the primary system, the safety injection
system is inefficient, and this situation would lead to core
melting.

The H2 procedure consists of a voluntary opening of the operated i

valves of the pressurizer before the steam generators are completely
dried. The safety injection signal, triggered by depressurisation, is
confirmed manually. An estimated time of 40 mn is available to the ;
operators to make such a decision. The standby condition to bo

|reached consists of evacuating residual heat via :

- the auxiliary feedwater system, if it has returned to operation.
- the shutdown cooling system, as soon as permitted by the

temperature and pressure of the primary system.

The H2 procedure is available on all 900 MWe and 1300 MWe sites.

3.2.3 Total loss of electrical pcwer supplies : H3 procedure

This situation results either from the lors of external power supply,
followed by the loss of the two diesel generators, or from the loss
of 6.6 kVolt electric switchboards.

At full power, these events lead to the damage of the primary pump
seals due to the loss of cooling and water injection on these seals.
This situation results in a small break and leads to core melt due tothe unavailability of the safety injoction system,
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The major objective of the procedure is to' maintain the water
injection on the pump seals by using another small pump powered by a
turbine-generator driven by ths steam of the steam generators
(Fig. 1) . This turbo generator also produces power for the control of
the plant. In addition, one gasturbine is installed on each site,
which can be on line three hours aiter the beginning of the
accident.

In reactor shutdown situations _ where the reactor is cooled by the
residual heat removal system, these events lead also to core melt due
to the loss of reactor cooling. The procedure consists of cooling the,

| reactor by the steam generators whenever possible.
|
! The processes specified in the H3 procedure for 900 and 1300 MWe PWRs
I have been justified by a probabilistic study of the risks resulting

from a failure of the emergency power supplies ; these studies
allowed for the various states of the unit and for failures of power
sources and switchboards. The following results were obtained :

Risk of unacceptable consequences *
without H3 with H3

900 MWe Reactor 1.1.10-5 1.3.10-7
1300 MWe Reactor 4.7.10-5 7.2.10-8

(*) - The term "unacceptable consequences" in the study means core
uncovering.

All the design changes related to the H3 procedure have been taken
into account during the construction of the 1300 MWe plants and have
been decided upon for the 900 MWe plants, for which their complete

'

implementation is expected shortly.

3.2.4 Loss of the safety injection system in the recirculating phase : 1

H4-U3 procedures

After a LOCA, when the break cannot be isolated and when the residual

heat removal system is not available, the long-term decay heat
removal is assured by recirculating borated water from the
containment sump by means of the low pressure injection pumps ; the
heat transferred from the core to the containment is evacuated to the
cold source by the containment spray system heat exchanger. Taking |
into account the fact that this situation can last for months, the
probabilistic studies showed that is was necessary to improvo the
reliability of required functions by increasing the redundancy of the
pumping systems after a few days.
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The studies showed it was possible, in case of total loss of the
containment spray system (CSS) pump, by using connexion sleeves
between the low pressure injection system (LPSI) and the CSS, to use
LPSI pumps to assure the functions of the two systems and vice
versa.

For the 1300 We plant, J anies are installed on the pipes of the
systems and the connecting cireves can be installed after a period of
15 days after an accident.
In addition, a mobile unit including one pump and one heat exchanger
can be installed 15 days after an accident in case of the loss of all
pumps and CSS heat exchangers.

For the 900 We plant, the decision to undertake this modification
has been made and it will be completed in about one year.

For the N4 plant, the safety authorities asked EdF to demonstrate |

that the probability of core melt in case of a LOCA followed by a !

loss of the safety injection system or containment spray system is
coherent with the safety goal (I 10-'/ reactor / year).

3.2.5 Protection of the sites along rivers against floods exceeding the
millennial flood

This procedure allows for a flood 15 % higher than the millennial
flood. Such an event will result in the loss of external power
sources and of the heat sink during for about three days. An advance
warning of the flood, provided two days before reaching the
millennial level, makes it possible to put in place mobile means
aimed at protecting necessary material and to bring the N ?P to a safe
standby state, depending upon its initial state.

3.3 The U1 symptom-oriented ultimate operating procedure for core-melt
prevention

The objLtive of the measures described in chapter 3.2 is to attempt to
fulfill the overall safety goal in the particular case of the loss of
redundant systems. However, all the design measures taken at the
conception level may be inadequate due either to multiple equipment
failures or to the operator's inappropriate previous actions.

In order to attempt to stop the development of potentially serious
situations which could lead to core degradation, EdF has proposed a new
approach, based on the chracterization of every possible cooling state
of the core, which will provide an exhaustive coverage of all accident
situations. Implementation of such an approach, which necessitates a
water level measurement in the vessel, already installed on all,

1300 We plants, is foreseen in 1989 at the start-up of the Penly plant
and will be achieved progressively on all other 1300 We plants. This
delaf is due to the time needed to develop the corresponding set of
procedures and to train the operators. Nevertheless a limited
application of the state approach has already been implemented on the
900 We and 1300 We plants where the U1 prowdure is used by the
safety engineer in all incidental and accidental situations. |
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Figure 2 gives a description of the organization of the work in the
control room between the operator team and the safety engineer. The
safety engineer is called to the control room in case of shutdown or
loss of subcooled margin. He is in charge of post-incident supervision
and carries out monitoring. of criticality, primary and seccadary
parameters, safety injection and containment spray systems and
containment activity. The safety engineer, using given criteria, can
decide to adopt the U1 procedure, which specifies the actions for each
of the nuclear steam supply system (NSSS) states defined by functional
and by physical criteria. The U1 actions are performed by the operator
team, and during this time the safety engineer is in chstge of
permanent ultimate supervision to verify the efficiency of the
actions.

This procedure will be on line very soon ; computer aids are developped
and will be integratec into the safety panel display system.

3.4 The U2, U4 and US u)Umate procedures for the mitigatien of the
radiological consequences of a severe accident

The principle of incorporating into French PWRs ultimate procedures
devoted to the mitigation of the radiological consequences of severe
accidents was accepted in 1981 by the involved parties - the Safety ;

Authority and the utility - in order to meet a requirement which can be |
'

summarized as follows :
-in case of a core melting, the third barrier, i.e. the containment and

i

the various systems passing through it, must constitute an ultimate I

line of defense, which must reduce the radioactive releases to the )
environment to a level compatible with the feasibility of the off-site l
emergency plans.

Deriving from the studies made on the basis of the WASH 1400 report,
one was le.d to the definition of three typical source-terms to be used )
for the assessment of severe accidents. Ultimate procedures were then |
developped to make the fission product releases compatible with I
emergency plans.

3.4.1 Reference source terms vs external emergency plan feasibility

In France the expression "source term" is used in a restrictive sense
witn regard to radioactiva releases. A "source term" is a typical
release, characteristic of a reactor line and of an accident class.
Possible defense against these accidents is sought for in view of the
ultimate protection of the population ; they are therefore
essentially a reference for defining emergency procedures on the
plant and assessing the validity of emergency plans : "Plan d'Urgence
Interne" (internal emergency plan), abbreviated PUI, of the power
plant and "Plan Particulier d' Intervention", PPI, (off-site
particular emergency plan) beyond the site limits. Thus the notion of
source term cannot be associated with a specific accident sequence,
but rather represents a class of releases.
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As shown in Table 1, there are three source terms defined in France
for PWR severe accidents, and they all assume a complete ' core
melt-down.

In order of decreasing severity, they are :

- S1, which corresponds to a total and very early loss of containment
tightness ; such catastrophic scenarios are difficult to picture
physically and thus are currently considered as a part of the
reridual risk, that is, not requiring, a priori, any specific
arrangement ;

S2, which corresponds to a large and direct release of
radioactivity to the atmosphere one day af ter the beginning of
the accident (for example cT mode in the Rasmussen terminology) ; i

- S3, which corresponds to an indirect release to the atmosphere,
starting one day after the accident onset, through leakpaths j

between the containment and the atmosphere involving a substantial
fission product (F.P.) retention : S3 also incorporates the minor,
normal releases of the containment before its impairment.

These source terms derive from U.S. assessments established more than
ten years ago (essentially the WASH-1400 report), which were adapted
in the late seventies to PWRs built in France.

Feasibility studies on PPI in France were completed in the early
eighties ; they resulted in the following conclusion : for French
PWR sites, when using classical operational means, it appears
feasible to evacuate the population within a radius of about 5 km
around the plant, and to confine it within a radius of about 10 km,
provided there is at least a 12-hour advance warning before the ;

postulated releases.
,

This being consicsred, in addition to the necessary compliance with
ICRP-40 recommendations on doses to the population, it appears that
S3 corresponds to release characteristics that can be correctly
accommodated by the current PPIS.

This means that steps had to be i.aken to mitigate the consequences of
still conceivable core-melt sequences that could otherwise result in
a S2-type release. This is the purpose of procedures U2, U4 and US.

3.4.2 U2, U4 and US procedures for consequence mitigation

3.4.2.1 U2 procedure

This procedure addresses the search for and processing of abnormal
containment tightness defects ( mode).
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,

The U2 procedure eust in fact; cover. 'a wide range of accident
severity, because it .'S obviously desirable-to' activate it as soon a

as any threat of 'significant release of radioactivity ,inside the
containment has been disco.9 red. It defines :

- the condition of containment surveillance (radioactivity at the
stack, in the sumps and~ inside .the containment, ' state of- !

containment isolation systems),

- the action to be taken to mitigate the radioactive releases (for
~

example : isolation of an unit, reinjection of liquid waste
inside the reactor building). ;

|

This having been accepted by the Safety Authority, the :aperating
'

rules are now being written for each PWR standard.
,

i

3.4.2.2 U4 procedure (e mode)

During the studies devoted to the analysis of the consequences of
.

the basemat melt-through by - the corium, it appeared that -in the.
900 and 1300 MWe standard' basemats, direct pathways. to the

.

';

atmosphere of early releases, not filtered. by the- ground (basemat
.

auscultation, draining systems), were found. !

# For the N4 standard, these pathways were eliminated at' the design.
stage. For the 900 ad 1300 MWe files of reactors, various

,

arrangements are under study, covered by. the general term of U4 3
procedure, aiming to suppress or to mitigate the presence of these
pathways. .

3.4.2.3 US procedure (6 mode)
i

The US procedure uses a device making it possible to effect planned' ]
and filtered releases, conceived

:.

| - to reduce the internal pressure of the containment to the' design |
'

| value,

i
! - to decrease significantly the release of some radioactive
! products to the environment.
I . -

- to direct the filtered gases towards. the stack, where their
radioactivity is counted before dispersion into the environment.

This device includes mainly a tight container, holding a 40 m8 sand
bed, 80 cm deep, isolated by valves, connected upstream ta the
containment atmosphere by a pre-existing penetration (used to

| perform the containment tightness tests) and downstream to the |
l stack (Fig. 3). i

|

!

.
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A research and development programme, called PITEAS filtration, was
performed on the sand filtration in the CADARACHE Nuclear Research
Center ; it made it possible to define the system, to check the
efficiency of the device and its ability to accomplish its tsia
under conditions representative of accidents liable to occur.

The first filters were installed in the Nogent, Cattenom and Chinon
plants last summer ; all 900 MWe and 1300 MWe plants will be
progressively equipped. This device is included in the N4 standard
design (1400 MWe PWRs).

4. R AND D AIMED AT DEVELOPPING ACCIDENT MANAGEMENT PROCEDURES

A joint R and D effort between the utility and CEA/IPSN has been
developped in the following three main areas.

4.1 Development of the physical code CATHARE

This code, a version of which is already operational, permits a
realistic description of the accident physics and kinetics. Such know-
ledge is essential to define the criteria for initiating the actions [
anticipated in the procedures, particularly in the sympto a-oriented
procedures currently developed. In this type of approach the operator
actions are indeed defined at each time on the basis of the actual
course of events affecting the NSSS, and not on a supposed sequence
resulting from an initiator. Therefore, correlations between the,

measurable physical parameters and the various states of the NSSS have
to be established, so as to define criteria for operator action.
Besides, based on the CATHARE code models, the SIPA software is
developed as a simulator for studies.

4.2 Construction and operation of the Integral 'lest Facility Bethsy

The Integral Test Facility Bethsy has been designed for the analysis of
PWR eccident situations controlled by automatic circuits and/or

,

operator actions.
]

The main technical objectives are : I

- the validation of the physical assumptions made for the definition of I

operating procedures, whether event-oriented or symptom-oriented ;

- the global validation of the CATHARE code.

The various PWR circuits and systems are modeled, which will provide
proper initial conditions and a physical evolution similar to that on
the power reactor. Operator actions will be automatically implemented
according to the criteria in the procedures, taking into account the
time allowed for intervention, which can be adjus ed. Such an option
eliminates bias that an interface and various operating crews
implementing the actions could generate. Besides, the above objectives,
the Bethsy facility should provide elements for appreciating the
post-accident reactor operation.
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4.3 Achievement of the NTEAS program

This research program is aimed at examining the feasibility of the
filtration device to ,e used for containment venting under: US
procedure. Laboratory-scale tests were carried out to specify the
filtering material under specific conditions representative of the
reference accident scenario. These tests were followed by a new series
of tests on a loop at a representative scale, to analyze the filter's

clogE ng by condensates,thermal behavior, particularly its possible i

and to check that the expected ef ficiency was- met for any accident
conditions liable to occur. A filtration efficiency of at least a
factor 10 can be guaranteed for the aerosols under the above accident

'

conditions. The sand-bed filters currently installed on French PWR
power plants derive from the PITEAS program attainments.

4.4 Severe accident management

An EdF-CEA/IPSN joint brainstorming group has been constituted to
examine the impact on the course of ev9nts of using still available or
recovered means during a core-melt seq.tence : such an analysis is a
prerequisite to establishing a strategy for the optimal use of these
means.

5. EMERGENCY ORGANIZATION IN FRANCE FOR THE CASE OF A NPP ACCIDENT

Organizttions have been set up and are regularly tested to ensure an
adequate management of an accident on a NPP. These organizations are
based upon a clear definition of recponsibilities and roles of the I

utility and government bodies involved. On each side there is a local
organization - the internal emergency plan (PUI, for "plan d'urgence
interne") on the utility side, the particular (off-site) emergency plan
(PPI, for "plan particulier d' intervention") on the side of the
government representative at the "departement" level - and a
centralised organization at the national level.

5.1 The plant internal emergency plan (PUI)

A three-step PUI exists for each NPP site, which is initiated by the
head of the plant whenever a accident occurs : level 1 addresses
conventional accidents, whereas levels 2 and 3 correspond to events
with actual / potential radiologica' consequences on- and off-site,
respectively. These levels correspono to those of the PPI.

The PUI is initiated at the onset of a iries af events requiring the
application of a procedure on a pre-estab.'shed list, so as to provide
the operating crew with substantial support 'or longer term actions :
this list comprises, among others, the A1, A2, ..i H1 H2, H3, U1 and U2
procedures previously examined.

After initiating the PUI, the usual plant organization is turned into
an emergency organization aimed at :
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- making the right decisions and implementing rapidly the relevant
actions to bring the NSSS back to a' safe state, and mitigate the
consequences ;

- collecting any information contributing to diagnosing the accident
and making a prognosis for its evolution, with the support of the
utility expert groups at the national level ;

- providing information to the administration

Putting in place the PUI results in the constituting of four emergency
management teams (PC for "poste de commandement") and one emergency
technical team (ELC for "squipe locale de crise") :

- The local emergency management team (PCL for "EC local") is placed in
the plant control room ; it controls the actions of the crew on shift
so as to save the NSSS.

- The plant emergency tranagement team (plant PCD for plant "PC
Direction"), which can be evacuated to an on-site bunker (BdS for
"Bloc de Sscurits"), is the only team in charge of plant safety and
of the staff protection ; in this prospect, it coordinates the
actions of the throe other emer8ency management teams on site. The
PCD also ensures the official connections with the local government
representative, who is regularly informed of :

.

the plant condition and its anticipated evolution ;e

the radioactivity transfers to the environment, if any, and their*

expected evolution.

The plant PCD is connected, at the national level, with the utility
PCD at the "Service de la Production Thermique", or SPT (division of
power production by thermal units), the Safety Authority PCD (Service
Central de SQrets des Installations Nuclsaires, or SCSIN) and *he
appropriate body of the Ministry of Health (Service Central ce
Protection contre les Rayonnenients Ionisants, or SCPRI) . l

1

- The emergency management team for logistic matters (PCM for "PC |
Moyens") is in charge of activating on-site intervention means and
evacuating the plant staff when appropriate ; the PCM can be
withdrawn into the BdS if necessary.

- The emergency management team for measurements (PCC for "PC
Cont:61es") is responsible for gathering and synthesizing all data
regarding local weather conditions and radioactivity, and making
previsions of the releases ; the PCC can be sheltered in the BdS.
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- The on-site emergency technical team (ELC) is a reflexion. group of i

p specialized en8ineers, the role of which is to assess the real-time :
situation of the NSSS and its probable . evolution, so as to pro _ vide |
the plant PCD with technical recommendations for the short/ medium _' .

terms accident management actions ; it - receives the data from the !
' impaired unit, in particular those of the safety panel. The ELC also

transmits the necessary plant-related information to the two national
level emergency technical teams, one at the utility SPT. the other at _I

the CEA/IPSN, the latter. acting as a technical support of SCSIN ;
~

' continuous connections between the three technical assessment teams
"permits the analyses to be compared and synthesized (Fig. 4).

4: 5.2 The national-level emergency organization [
' For accidents involving levels 2 or 3 of the PUI, the utility. activates.' *

a national-level organization at the SPT. -The "d6partement"-level
"

government representative (the "Commissaire de la R6publique"), when
,

4 implementing the PPI, is supported by a national-level organization, '

coordinated by the "Secr6tariat G6n6ral du Comit6 Interministeriel de '

f la S6curit6 Nuc16 aire" SGSN for short- (secretariat- of. the.-

1 inter-department committee for nuclear security, at the prime minister |
level). This organization includes the SCSIN and its technical support, 1
the CEA/IPSN, the SCPRI snd the "Direction de la Protection Civile"- ;
(civilian protection branch of the department of the interior).- !,

) 5.2.1 The national-level c:ergency organization of the utility
i i

. This organization comprises an emergency management team and an
j emergency technical t eam, ath located- at the utility headquarters

building at Paris.i

. rhe emergenc.' manage ent team (national-level PCD);

;

4 Such te m, which is n permanent communication with the plant PCD,
j- is Obe interface with the concerned government bodies, in particular
~

the head of SCSIN (Fig. 4).

- The emergency tochiical team (ENC for "Equipe Nationale de Crise") {
i<

| Its role is to sr 'ement the information of the above PCD and give
)

| advice and recomrciations to it. The ENC is in close contact with 1

the plant ELC 1.irh provides information ; it compares its analyses |with those of tue other emergency technical teams (plant ELC and i

CEA/IPSN).

The ENC comprises specialized engineers on call, who are expected to
arrive at the emergency technical room within an hour. A
representative of Framatome also joins the team when the support of
the vendor is requested ; his role is to maintain a continuous
connection with the Framatome technical support team.
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5.2.2 The emergency organization of SCSIN

Three teams are constituted in case of an emergency

- The emergency management team (PCD), chaired by the head of SCSIN,
is installed in the emergency center of the Ministry of Industry at
Paris.

- The emergency technical team is located on CEA/IPSN premises at
Fontenay-aux-Roses, near. Paris ; it is chr. ired by the director of
IPSN

- A team is detached locally, partly to the impaired plant, partly to
the relevant Prefecture (office of the government representative t.t
the "d6pattement"-level).

On the basis of the information gathered on the plant situation and
of the analysis elaborated by the CEA/IPSN, the head of SCSIN
verifies the adequacy of the actions taken by the utility he makes
a prognosis regarding the releases of radioactivity and provides
assessments of possible radioactive transfers in the environment.
Such previsions, as well as those from the utility, should allow the

'

local government representative to take, after the SCPRI advice, the
appropriate actions for protecting the public.

About a dozen technical exercices involving at least the utility,
; SCSIN and CEA/IPSN have been carried out up to now : the lessons

learned constitute a major contribution to the improvement of the
emergency organization,

r

i
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TABLE I

CALCIA ATLD 50 tace TLlu6 INTO TIE EnvlaassEmi (ImT[GRAILD VALUES IN 10F CORE Inv[mIGtf AT R[ ACTOR

SCAAN) f 0R ALL Ptsts AS su1LT IN FRANCE

Source mahle Iodine (1) Cs (1) Te (1) Sr(1) Ru (1) Lanthan e

Tore Gases (1) as I 131 as Cs 137 as Te 132 as $r 90 as au 106 Actinides
as Ce 144as 1e 133 Inorgante | Organic

51 80 60 0.7 40 8 5 2 0,3

5r
u

52 75 2.7 0.55 5.5 5.5 0.6 0.5 0.08

53 75 0.30 0.55 0.35 0.35 0.04 0.03 0.005

(1) . For other isotopes of the same chestC41 Categoryadequate decay half-11wes asy be taken into account where
appropriate.
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locidents of moderate frequency, the consequences of which must be entremely r-

t

lietted e ;

| * Uecentrolled withdrawal of RCC essembly, with reacter subtritical.'

* Uncontrolled withdrawal of RCC essembly, with reactor at PCner.
- Incorrect position, drop of SCC assembly or group of RCC assemblies. ;

- Uncontrolled dilution of botic acid.
= partial loss of primary coolant flow.

,

* Startup of an inactive loop.
- Total lead relection, turoine trip,
* Loss of normal f eedwater.
- nalfunction of mornal feedwater.
- Loss of offsite power.

- tacessive load increase.
+ Inadvertant opening of a pret5uriger valve (momentary depressurisation

of the primary circult).
= Inadvertant opening of a secondary valve.
* Inadvertant startup of safety injection or emergency borification.

,

Very infrequent accidents. the consequences of which must be suf ficiently"

lietted
- i

!
l

* Loss of primary coolset (small breaks). [

,

* laadve r tant opening of a pressuriser valve (leeg ters depressurtsstion
of the primary circuttl. ,

| - Small break on secondary pipieg.

* Total loss of pranary coolant.
,

* Incorrect position of a f uel assembly in the reactor core.

- Withdraws) of an RCC assembly at full power,

| * Rupture of cheatcal and volume control eystes tank.

* Rupture of gaseous waste treatment systes tank.

Severe and hypothetical accidents. the consequences of which sust remain
acceptable ,

,

!=

I
- Fuel. handling accident. ;d

Serious rupture of a secondary circuit twater or steas pipe).*

* Motor-drives primary pump rctor blocked.*

RCC a ssembly ejectica,*

. Plausible ic55 cf toolant accident.*

* Double ended Lresh of a steam generator tube.

.i

I
*
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GERMAN ACCIDENT MANAGEMENT PROGRAM

E. F . Hicken, U. Erven, E. Kersting
Gesellschaft fur Reaktorsicherheit

Garching, K61n/FRG

A bst ract

in the FRG extensive analyses of possible Accident Management
measures are performed. The presented results of these
analyses show that there is a great potential for the operators
to avoid core melt by flexible use of existing or slightly
modified systems.

Decisions have been made on Accident Management measures
to prevent containment failures due to overpressurization of-

the containment (filterred venting for PWR's and BWR's)
to prevent containment failures due to hydrogen burn-

(inerting BWR containments)
increasing battery capacity for 2-3 hours.-

Measures under discussion are e.g.
catalytic folls to prevent an increase of hyd rogen-

concentration in PWR containments
secondary and primary "bleed and feed" for PWR's-

diverse use of systems to restore the core coolant inventory-

and decay heat removal (e.g. by fire fighting system).

The objective of all theses measures is a further decrease of
core melt frequency and to limit considerably the consequences
in case of a core melt.

The main future activities will be the development and validation
of accident management measures as well as a more detailed
analysis of the system capabilities. In addition, the
appropriateness of instrumentation will be further assessed and
diagnostic tools improved. An appropriate procedure description
and training will be prepared.

Introduction

Nuclear Power Plants in the Federal Republic of Germany are equipped
with comprehensive and reliable safety systems which prevent core damage
in case of accidents.

However, beyond this area of accidents (design basis accidents) remains
an area with possible sequences against which the plant has not been

133



___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _.

d3signsd explicitly, baccuts thoss s:qu:ncss hevo bysn esscsssd ' to bo ;

very unlikely.

The causes for these sequences might be

;
multiple failures of systems and components ;!

-

delayed or missing detection of disturbances |!. -

human error including wrong diagnosis or wrong operator action before jj -

; or during a sequence ,

combinations of different possibilities !' -

Concepts and measures to prevent a core melt 'o r mitigate its !

consequences which are not explicitly considered in the design are ,

j- Internationally known as Accident Management. .

i . ,

Accident Management includes all measures which are initiated in a plant
to identify as early as possible deviations from normal operating or design .

basis sequences,- to; diagnose and control them and- terminate the ;
g '

i disturbances with minimum damage. ,

in the area of Accident Management we distinguish between _"prevention"
and "mitigation",

t
Prevention includes measures to avoid undue damages to the reactor ;-

a core. !

Due to the relative slow development from the initiating event to major !

core degradation (usually hours) there is in principal the oossibility'
,

for the plant personnel to identify and diagnose the status of the plant !
'

and to initiate safety related measures, e.g. reactivating safety or i

operational or additional systems. These measures are considered to |
have the highest priority in the Federal Republic of Germany. !

j
; TMl may be an example for the border-line between the "prevention" |

and "mitigation" area.
Mitigation includes messures to control and minimize the consequences !! -

j of core melt sequences.
If measures to reactivate sufficient core cooling and decay heat removal'

i fall core melt will progressively start. Even in this case measures to |

|. control and minimize the consequences should be initiated. The final ;

goal is to keep the integrity of the primary system or at least - the t

| containment to avoid an uncontrolled and usually major release of (
fission products into the environment.4

!
t

| This presentation covers:
The different nuclear power plant designs in the FRG.-

Objective and elements of the Accident Management Project.i -

} Basic principles passed by Reactor Safety Commission.-

| Analysis of effectiveness (examples).-

System capabilities1
-

:

|
4

:
4

l

i

e
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|

Survey about impismsntcd or d:cidsd msasurcs cnd meesures to bo-

studisd furthcr :
and future activities.-

Fig.1 shows the two different pressurized water _ reactor designs, one of !
them is of an improved B&W type, the other is of XWU ' design. '

Differences are as. well in the general !
! design as in the containment design. :

IIn Fig. 2 different designs for BWR's are shown.
Five reactors are of design 69 type and two reactors of the design 72 |
type. One of the.BL 69-plants has external recirculation pumps. :
All others have internal pumps. But BL 69 and BL. 72 have different -!
containment designs. All BWR's are equipped with a pressure suppression j

!system.

'
The next two figures show the objective and elements of the Accident
Management Project. !i

!

; An important step in applying accident management measures has been ;
'

achieved because some basic principles have passed the Reactor Safety
Commission

it is obvious that only symptom or performance goal oriented-
;,

' procedures are applicable instead of event oriented procedures. This is i

; due to the large number of possible sequences. !
'11 is a tendency now not to incorporate procedures in the frame of; -

Accident Management into the operating manual. Rather it is discussed (
'

'
to specify those in an "emergency operating manual".
The assessment of the effectiveness of measures should include '-

the system capability to perform the task.; *

disadvantages for operation and design basis accidents ;*
J

* Feasibility !;
4 * It is obvious that only realistic assumptions and tools should be i
'

used for the analysis to avoid a misleading of operators and to
| assess past and future sequences.

,

?j Decision making criterions.*

1 There is general agreement that redundancy and diversity are usually 1
-

J not required. A decision will be made case by case. ]
With conventional engineering design practice the systems should -

1 -

1 survive earthquakes.

,
The following chapter covers some analyses of the effectiveness of some

i measures. A number of sequences and measures have been analysed. The
j examples shown here are mainly in the preventive area namely for PWR
j the recovery of secondary side, for PWR the effects of the primary side
j depressurization and for BWR the coolant supply to the RPV with
i different measures in case of the "station blackout" respectively "foss of

main feedwater". In the mitigation area the effectiveness of containment,

venting for the PWR will be shown.

.

d

!

;

b |
1

i

i
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in flg. 7 cnd 8 th3 prcssuro in primtry cnd sIcondary sid2 &nd th3
primary water level is shown for a sequence with station blackout and the
recovery of the emergency feedwater pumps after 2 hours, in summary:'

The recovery of the secondary side results in a initial pressure decrease
of the secondary and primary side and a decay heat removal from the
core by the reflux condenser mode,

in fig. 9 and 10 the same sequence but a recovery of the secondary side
with external pumps is shown, in this sequence the operators have to
depressurize the secondary side.

Fig . 11 shows the primary side pressure history before and after the
initiation of the opening of the relief valves on the pressurizer after
1 1/4 hours. Very soon the pressure is reached where the high pressure
injection pumps can start injecting water. If they would be available, the
sequence would be stabilizing very soon. In case of a station blackout the
pressure has to be decrease below 26 bars to allow an accumulator
injection. The pressure minimum is due to the injection of cold water.
Depending on the relief valve area the pressure is stabilizing at a specific
level. The injection of this water allows a delay of the start of core melt
by about 3 hours. The core slump results in a pressure peak. The RPV
will fail after about 1000 see after core slump.

In fig.12 the flexibility of a BWR is shown. Usually the turbine driven
high pressure injection system can cope with transient, and small breaks
for hours. After some time the ADS must be delayed, if this system will
fail, ADS will be initiated soon. If no low pressure systems would be
available (to be identified e.g. through the minimum mass flow rate) ADS
should be delayed. In flg.12 the water level increase is shown in crses
where the feedwater tank or fire fighting systems can inject,

in flg . 13 the containment pressure history is shown after initiating
filtered venting after two days at a pressure between design and test

j pressure. If no water would be added to the containment sump a dry out
will occur after about 7 days, in case of water injection the pressure

1 decrease is initially steep; the total outflow will be less than in case of no

! water injection.

The system capabilities to inject water into the RPV are very important
for Accident Management. In fig. 14 the injection rates into the primary
system are shown with the pressure as a paran.eter, in addition, the
necessary injection rate to compensate for the evaporation of water due to
decay heat is included, it is obvious that with decreasing pressure more
active and passive systems are available. At a high pressure it can be
analyzed that the volume control system is not capable to restore the
evaporated water. This can be done with high pressure injection systems
only at a pressure level of about 80-90 bars. In case of a station blackout
tne pressure has to be decreased to less than 26 bars to allow an
injection of the accumulators. Below about 10 bars also additional systems
can be used.

>
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$in fig.15 a list is given about the existing capabilities for bolling water
reactors of BL 69 type, it is obvious that the steam driven high pressure
injection system can cope with all transients and small LOCAs. It can also
be identified from this figure that there are many systems available which
are equipped with emergency power. It should be mentioned that a feed
water tank in BW R 's , if installed, can be used as a practically passive
injection system (this will delay core melt by about 2 hours). One
advantage of BWR's is, that it is not necessary to inject borated water.
Therefore, fire fighting systems can be used. It's capabilities are similar
to one RHR-pump. Because they are usually equipped with additional
emergency power this gives the high flexibility to plant personnel.

The next chapter covers implemented measured or those measures which
have been decided and will be implemented soon and' those measures which
have to be studied further. This list is the result of discussions during
the last year. It has been decided that all PWRs and BWRs containment
will be equipped with a filtered venting system. The design capacity will
avoid a catastrophic failure of the containment in case of a slow pressure
increase. in our opinion this venting capability will increase the flexibility
for the plant personnel with a minimum of electrical power. However, it is
also very definite that venting will be the last measure to be undertaken
by plant personnel to avoid a major fission product release,

it has also been decided to inert all BWRs of BL 69 type. The specific
procedures for the BL 72 type is under discussion. ;

Battery capacity will be increased for a 2-3 hours operation, at least. An
;

assessment has been performed that offside power will be restored after
about 2 hours with high probability.

All plants will be equipped with systems to filter the intet air to the
i control room to guarantee the habitability of the control room. ,

! !
To operate the turbine driven injection system of a BWR also in case nf a ,

'
station blackout all necessary equipment will be connected to a secured ,

battery power supply.

There are still some measures to be discussed further. This is e.g. the<

functionability of instrumentation under accident conditions. An increase
of the range of some instrumentation will mostly satisfy the requirements.

it is evident that the "emergency operating manual" has to be discussed
further.

1

One of the most important issues is the depressurization of the primary I

system of PWR's. As it has been shown earlier, the flexibility for the
plant personnel to react to unforeseen events is increased with decreasing
pressure. In addition, from an engineering point of view, the hazards

,

I resulting from a highly pressurized vessel with high temperatures and '

| non predictable time and location of the primary cooling system failure
should be avoided. On the other hand, an unintended initiation of

1

<

l
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d: pressurization is similar to a smcil, brsak LOCA, which will contcmincts ,

- the containmsnt. Discussions tre undscway to study suitabla criteria for - _. ;

; initiating the depressurization, i

To increase the flexibility for' the plant personnel the installation of some
i connections to the primary side of PWRs is under discussion to allow for =i

an outside injection. i4

Hydrogen will sooner or later and in one way or the other give the load
on the containment. There is a research effort underway in the FRG to

,

further develop catalytic burning. But also electrical (battery powered) '

ignitors placed at a few specific locations are under discussion. j
<

Flooding of _ the cavity below the reactor pressure vessel of boiling water
reactor is 'under discussion. Also there is a general feeling that this
measure is positive in general but some more research has to . be
undertaken. ;

.

"

Summarizing the efforts' we believe that a lot has been done in the past, i
} but some further work has to be performed. The main activities in the

future will be the development and validation of accident management
measures as well as a more detailed analysis of the system capabilities. On- |,

the other hand some more has to be done to assess instrumentation and to ;

improve diagnostic -tools. In addition, an appropriate procedure
description and training has to be prepared.
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2. O_bjective and Elements of the Accident MAIN ITEMS OF ACCIDENT MANAGEMErlT PROGRAM
Management Project

* System Dynamics

General Objective - Realistic Description of Plant Behaviour to

define minimum System Requirements Develop-
ment of .ecovery Strategies incl. Assessment

identify the Safety Reserves of Nuclear Power of Efficiency

Plants and show optimum Utilization during un-
* System Analysis

expected Event Sequences without or only slight

hardware modifications. - Identification of alternate Recovery Measures
- Feassbility of Recovery Measures
- Analysis of necessary technical Provisions

and of Information Requirements

; Main Elements * Accident Information and Decision Aids=

- Development of an Information Concept (e.g. :
- System Dynamics Strategy, Diagnostic Method, State Monitoring)

- Hard- and Software Development
(incl. human Engineering)

- System Analysis - Development of Accident Procedures

' '
- Accident Information and Decision Aid

- Test Procedures
- Performance Criteria

- Validation, Verification, Training - Simulator driven testing
- Definition of training Requirements
- organizational Aspects

Fig. 3 Fig. 4
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3. Basic Principles passed by RSK 4. Analysis of Effectiveness

,

Sympton - or Performance - Oriented Procedures-

instead of Event-Oriented Procedures _;

Examples:

- Plant Internal Emergency Manual in Addition

to the Operating Manual

| Prevention of core melt
Evaluation of the Plant Behaviour-

:

~ * * ' " *"Y *
i * Assessment of the Effectiveness of Measures

should include
- PWR:. Primary Side Depressurization

- System Capabilit.ies

i - Disadvantages for Operation and Design
BWR: Coolant Supply to RPV-

Basis Accidents
*

-
z-.
~ - Feasibility

i
- the_ Decision-Making Process

| Mitigation of Consequences
Analysis to be based on realistic Assump-*

tions and Tools - PWR: Filtered Containment Venting -

General Design Basis-

Redundancy / Diversity is usually not required*

Systems should survive Earthquakes*

9'Fig. 5
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System Crp*bilitlis

BWR 1300 MWe (BL 69)

System Capacity Pressure Emerg. Storage

kg/sec bar Power m3 r

!

High Pressure injec- steam

tion Steam 1x350 ~80 driven cond . pool ;

'

High Pressure Cool-

ant inject. System 1x100 ~80 yes cond . pool

Control Rod Cooling '

Water System 2x4,2 ~80 yes 150(+1080)

Sealing Lubrification

) Water System 2x6,1 ~80 yes 150(+1080)
,

Feedwater System 25-300 ~80 no' 150
;

R H R -Systems 4x130 ~15 yes cond . pool

Reflood System 1x555 ~15 yes cond . pool

Feedback System 3x130 ~15 yes cont. sump
,

Feedwater Tank <10 (not 150 ,

t
I

needed) !

1. Fire Fighting

System 2x55 12 yes 600

2. Fire Fighting

System 3x61 12 yes River ;

'
Mobile Fire Fighting4

i

System 2x67 12 yes River ;

,

j Drinking Water
System 1x55 8

-
I 6

{

Fig . 15
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6. Implemented (Decided) Measures 7. Future Activities

- Filtered Venting of BWR and PWR Contain-
,

ments - Development and validation of additional

Inerting of BWR-Containments (BL 69) Accident Management Measures
-

Battery Capacity for at least 2-3 hours-

- Filtering of Control Room inlet Air - Improvement of instrumentation and Diag-
Turbine driven injection Systems in BWR's nostic Tools-

connected to secured Battery Power

- Preparation of appropriate Procedure
Measures to be studied further Description

7
w

Functionability of instrumentation under-

Accident Conditions

- Structure of the Plant Internal Emergency

Manual

- Depressurization of the Primary System of

PWR's

Possibilities for injection into the Primary-

System of PWR's

- Catalytic Recombination of Hydrogen

- Flooding of Cavity below RPV in BWR's

Fig. 16 FI9 17
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REGULATORY PERSPECTIVE ON ACCIDENT MANAGEMENT ISSUES

Richard J. Barrett-
Chief, Risk Applications Branch

Division of Radiation Protectior. and Emergency Preparedness
Office of Nuclear. Reactor Regulation |
U.S. Nuclear Regulatory Commission

I appreciate this opportunity to address a topic that is very important to
safety.and which I believe will be the focus of considerable effort in the
near future. Accident management is a subject which has not received the
attention it deserves, in spite of the fact that severe accident studies and

| Probabilistic Risk Assessments continue to highlight its importance.
|

The schematic shown in Figure 1 outli%s the essential functions that are to be
accomplished in the event of a reactor accident. At the onset of a transient
or LOCA, the plant cperational staff switches from a normal op- onal mode to
emergency operations (emergency operating procedures), with t sol of assuring
essential safety functions and bringing the plant to a safe s. ate. Most
operating events never proceed beyond this stage. However, in cases where
multiple plant failures lead to a severely degraded plant configuration and the
potential for core damage, two additional functions become important: emergency
response and technical support. These two functions are closely related insofar
as they involve some of the same people and share the same facilities, but they
are oriented toward very different goals. Emergency response involves the
implementation of the onsite and offsite emergency plans to minimize the
consequences should a radiological release occur. The techriical support

,

function provides a backup source of expertise to the licensed operators in |

their efforts to prevent core damage and minimize the potential for offsite
releases.

In recent years a great deal of effort has been expended to improve the
emergency operations function. In the area of emergency procedures, generic
technical guidelines for each reactor vendor type have been developed by '

industry and reviewed by NRC, and emergency procedure generation packages,
which describe how the generic guidelines are translated into plant-specific
emergency cperating procedures, are being reviewed for each plant. NRC has;

reviewed control room design and habitability, operator qualification and
training programs. These aspects of emergency operations are routirely the

,

subject of inspectiuns. NkC efforts in this area will continue to be 1

emphasized because of the importance of emergency operations to plant safety.

Similarly, the emergency response activity has received high priority. !
Emergency plans are carefully reviewed and subjected to periodic drills. NRC !
also evaluates the utilities' emergency response organizations and facil),ies. l
Emergency response will continue to receive priority in the future.

149

a. _ ._ _ __ _ _. .



~ . - .-

It is in the area of technical support where NRC believes the greatest
opportunity exists for significant improvement in our ability to respond to
severe accidents. Consequently, my talk this afternoon will deal primarily
with NRC's plans for enhancing the industry's-technical support capability.

It is important .to understand that the technical suppcrt function is
fundamentally different from the emergency. operations function. Table 1
compares the general attributes associated with each. Emergency . opera tions.
require quick, effective. response by trained, licensed operations using
well defined procedures based on plant symptoms. Procedure i should
concentrate on a minimum numbar of goals and actions because.of. limitations
on the number of tasks an operating crew can effectively carry out. The
operators should not faced with difficult technical decisions. They should
have confidence that. Jherence to procedures will bring the plant to a' safe-
stable condit.:n.

The technical support function is activated when the emergency operating
procedures have not been,: or are not expected to be, completely successful in
bringing the plant under control. In general, there will have been multiple
equipment failures, the configuration of safety systems will be seriously
degraded, and core cooling may depend on a single train of safeguards.
In extreme cases, core damage may be inminent. Under these circumstances, the-
technical support staff must be prepared to respond based on the accident
sequence rather than the specific symptoms. Their focus must be on the
fundamental goals of preventing core damage and containment failure by whatever
ceans are at hand. They must work from broadly defined accident management
strategie:; coupled with an in-depth knowledge of plant design and operation.
Specifically, the technical support staff should concentrate on four goals:

o Monitoring the effectiveness of strategies attempted or
implemented by the control room operators

o Anticipating problems which are likely to further degroot the
configuration of safety systems,

o Taking positive action to reestablish the redundancy, diversity i
6nd independencc of the safety systems, and

o Implementing severe accident management strategies to arrest
core damage, prevent containment failure and reduce radiological
releases.

Future NRC Initiatives
There have been many operating events in which the control room operators have
demonstrated their ability to go beyond the operating procedures and perform
"technical support" activities. We rely to a large extent on these "hidden
talents" and structure training programs to ensure that they are there."

However, the NRC believes we must depend on the technical support staff to

150
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ensure'that these functions will be carried out in the event of a severe
accident. The utility's technic 61 support staff must have specific guic'ance,
training ~ and periodic drills. The NRC staff hopes to work with the inaustry -
in three areas:

1. Review the adequacy of guidance and training for severe accident operations.

The lessons learned about accident recovery actions' from over twenty five i
'plant specific PRA's, the NRC Severe Accident Research Program and the-

industry sponsored IDCOR program.will be distilled, disseminated to.the ,

technical support-staff, and integrated into the utility training programs. !

NRC wants assurance that adequate training programs will be implemented
across the industry.

2. Conduct periodic emergency' drills which focus on the technical support
function.

|The emergency drills currently conducted on a periodic basis .for all plants
tend to focus primarily on the offsite emergency response function. In the
future, the NRC intends to take a more balanced approach to emergency response,
including placing a greater emphasis on technical support staff and their
relationship to the control room operators.

3. Address severe accident management strategies under development by- the
NRC Office of Research.

To provide a technical basis for the review of accident management prugrams ;

submitted by utilities as part of the Individual Plant Examination process,
the Office of Research is initiating a study of the effectiveness of various

-

accident management strategies. A set of guidelines on severe accident
management strategies will be developed as part of this' program. We hope to
work with industry to determine the best ways to implement this guidance, as
well as future guidance to be developed as a result of ongoing research
programs.

Summary
Effective response to reactor accidents requires a combination of emergency
operations, technical support and emergency response. The NRC and industry
have actively pursued programs to assure the adequacy of- emergency operations
and emergency response. These programs will continue to receive high priority.

-

By contrast, the technical support function has received relatively little
attention from NRC and the industry. The results from numerous PRA studies
and the severe accident programs of NRC and the industry have yielded a
wealth of insights on prevention and mitigation of severe accidents. The NRC

,

intends to work with the industry to make these insights available to the'

technical support staffs thrcugh a combination of guidance, training and
perioJic drills.

I
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TABLE 1

CHARACTERISTICS OF TECHNICAL SUPPORT VS. EMERGENCY OPERATION

EMERGFNCY OPERATIONS TECHNICAL SUPPORT

o Performed by trained, licensed operators o Performed by high level engineering and
management personnel

o Actions based on: o Acticns based on

- Specific procedures to assure success - Accidenc management strategies derived
of safety functions (criticality control, from likely paths to core melt and
core coverage, heat removal, containment) and containment failure

- Reaction to plant symptoms (flux, flows, - Anticipation of potential problems or
_

3; pressures, temperatures) phenomenon

o Success-oriented (goal is to bring plant to a o Defensive strategy (Do what is necessary
safe stable state) to save the core and containment)

o Limited number of options prescribed o Broad range of options in response to
unfolding events

o Strong incentives for adherence to procedures o Requires authority to overrule established
procedures

o Actions should be unambiguously beneficial o Actions may have negative side effects

o Time for decisionmaking on order of minutes o Time for decisionmaking on order of
hours to days

_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _



. - .

|

TMI-2 ACCIDENT SC NARI0' DEVELOPMENTa

E. L. Tolman, P. Kuan, and J. M. Broughton
Idaho National Engineering taboratory

EG&G Idaho, Inc.
P.O. Box 1625

Idaho f alls, Idaho 83415

ABSTRACT

A best-estimate accident scenario describing the important
mechanisms that controlled the core damage progression during the
TMI-2 accident has been described in previous papers and reports.
Several important questions were identified in these documents for
which additional analysis and/or data are necessary to develop an
adequate understanding. This paper summarizes recent analytical
work relating to: (a) configuration of the degraded core based on

j interpreting the source range monitor data, (b) the coolability of
! the upper core debris bed, (c) potential crust failure mechanisms
i and the interaction of the molten core material with the reactor

vessel coolant, and (d) potential reactor vessel damage.

INTRODUCTION

The TMI-2 accident resulted in extensive damage to the reactor core and
significant release of fission products from the fuel. Defueling data has
confirmed that approximately 30% of the original core material (50 metric
tons) achieved melting temperatures and an estimated 15 metric tons of molten
core material relocated to the lower plenum region of the reactor-
vessel.1,2 Because of the extensive core damage the TMI-2 accident of fers
a unique opportunity to extend our knowledge of important physical mechanisms
affecting core damage progression and fission product behavior for a severe
accident under achievable reactor system conditions.

The THI-2 Accident Evaluation Program 3' is being conducted for.the U.S. )Department of Energy as a severe accident research effort to develop a
i

consistent understanding of the mechanisms controlling the core damage !
progression and resulting fission product behavior during the TMI-2
accident. This goal is being achieved through:

e Inspection and characterization of the end-state core material
distribution and damage state of the core, core support assembly
(CSA), and reactor vessel,

e Interpretation and qualification of the TMI-2 data recorded during
the accident as it relates to the reactor system thermal hydraulic
response, and

|
|

a. Work supported by the U.S. Department of Energy Assistant Secretary for
Nuclear Energy, Office of LWR Safety and Technology under DOE Contract No. !

DE-AC07-761001570.
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e Analysis work to integrate these data into a consistent scenario of
core damage progrestion and fission product behavior.

Detailsofthecoredamageprggression(accidgntscenario)havebeendocumented in previous papers ,5 and reports. A summary of the timing
-and major physical mechanisms hypothesized to have controlled the core damage
progression is given in Table 1. Important questions relative to the
mechanisms that controlled the core damage progression have been further
investigated this year. These include the following:

1. What was the extent of core material relocation before the pump
transient (and upper debris formation)?

2. What was the coolability of the upper core debris bed formed as a
result of the pump transient at 174 min?

3. What was the mechanism that caused crust failure at 224 min?

4. What was the interaction of the molten core material with the
reactor vessel coolant?

5. What was the potential damage to the reactor vessel?

Discussions of recent analytical work relative to each of these areas are
provided in the following sections.

TIMING AND EXTENT Of CORE MAlERIAL RELOCATION ,

|

The available THI-2 data indicate that severe damage of the core had occurred
by between 150-160 min and that a major relocation of core materials occurred
between 224-226 min (see Table 1). The source range monitor (SRM) located
outside the reactor vessel at the core mid-plane provided a signature of the
changing conditions within the reactor vessel. Figure 1 compares the
measured SRM response to the normal detector count rate after shutdown.
Three features of the SRM response are important relative to the core
configuration: (a) the rapid drop in detector count rate coincident with the
B-pump transient (174 min), (b) the rapid increase between 224-226 min, and
(c) the longer-term response between 400-1500 min showing a slowly increasing
and then decreasing trend.

The rapid decrease in the SRM response at 174 min provides a unique benchmark
to evaluate the degraded core configuration. Notice, however, that the SRM
count rate did not decrease fully to the normal shutdown level. Thus, it can
be hypothesized that (a) the core region was not filled with water. .and/or
(b) the core configuration had changed significantly. The previous

linterpretation of SRM data assumed that the core was intact, thus giving
no insight into the effect of core material relocation on the detector
response.

8Recent neutronic analysis has been completed to evaluate the effect of
core material relocation (both fuel and control rod material) on the SRM
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ITABLE 1. SUMMARY OF CORE DAMAGE PROGRESSION OURING THE TMI-2 ACCIDENT ;

Summary of Core Damage Progression
Time Period and fission Product Behavior

0-100 minutes Primary coolant pumps provided cooling to the core. Coolant
(Loss-of-coolant pump operation was terminated at 100 min.
Period)

100-174 minutes Core liquid level at pump shutdown was near the' top of the
(Initial Core active fuel. Core liquid level decreased due to heat trans-
Heatup Period) fer (decay heat) from the core. Core temperatures of 1100 K

| achieved by 140 min. Rapid oxidation of_ core started near
| 150 min and resulted in relocation of zircaloy cladding and

UO2 to lower regions of core. Continued core oxidation and
subsequent fuel liquefaction and core slumping (melting) of
fuel resulted in a large region of consolidated core mate-
rial in the lower regions of the core.

Gaseous fission product release from ruptured cladding oc-
curred by approximately 140 min. Additional release oc-
curred as a result of fuel liquefaction. fission product
release from the consolidated region was minimal because of
limited diffusion from the large region.

174-176 minutes The B-pump trar: stent resulted in coolant injection into ves-
(Pump Transient) sel for a short period (<1 min). Interaction of the cool-

ant with the upper fuel rod remnants resulted in fracturing
(thermal / mechanical shock) and in formatinn of the upper
core debris. Cooling of the consolidated core material in
the bottom regions of the core was negligible.

Little enhanced release from the upper fuel rod remnants
during the rod fracturing is estimated based on available
examination data. fission product release from the consol-
idated region was insignificant.

174-200 minutes Heatup of the consolidated core material in the bottom of
; (0egraded Core the core continued. formation and growth of an interior

Heatup) molten region are postulated.

Little fission product release from the consolidated region
is thought to have occurred due to the limited diffusion
through the large region of consolidated material and the
solid surrounding crust.

!
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TABLE 1. (contianued)

Summary of Core Damage Progression-
Time Period and Fission Product Behavior

200-224 minutes- Continued heatup of the degraded core regions resulted.in a
(Degraded Core -large molten region within_the consolidated core region.
Heatup) Heat loss from the region was mininal because of the insu-

lating ceramic crust.

Fission product behavior within the molten pool was likely
dominated by the convective flow and chemistry of the par-
ticipating materials (fuel,' cladding, control rods, and core-
structure). No significant release from the consolidated
region is expected based on the small diffusivity in the ce-
ramic crust.

224 226 minutes localized failure of the core crust in the east quadrant oc-
(Major Core curred, due to thermal attack or stress induced failure.
Relocation) The upper ccre debris settled into the molten core zone.

Molten core material was displaced from the consolidated
core region and flowed downward into the lower plenum region
and outward into the core former/ baffle plate region. Most
of the flow was directed downward into the lower plenum.

Fission product release during the molten core material re-
location was likely controlled by the interaction between
the molten core material and the coolant in the lower core
and plenum regions.

Post-226 minutes The relocation of the molten core material resulted in a
(Core Cool Down more coolable geometry. The upper core debris and lower
Period) plenum debris were likely cooled in a matter of tens of min-

utes after the relocation event. The consolidated core re-
gion became thermally and mechanically stable after the re-
location event, but its complete cooldown could have taken
weeks because of its large size, low thermal diffusivity,
and continuing decay heat generation.

Fission product r31 ease was terminated shortly after the re-
location event ard formation of the lower plenum debris.
Examination of the lower plenum debris will provide informa-
tion to assess t ie integral release up to the 224 min
relocation.

_
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response. Sensitivity calculations have confirmed that the limited decrease
in SRM response at 174 min can be explained by core material relocation and
is generally consistent with the core relocation as shown in fig. 2.

The effect of core material in the lower head region of the reactor vessel
was also investigated via two-dimensional neutronic calculations. The
end-state degraded core configuration simulated in the neutron 5: model is
shown in Fig. 3. Ca .ulations indicate that relocation of between 10 metric
tons of U0p and 80% of the core control rod materials is necessary to
result in the observed SRM count rate. These calculations generally agree

9 and results confirm that awith the known mass of the lower plenum debris
major core relocation occurred between 224-226 min as proposed in the ,

accident scenario.

Additional SRM analysis is now underway to investigate the effect of core
traterial in the core barrel assembly as described in Ref.1. Also, the

sensitivity of the SRM response due to differing configurations of the
degraded core material in the lower plenum is being investigated. Possible
explanat N ,s of the yet unexplained, long term response of the SRM between
400-1500 min are also being evaluated.

UPPER CORE DEBRIS COOLABILITY

l0 was conducted to evaluate the coolability ofThe upper core debris study
the upper debris bed. The debris bed characteristics are summarized below:

e The debris bed axial height varied from 0.75 m to 1.25 m.

e The debris bed mass is estimated to contain from 20-25% of the core
materials.

,

e The debris bed was heterogeneous, containing both Zr and U0 -2

e Approximately 90% of the particles ranged between 1 and 5 mm.

Based on the above data and sample examinations of the debris materialll,
the upper core particle bed can be approximated by a right-circular cylinder
which has a height of 0.9 m and a diameter of 2.8 m. The bed was modeled |

a and a porosity of 0.54. |with an average particle diameter of 0.9 rren
Between 3 and 5 hr after reactor scram, the power density in the debris bed !

3 '

is estimated to be about 0.75 MW/m . Using these parameters and assuming
that all the heat generated in the bed was transferred upwards, the heat flux
from the particle bed is compared to the dryout heat flux of the particle bed

l2in Fig. 4. The Lipinskt deep bed model is used to calculate the dryout
heat flux. Also shown in Fig. 4 is the heat flux from the total debris in
the core region if all the heat generated in the debris was transferred
upwards through the particle bed. For the particle bed only, the heat flux

a. A 0.9 mm particle diameter results in the same effective debris surface
area as estimated using the actual r. article size distribution.
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was much lower than the dryout heat flux and the particle bed was coolable in
the presence of water. The debris bed heat flux (assuming most of the heat
from the consolidated region was transfered upward into the debris bed) was
comparable to the dryout heat flux before the relocation'(174-224 Gin).
Thus, the debris bed may not have been cooled appreciably during this time
period. After the major core relocation at 224 min, however, the heat flax
in the debris dropped due to the removal of. fuel and the particle bed became
coolable even if all the heat in the lower consolidated region was
transferred upward through the particle bed.

Once the particle bed became coolable (i.e. the debris bed heat flux was less
than the dryout heat flux), quenching took place in the presence of water. A

simple energy balance formulation for the quench time was used to estimate
the debris bed quench time. The energy balance model is shown in flg. 5. It

was assumed that heat transfer to the water at the quench front was the same
as the dryout heat flux. Thus, the difference between the total dryout heat
flux and the internal heat generation rate plus the heat transferred into the
debris bed from below, lowered the temperature of the debris bed and led to
quenching. Two estimates of the quenching time of the particle bed were
carried out. The shortest time was associated with no heat transfer into the
bed from below, i.e., only heat generation within the debris bed was
considered. The longest time assumed 80% of the heat from the-consolidated
region was transferred into the upper debris bed. Assuming the emergency
core cooling water flooded the core by 207 min and provided the source of
cooling and the initial temperature of the debris bed was 2000 K, the

'

earliest predicted quench time was about 18 min, putting the bed quenching
time at around 225 min. The latest quench time was predicted to be about :

38 min and would have resulted in a final quench time around around 245 min. '

i

POSSIBLE CRUST FAILURE MECHANISMS

Identification of possible crust failure mechanisms is important because the
mode of crust failure determines the extent and timing of the molten core
relocation U d the thern21 challenge to the core support structures and
reactor vessel. Three possible failure mechanisms were identified in
preliminary work to assess crust failure mechanisms.13.I4 The first is
melting of the crust. Calculations show that failure of the lower crust is
not likely, because in the presence of water the crust thickness is on the
order of several inches. However, upper crust melting is possible because of
crust thinning due to the predominant upward convective heat transfer from
the molten pool.

The second mechanism is structural failure of the crust due to thinning of
the upper crust as the molten pool grew. The pressurizer relief valve was
opened at approximately 220 min, approximately 4 min before the major core
relocation event, causing the reactor system pressure to decrease by about
300 psi. The pressure reduction outside the molten core interior thus
increased the pressure differential across the crust and may have led to
failure of the crust.
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The third possible mechanism is the potential interaction of the degraded
core materials with the core barrel assembly at the core periphery. The
degraded core region was skewed to the east side of the vessel and, as the
degraded core heated up, it may have caused melting of the core barrel
structures which chemically attacked the crust, resulting in crust failure.

l5Details of a hypothesized crust failure scenario have been proposed based
on the thermal properties of the degraded core material as shown in Fig. 6.
Because of the ceramic properties of the consolidated material, the
temperature profile across the consolidated region would be expected to be
relatively constant, as shown in Fig. 6. Significant heat transfer into or
out of the consolidated region would occur only at the thermal boundary layer
adjacent to the molten region, 6 , and at the upper coolant interface,

3
4 at :hown in Fig. 6. The estimated thickness of these thermal7
coundary layers is only a few millimeters. Thus, little heat is transferred

from the consolidated region, and the internal heat geaeration results
primarily in melting the interior region and formation of a molten pool as
shown in Fig. 7(a). As the molten core material regions grows, eventual
interaction of the two thermal boundaries shown in Fig. 6 will occur.

Calculations indicate that for a molten pool of 1.25 m radius in equilibrium !

with the surrounding coolant, the equilibrium crust thickness at the outer
surface would be approximately 8 mm. Previous estimates of the crust

,

thickness necessary to support the upper debris bed mass indicate that a
|crust at least 2.5 cm thick is required. Experiments to measure heat flux

variations in convective pools indicate that nonuniform heat fluxes would
likely occur in the molten pool, resulting in thinner crusts at the top and
at the periphery. These trends, together with a slight skewing of the
degraded core region towards the east side of the vessel, are hypothesized to
have led to localized failure of the crust near the core periphery as shown
conceptually in Fig. 7(b). As the upper crust failed, the upper debris bed
would fall into the molten pool, displacing the molten core naterials from
the core region as shown in Fig. 7(c). Estimates of the time it took to
displace the molten core material were made by balancing the drag and gravity
forces on the debris particles as they settled into the molten pool. The
time required to displace the molten core material in the form of a liquid
was calculated to be about 12 s. This is somewhat shorter than the maximum
relocating time of about 1 min as inferred from the source range monitor
data. The time difference can be explained by considering solidification of
the molten ceramic in the interstices of the particles, which is calculated,

to have prolonged the settling time by an estimated 1 min.

M0llEN FUEL COOLANT INTERACTION
,

An evaluation of the interaction of the molten core material with the water
in the reactor vessel is also documented in Ref. 15. Breakup of the molten
core material stream was analyzed in terms of the growth and detachment of
unstable capillary waves or surface ripples on the outer surface of the
molten stream or jet. The rate of stream breakup, via the surface wave
instability theory, has a square-root dependence on the fluid density
surrounding the jet. If the water along the path of jet movement was
saturated, the fluid responsible for the breakup of the jet would have been
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primarily-steam, generated from film-boiling at the surface of the stream.
For a stream velocity of 3.7 m/s, and a diameter of 0.08 m (based on an
assumed relocation flow pathway of one fuel assembly and a relocation time of
1 min), it would require a distance of about 7 m for complete stream breakup
in saturated water. The distance from the mid-core elevation to the bottom
of the lower head is about 4 m. 'Therefore, complete breakup of the jet would
not have been possible. in this case, the molten stream may have eroded th?
vessel head at the point of impingement.

If the water surrounding the jet was subcooled by about 80 K, the steam layer
at the jet interface would have been thin, thus allowing interaction of the
surrounding water with the jet surf ace resulting in jet breakup. Due to the

,

square-root dependence of the breakup rate on the fluid density, breakup of
the jet is estimated to occur over a traveling distance of about 2 m, which
is about half the distance from the core mid-plane to the lower f.ead.

Experiments in which molten core material was dropped into water pools,16
also show that subccoled water results in particulate debris formation and
limited steam generation compared to experiments with saturated water, in
which much less molten stream breakup occurred and much higher steam
generation was measured.

POTENTIAL VESSEL HEAD DAMAGE

8ecause a localized crust failure has been hypothesized and 15-20 metric tons
of previously molten core material rests on the lower vessel head, two
studies were undertaken to evaluate the potential dama;e to the lower reactor
vessel head. The first study is an evaluation of potential localized damage

1

as a result of a highly localized relocation stream.I7 Knowing the amount
of lower plenum debris to be about 15 metric tons, and assuming a localized
flow area for the relocation stream, a simple gravity flow calculation.
provides some insight into the flow pathways and timing as illustrated in
Fig. 8. The relocation flow times are estimated to be 15 s and 75 s for an
assumed flow area associated with the nominal flow area of 4 and 1 fuel
assemblies, respectively. .

Two cases were considered in evaluating the effect of the molten stream.

impingement on vessel. These cases are shown in fig. 9. 'he first is a
relative weak jet, in which the stream turbulence at the vessel wall '

interface is not maintained. For this case the molten material.would freeze
at the vessel interface and heat conduction into the vessel wall would be
limited by thermal conduction through the frozen layer of core material. The
second case assumes a more turbulent stream of core material, in which the
stream turbulence at the vessel wall interface is maintained. For this case, '

the heat conduction from the molten stream is greatly enhanced since molten '

core material is assumed to be adjacent to the vessel during the relocation
time.

,

For the conduction controlled or weak jet case, damage to the lower head is
,

not predicted. However, for the strong jet case, where turbulence at the -

vessel interface is maintained, limited damage to the vessel wall may have

:
1

'
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occurred. Under these assumptions, limited surface ablation of the vessel
liner is calculated. However, the melt front penetration of the vessel wall
is estimated to be less than 1 cm. The calculations also indicate a direct
jet impingement of 15-20 min is necessary to cause melting of half of the
vessel wall thickness. The TMI-2 data clearly do not support relocation.
times greater than about 1 min.

The second vessel study evaluated the global thermal response of the vessel
assuming 15 metric tons of core debris on the vessel head.18 A
two-dimensional (radial, axial) heat conduction model of the TMI-2 lower
plenum debris and reactor vesse1~was utilized to address the vessel
margin-to-failure question. Because the debris configuration.during the
molten core relocation period-is somewhat uncertain, two assumed debris-
configurations were analyzed. The first configureation assumed a porous
debris bed resting on the vessel head. The second assumed a porous debris
bed supported by a layer of previously molten but consolidated core material
adjacent to the vessel head. For each of these cases, two assumptions 07
debris cooling were made, i.e., (a) no cooling of the debris material, and
(b) heat transfer from the debris and consolidated material leading to
quenching in a 20 min period. The general lower plenum debris and vessel
head model is shown in Fig. 10.

The analyses show that the vessel thermal response is sensitive to both the
debris configuration and cooling of the degraded cor e materials. For the
consolidated material configuration, if the upper debris is not cooled,
vessel melting is predicted to occur after several hours. However, at

temperatures in the range of 1000-1100 K, creep rupture of the vessel becomes
an important issue since the reactor system pressures were high (7-10 MPa).
Thus, it is expected that vessel failure due to creep rupture would likely
occur before vessel melting temperatures are achieved. If cooling of the
porous debris on top of the consolidated material is assumed, melting of the
vessel is not predicted. However, the vessel temperatures are also predicted
to exceed 1100 K for this case. Thus, for the lower plenum configuration

.

with consolidated material adjacent to the vessel, even.with debris cooling,
i vessel creep rupture is an important issue.

for the case in which the lower plenum material is porous debris, vessel>

melting is not predicted; however, again vessel wall temperatures of 1100 K
are predicted, indicating creep rupture of the vessel to be important.

| However, if cooling of the oebris is assumed, vessel wall temperatures are
; estimated to be less than 800 K. For this case, mechanical challenge to the
j vessel would be insignificant.

8

SUMMARY

l THI-2 defueling data to characterize the core damage state and location of
the degraded core materials, examination of the degraded core material from
the TMl-2 core and lower plenum regions, interpretation of the THI-2 on-line

! data recorded during the accident, and supporting analyses are providing a
remarkably consistent interpretation of the core damage progression that
occurred during the TMI-2 accident. This work has provided a baseline

,

,

l
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| accident scenario that defines the basic mechanisms that controlled the core

'. damage progression and has provided a baseline from which to interpret the
measured fission product distribution. The fission product behavior analysis
work based on the core damage progression scenario developed to date is
summarized in Ref. 19.

The analytical studies summarized in this paper have significantly improved
our understanding of the mechanisms affecting the degraded core heatup, crust
failure mechanism, interaction of molten core material with the reactor
vessel coolant, and the potential thermal challenge to the reactor vessel.
Further analytical work to be completed in the next year will add insight
into the earlier phases of the core damage progression, particularly
regarding the impact of core flow blockage on the core heat transfer and on
hydrogen production. In addition, work is ongoing to establish a better
understanding of the mechanisms leading to the damage of the upper grid
structures. Work will also be necessary to interpret the most recent
observation of very localized melt ablation of the lower fuel assembly grid
plate in one of the centrally located fuel assemblies.

Completion of the core and lower vessel region defueling, examination of
degraded core materials from these regions, and the necessary supporting
analytical work to interpret the data, will complete our understanding of the
accident and provide important data to assess more generic technical issues
relative to core degradation and fission product behavior during severe
accidents in light water reactors.
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TMI-2 Core Bore Examination Resultsa

C. S. Olsen, D. W. Akers, and R. K. McCardell
Idaho National Engineering Laboratory

EG&G Idaho Inc.
Idaho Falls, Idaho 83415

ABSTRACT

Examinations are being performed on samples obtained from the
lower portion of the TMI-2 reactor core as part of the TMI-2 Sample
Acquisition and Examination Program. This paper presents
preliminary results of visual examinations, the gamma spectrometry
analyses performed on the intact core bores, and the metallurgical
examinations. These examinations. indicate significant core damage
effects on the distribution of core materials and fission products
in the lower reactor core including the substantial relocation and
segregation of some fission products (e.g., Sb-125 and Ru-106).

INTRODUCTION

Unit 2 of the Three Mile Island pressurized water reactor underwent a
loss-of-coolant accident on March 28, 1979, resulting in severe damage to the
reactor core. After the accident, four organizations, General Public
Utilities Nuclear Corporation (GPU Nuclear), the Electric Power Research
Institute (EPRI), the Nuclear Regulatory Commission (NRC), and the Department
of Energy (00E), collectively known as GEND, cosponsored a postaccident
evaluation of the THI-2 accident. During 1986, a core boring operation was
conducted jointly by EG&G Idaho, Inc. and GPU Nuclear to obtain samples of
the lower reactor core necessary to spatially cha
physicalstateofthispartofthedegradedcore.yacterizethechemicalandThe results of these '

.

examinations will be use' to provide data on fission product release,
interaction between core components, hydrogen generation, and core melt
progression.

Previous examinations of the reactor core indicated that the upper
reactor ' ore contained a void region almost entirely surrounded by standing
peripheral assemblies (Figure
debrisrestingonahardcrust{). Below the void region was a layer of. loose.

However, conditions in the region of the
core below the debris bed (approximately 50 percent of the core volume) were
not known as there were no penetrations through the crust layer.
Consequently, to examine this portion of the reactor core, a core boring
system capable of penetrating the hard crust was developed to provide access-
to the lower core region for both examination and defueling purposes. The

Work supported by the U.S. Department of Energy, Assistant Secretary fora.
Nuclear Energy, Office of Light Water Reactor Safety and Technology, under
DOE contract Number DE-AC07-76-ID01570.
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core boring operations were performed during July and August 1986 and the
bores acquired were transported to the Idaho National Engineering
Laboratory (INEL) for sectioning and distribution of the samples to
laboratories participating in the core bore examinations. The initial-
results of the examinations performed at the INEL are the subject of this
paper.

The core bores extracted from the lower core region were obtained from
nine pre-selected locations. These core locations were chosen to spatially-
characterize the current chemical and physical state of the reactor core and
to define the-distribution of core structural materials within the lower
reactor vessel. The samples produced from the coring operation in the
reactor vessel were discontinuous bores of fuel material which were
approximately 2 m long and 6.4 cm in diameter. Only small amounts of
material (i.e., a few grams) were obtained from the lower reactor vessel head
cores due to the small particle size of much of the debris located there.

Following the delivery of the cores to the INEL, a series of physical,
metallurgical, and radiochemical measurements were begun on specimens from
the core bores. The physical measurements which were performed to
characterize the general physical characteristics of the debris, include dry
weight, immersion density, open porosity, and radiation levels.
Metallurgical examinations were performed to characterize the full range of
metallurgical properties of the debris (e. g., grain size, composition,
oxygen content, etc.) using optical metallography and scanning electron
microscopy with energy dispersive x-ray (EDX) analysis and wavelength
dispersive x-ray (WDX) analysis. The radiochemical measurements are being
performed to determine the chemical composition of the debris and to define -

the extent of radionuclide retention in the debris. Measurement techniques ;

being used include gamma spectroscopy, neutron activation analysis, liquid
scintillation analysis, and mass spectrometry. Results included in this
paper are from the visual examinations, the gamma spectrometry analyses
performed on the intact core bores and some of the metallurgical analyses.
(Not all examinations were complete at the time this paper was prepared.)

VISUAL APPEARANCE AND DENSITY MEASUREMENTS
i

During the core boring operation, video inspections of the interior of
each core bore hole were performed to characterize the lower core and the

region)jmmediatelybelowthebottomofthecore(thecoresupportassembly
region |

These videos indicated that the core below the upoer debris bed.
,

consisted of two regions: (a) a region of previously molten core materials '

surrounded by a hard crust, and (b) a region of intact standing fuel rods
extending from the bottom of the previously molten region to the bottom of
the core.

When the core bores were removed from their split tubes, visual
examinations indicated that they contained solid plugs of the upper and lower
crusts, previously molten material from between the crusts, and fuel rod
stubs (Figure 2). The solid plugs from the upper and lower crusts were
generally composed of agglomerated fuel and structural material components.

i
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i

The upper crust samples were composed of a mixture of debris agglomerated
with substantial amounts of metallic material,. while the lower crust samples
were fuel rods surrounded by previously molten material with a different
composition than the upper crust. The solid plugs were 6.4 cm in diameter
(the size of the core bcre) and raSi from 5 to 11.5 cm in length.

The previously moltre region between the crusts appeared to be |relatively homogeneous and was easily friable. However, the amount of
material present between tFe crust layers was less than the amount expected

.

'

based on the video inspections of the core hol n . The presumed cause of the !

less than expected quantities of material was that the friable material
fragmented and about 80Y. was flushed out during the core boring operation by

| the cooling water. The remaining 20Y. was characterized as "rocks" (large
.

f

! particles of debris) of various sizes. There were some 100 rocks larger than '

! 2.5 cm in diameter present in the core bores.

The fuel rod stubs located in the lower portion of the core bores ranged
from 76 cm to 122 cm in length. Shorter stubs were located near the center
of the core and longer ones near the periphery. Initial examinations of

,

these rods.suggest that the bottom portion of the rods probably remained ',
i

i covered with water during the accident. '

f

The initial examinations performed on the core bore samples. included !

weighing all samples and performing immersion density and open porosity
measurements on the eight large plugs of crust material, and 35 of thg 100
9.74g/cm}es. The densities for the 44 samples ranged from 5.44 g/cm torock samp

,

and the opea porosity varied from 5.5 to 197.. The densities ;

'

rrasured age from 6.5Y. to 48Y. less than the density of intact fuel material
i (10.4 g/cm ) which suggests that little intact fuel material material is |
l present in the core bore samples. The lower densities are a result of ;
I several factors including porosity and the presence of less dense oxidized
1 7,rconium and structural materials. The samples with the lowest density were

mostly metallic and quite porous, while the samples with the highest density
wore generally aC 'omerates of fracturea fuel pellets surrounded by
previcusly molten e.aterials.

GAMMA SPECTRO 3 COPY EXAMINATION
OF THE INTACT CORE BORES

.

j This section presents the results of the high resolutier, gamma ray
- spectroscopy measurements that were performed on the nine core bores.

Initially each core bore was scanned over the entire length to deternine the |
gross gamma ray intensity as a function of position along the axial<

: centerline of each bore. Following the gross g e a $tnalyses: isotop.c
) measurements were performed at intervals of 2.5 over the length of each

core bore and at add.tional locations of high activity as indicated by the
: gross gamma radiation surveys.

|
'

Examination of the results of the gross and isotopic surveys of the core |

bores allow several observations to be made concerning fission product
behavior in the lower reactor core:

,

: ;

1
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|

Thegammaspectroscopydatasuggestthattheuppergndlowercrusto
regions contain si ific concent ions (10 -10 greater
than expected) of gCo, gRu, and gSb. These
radionuclides would be expected to remain as metallic materials and
the metallurgical data indicate that they may have segregated and ;

been retained with other metallic comnonents of the core.

o -The prior molten material between the crust layers appears to have
gy low concentrations of the more volatile radionuclides such as

Cs but has retaine ignific amounts of the refractory
radionuclides (e.g., g Ce and g Eu).

o The intact fuel rod sections in the lower core appear to have
retained their entire entories.of fission products including the
high volatiles (e.g., g Cs).

METALLURGICAL EXAMINATION RESULTS

Following the initial nondestructive examinations performed on the core
bore samples, samples were selected for metallurgical examinations based en t

'appearance, density, and radionuclide content. Samples were obtained frc.n -
; the crust material, the previously molten material from buween the crusts,
j the intact fuel rods, and intact structural components such cs control rods,
' guide tubes, and burnable poison rods. The largest plug samples were r

rsectioned and sampled both transversely and longitudinally to evaluate radial
and axial differences in structure and composition. The rock samples were ,

sectioned into either halves or thirds, depending on the size of the ,

particles, to provide samples of the interiors for both metallurgical and 1

radiochemical examinations. For each sample mounted for optical examination,
: adjacent samples were obtained for radiochemical analyses to allow comparison
i of the mett.llurgical results with the corresponding' radiochemical composition

of the material. The examination results discussed in this paper are from
representative samples of the upper, lower, and peripheral crusts, the mixed
ceramic and metallic material present in the region between the crusts, and
the fuel rod stubs.

|

Lower Crust
,

,

Samples of the lower crust material were obtained at several core bore
|;

locations. Figure 3 shows a cross section and the autoradiograph of a !

representative plug of the lower crust taken from near the center of the core
(corjlocationK9). The measured density of this crust. sample was 7.2
g/cm . Tne cross section shows the remains of two fuel stack columns i

surrounded by previously molten material. Molte'n material apparently flowed
down the coolant channels, dissolved the zircaloy. cladding, and flowed into-

the pellet /pollet interfaces and cracks in the pellets.

Several areas of this cross section were examined using optical
metallography and back scattered electron-(BSE) image analysis. Figure 4
shows an enlarg:1 view of the previously molten material found in the coolant

|
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channels. This material was composed of a mixture of metallic structural and
control rod components with relatively small (100 - 200 micron) U02
inclusions. Two metallic phases were present as determined from the BSE
analysis. The principal phase consisted of zirconium, iron, nickel, and
chromium and the secondary phase contained an alloy of silver and indium.

Figure 5 shows an enlarged view of the area at a pellet / pellet interface
which is typical of the interfaces in this sample. Figure 6 shows the BSE
images for this pellet / pellet interface and the BSE dot maps for U, Zr, and
Fe. This figure typifies the method used to identify the composition of the
various phases present in a sample. The BSE image represents a composite
average of the atomic number of the elements in a particular phase where the
degree of brightness is proportioncl to the atomic number of the element
(e.g., the high atomic number uranium is brighter than the lower atomic
number iron) and the individual dot maps represent specific elements where
the element of interest is brighter than the other elements present in the

|
sample. The uranium and zirconium dot maps in Figure 6 show the presence of
a U0p pellet above a region in the pellet / pellet interface which contains!

mostTy zirconium with small amounts of uranium.

Other metallic phases are also present in the channel as indicated by
the fe dot map wilich indicates the interaction of zircaloy with structural
and control materials. Several metallic phases were observed which were
composed of the following groups of elements (Zr, Sn, Ni, Fe), (Zr, Fe, Cr,
Ni, V), (Zr, Ni, In, U), and (Ag, In). Cadmium, a component of the Ag-In-Cd
control rods, was found with the Ag and In phases; however, it was present in
relatively small amounts. This is probably due to the relatively high
volatility of this element (B.p. - 940 K). Also, when Zr was alloyed with
In, Fe and Cr were not present. The mechanism resulting in this behavior is
not currently understood.

The metallographic examination of the lower vessel plug samples suggest
that an interaction occurred between the fuel rods and the structural

,

components (i.e., Fe, Cr, etc.) which resulted in the dissolution of the'

zircaloy cladding and fuel by the ulten structural materials. This
interaction would result in a lowering of the nielting temperature of the
material. Based upon the eutectic temperatures of the binary phases of
zirconium with Fe, Ni, or Cr, a minimum possible peak temperature is
estimated to be about 1400 K and because there was not an interaction with
the unmelted UO2 fragments, a maximum peak temperature of 2200 K is
suggested.

In addit;on to the metallographic examination of the lower crusti
' autoradiography was performed to evaluate the gross distribution of fission

products in the crust. This examination indicated that the fission products
in the lower crust were retained within the fuel material and that little
activity was present in the metallic debris in the coolant channels.

,
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Vooer Crust Plua

figure 7 shows a representative cross section of upper crust material
obtained from core bore K9 about I meter above the sample discussed in the1

previgussection(Figure 3). The bulk density of this plug section was 7.9
gm/cm . Two general types of phases were observed in the upper crust, a
ceramic phase containing mostly fuel naterial components and a metallic phase
containing mostly structural components. The composition of the ceramic
phase indicated that the interaction between fuel rods and structural / control
rod materials was substantially greater than that observed in the lower crust
samples. No intact fuel material was present and most structural materials
were present as oxides except those which do not oxidize easily (e.g., Ni, Ag
and In). The BSE images indicate that the ceramic phase was a mixture of
oxides of uranium and zirconium with an average composition of about 56'4 U
and 21% Zr with small amounts (about 1%) of iron, chromium, and nickel in
solid solution. Based upon this composition for the ceramic mixture, the
peak temperature of this layer was estimated to be about 2800 K.

The metallic phase found in the upper crust was principally composed of
iron and nickel; however, as was indicated for the lower crust, a second
metallic phase was observed which was principally composed of metallic silver
and indium. Unlike the lower crust, however, the upper crust did not contain

; measurable amounts of Cd, which suggests that the greater degree of materials
interaction in this crust allowed most of the relatively volatile Cd to be
released. l

in contrast to the fission product behavior observed in the lower crust,
the autoradiograph of the sample cross section from the upper crust indicated
higher concentrations of fission products in the metallic phases rather than
in the ceramic phases. The probable identities of the fission products in
the metallic crust (i.e., Sb-125 and Ru-106) were indicated by the gamma
spectroscopy measurements discussed previously. These radionuclides are
expected to be retained as metallic materials in the debris rather than as
oxides because of high free energy requirements for oxidation. Other
examinationsindicatethatthesefissiogproductsareassociatedwithmetallic components of the THI-2 debris . The ceramic phase of the debris
is probably depleted in fission products (e.g., Cs-137) which have relatively
high volatilities and were released from the ceramic phases during the high
temperature portion of the accident.

Peripheral Crust

The peripheral crust is that region of the upper crust that is near the
midgadiusofthecore. Densities in this part of the crust range from 8-10
g/cm and are generally higher than those observed near the center of the
core. A representative cross section from the oeripheral crust (core
location G8) is shown in Figure 8. Examinations of this crcss section and
others from the peripheral crust indicate that the materials behavior in this
part of the core is different than that observed in the upper and lower crust

i regions. The presence of substantial amounts of metallic structural ,

components (i.e., Fe, Ni, Ag, and In) is indicated. In Figure 8, the light |

,
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areas shown in the enlarged section of G8-Pll-03 are a silver-indium alloy ,

which appears to have flowed into cracks in the ceramic material. Adjacent
,

to this inclusion is a secondary phase containing iron and nickel with a '

small amount of chromium. The presence of unmelted fuel in the surrounding ,

material suggests that unmelted fuel from the upper debris bed may have :

slumped into the molten metallics.
.

A second cross section from the peripheral crust at core location G12
(Figure 9) shows intact fuel pellet remnants encased in a ceramic matrix of
mixed oxides of uranium and zirconium. This figure shows an apparent
interaction at the fuel pellet / ceramic interface which has resulted in the
formation of large (1-4 mm) voids throughout the fuel pellets. This behavior
may have been caused by the collapse of relatively intact fuel pellets from
the upper debris bed into molten material which then heated the relatively
intact material to high temperatures. The actual cause of the porosity is
not known. |

Autoradiographs of the peripheral plug cross sections were taken. These
data indicate the presence of significant accumulations of activity in the
metallic phases, similar to the behavior observed in the upper crust samples.

Core Interior Particles
.

| Metallographic examinations were performed on 26 "rock-like" particles
from the previously molten material region between the crust layers. The
rock samples examined were greater than 25 mm in diameter and were selected :
based on density, and surface appearance. Although individual particles were
relatively homogeneous, the metallographic examinations indicated a diversity '

of structure and composition between particles. The bulk of the samples i

examined were determined to be mixtures of both metallic and ceramic phases, ,

however, examples of entirely ceramic and metallic particles were also
present. Examples of each of the material types are discussed in this
section. [

A BSE image of an entirely ceramic particle (K9-P3-F) is shown in Figure
10. Examination of this particle indicated that this was a relatively,

!

i homogeneous ceramic rock with a number of low atomic number inclusions
] present. An area at an interface between the light and dark areas was ;

examined using dot maps to evaluate the composition of these phases. The
light phases in the examination area were determined to be mixtures of
uranium and zirconium and the dark (louer atomic number) regions were
dete "ned to be mixtures of iron, chromium, aluminum, and nickel oxides. ;

The <>sence of nickel oxide in the sample suggests that this sample was ;
'

; subjected to very oxidizing conditions as nickel has a very high oxidat'.on
I potential and would not ba expected to be oxidized by steam oxidation only.
; Particles of this type resemble rock-like particles of previously molten !
| material obtained from the lower reactor vessel head which contained oxides
'

of uranium and zirconium in the gatrix and iron and chromium oxide eutectic j
; mixtures in the grain boundaries

,
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Figure 11 shows an entirely metallic sample which was obtained from fuel
assembly location 09 near the periphery of the core. The metallic matrix of
this sample consisted of a nearly dendritic structure of 59% f ron, 25%
nickel, and 14% chromium with circular inclusions containing silver, indium,
and tin (72% Ag, 15% In, and 9% tin). Although some of these Ag-In-Sn
inclusions contained voids, many contained a spherical particle of chromium
oxide (Cr2 3)-0

A cross section of a particle (core location G12) which contained a
ceramic matrix with extensive metallic inclusions is shown in Figure 12. One
of these inclusions was examined by SEH to evaluate elemental composition.
The BSE image and several associated dot maps are shown in Figure 13. These
data indicate that a large degree of segregation of individual elements took
place in this sample. The ceramic matrix of the sample is a mixture of the
oxides of uranium and zirconium and, at the periphery of the void containing
the inclusion, is a layer of iron oxide which contains some oxidized nickel.
In the metallic inclusion, there is substantial segregation of the elements.
At the bottom of the inclusion relatively pure silver is found with little
contamination from other metallic elements (i.e., indium and cadmium). Above
this layer, near the particle midpoint, is a nickel-tin layer followed by a
zone containing nickel with nickel-tin inclusions. Also in the nickel
region, concentrations of the fission product ruthenium were found as a '

metallic. These data suggest that this fission product, which has a high
free energy requirement for oxidation, is released from the fuel and is
retained by metallic structures in the core. The materials behavior
responsible for the observed structures has not been well defined and
additional information will be required to understand this behavior.

The most common fission product measurable in the metallic inclusions of
this rock sample was ruthenium; however, technetium, a fission product not
found in nature was also measurable. Also, palladium and tellurium, other
probable fission products, were measured in association with metallic
constituents (i.e.; Ag, In, and Fe). These data suggest that the metallic
constituents of the core retain fission products with varying chemical
characteristics and volatilities that have been released from the fuel
material.

A beta / gamma autoradiograph of several different particles is shown in
Figure 14. Because the radiograph was performed on all samples with only one
exposure time, the intensity of the radiographs may be used as an indicator
of the relative activity among the particles. The ceramic particle (G8-P6-3)
has the lowest activity which is about the same as the ceramic phase of the
mixed ceramic / metallic particle (G3-P10-A). The metallic particle and (he
fuel remnant surrounded with metallics also have about the same activity as
the metallic phase in G8-P10-A. These data again indicate significant
release or depletion of the activity in the ceramic phases and suggest
similar retentions for all ceramic or metallic components.
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Fuel rods and auide tubes
i

Fuel rods, and guide tubes from the lower portion of the reactor core !

were examined to evaluate the effects of the accident on the intact rods or
| tubes. Visual examination of the rods indicated that the rods were generally ;

intact, however, the metallurgical examination-indicated that hydriding of '

| the fuel rod and guide tubes had occurred. The hydrides were orientated in- ,

the radial direction, which is typical for the cold work texture of the :

| cladding. Examinatgons performed on fuel rods at the INEL and at Argonne .

! National Laboratory indicate that the cladding temperature reached
temperatures up to 1100 K. L

| Although no previously molten debris was present between the intact fuel ;

| and control rods in the core bores, previously molten material was found in j

an instrument tube in Assembly G8. The molten material which had apparently'

flowed down into the zircaloy tube and interacted with the interior surface >

I of the tube was composed mostly of zirconium with some iron and nickel. It

also contained relatively small quantities of silver, indium and cadmium from
tthe control rods.

| ;

SUMMARY;

i

A summary of the observations and conclusions that have been made from.
,

the core bore examinations are listed below. The core bore examination i

program is not complete and additional information will be provided in the
j final examination report.
1

o The lower crust was formed by freezing of relocated molten
cladding, structural, and control materials into the fuel assembly t,

j- coolant channels. Peak temperature of this crust was probably ,

1 between 1400 K and 2200 K. |
I o The upper crust is a mixture of previously molten ceramics, |

metallics, and solid fuel pieces with an estimated maximum :i

; temperature of 2800 K.
|

o The metallic structures in the upper crust are composed primarily
of structural (Fe, Cr, and Ni) and control materials (Ag, In, and-

Cd).;
,

1
o A range of densities were found in the upper, lower and peripheral

i crust samples with the higher densities found in the peripheral
; crust probably due the lower porosity and greater proportion of

higher density metallics (e.g., Ag).

i o Fissior, product ruthenium and antimony were retained in the
{ metallic phases of the upper crust and core rocks (mixed ceramic

and metallic particles).

!
1

J

!
!
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o in the previously molten material region, cesium is at
substantially lower concentre,tions than would be expected for
intact fuel material,

o The radionuclide inventory of the intact fuel rods, including the
more volatile radionuclides (e.g., Cs-137) appears to be intact,

o Cadmium was not detected in the upper crust of the central core
region; however, small quantities of Cd were detected in the lower
crust.

A zircaloy instrument tube at the G8 core location provided ao
pathway where prior molten fuel flowed down into the tube and
interacted with the zircaloy of the tube,

Particles of prior molten fuel from the central core region had ao
wide variety of compositions. Most were a mixture of ceramic and
metallic components; however, some were entirely metallic or
ceramic.
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The Microstructural and Microchemical Characterization
of Samples from the IMI-2 Core

L. A. Neima rk , R. V. St rain , J. E. Sanecki, and V. D. Jackson
Argonne National Laboratory

Argonne, IL 60439

ABSTRACT

Samples of materials f rom various regions of the TMI-2
reactor core and vessel have been examined at Argonne National
Laboratory with a variety of microanalytical techniques. The
purpose of these examinations is to characterize the
microstructure and microchemistry of the materials so that their
origin could be determined, their fission-product content
evaluated, and their role in the accident scenario assessed.
Macroscopic and microscopie composition inhomogeneities in melted
fuel f rom dif ferent reactor locations indicate different cooling
rates an t solidification temperatures. The mobility of molten
fuel could have been enhanced by a low reaperature eutectic in the
Fe-Cr-0 system. Stainless steel-clad Ag-In-Cd control rods could
have failed from a eutectic reaction between the Zircaloy guide
tubes and the cladding. Significant concentrations of fission-
products were not f ound , but their release from the fuel did not I
appear to be enhanced by gas generated channels along grain !

boundaries.

INTRODUCTION

i

The TMI-2 accident presents an opportunity to assess the behavior of I
reactor materials in synergisms never before possible in integral or separete |effects testing. While the complexity of the accident scenario and the '

resulting multitude of materials interactions make a complete interpretation
of the interactions virtually impossible, examination of core materials can
shed light on some of the materials-related phenomena that did occur and the
environment in which they occurred.

; Over the past four years Argonne National Laboratory has examined
materials taken from a number of locations in the TMI-2 reactor. Those
samples included filtrate from the makeup water filters, lead screw segments.,

| grab samples f rom the upper debris bed, debris f rom the lower plenum, "rocks"
and agglomerates from core bores, fuel rod segments from the core periphery
and a core bore, a control rod segment f rom a core bore, and a poison rod
(B C/A1 0 ) segment from a core bore. The objectives of these examinations4 23
have been to (1) assess the physical states of the materials with respect to
their environment, (2) identify safety-related materials interactions,

| (3) evaluate fission product behavior with respect to release /reteation
mechanisms, and (4) contribute to the data base of materials behavior under
severe accident conditions. Thesc objectives generally have been fulfilled in
the limited number of specimens that have been examined at ANL. However, this
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:

small number of specimens represents only a selective sampling of the core, I
and this contribution must be viewed together with the other work being ,

conducted at the Idaho National Engineering Laboratory (INEL) and at foreign ;
;

laboratories in order to obtain a fuller picture of the events that occurred i
i

4 in the TMI-2 core.
!

Emphasis -in this paper will be placed on the microstructural and .

t

microchemical aspects of the specimen examinations. The general aspects of. i

sample acquisition and the macroscopic features of IMI-2 core samples is being - !
,

'

described elsewhere [1]. |;

SAMPLE LOCATIONS

The samples described in this paper were recovered from the upper debris6

; bed, the lower plenum _ debris bed, core bores, and peripheral fuel rods. The ,

upper and lower plenum samples were pebble-size, from a fraction of an inch to .

'1-1/2 in. maximum dimension. The upper bed specimens came f rom various
elevations at locations E9 and H8 and the lower bed specimens from the
periphery of the lower plenum. Core bore samples sent to ANL came f rom a ;

number of locations and in a number of forms. A fuel rod segment came from the ''

4-16 in. elevation (from the bottom of the core) from central core position ;

K7. A control rod segment came from the 2-20.5 in. elevation from position
'

'

N12. What is described as a homogeneous rock sample came f rom position G8 '

!
somewhere from the central core region. An agglomerate sample came from the
65 in. elevation from position D8. An agglomerate sample is one that containsj

both molten material and identifiable rod components. |

!

EXAMINATION METHODS |
I

! The principal examination tools have been optical metallography, scanning i

| electron microscopy in the back-scattered electron image mode (BSE), energy- |
j dispersive X-ray spectroscopy (EDS), electron microprobe analysis (EMP),

scanning Auger microprobe analysis (SAM), and beta-gamma autoradiography.
,

Gamma spectroscopy has been used to a limited extent.j
4

i Because of the multi-component nature of all the samples, optical
j meta 11cgraphy had limited utility in dif ferentiating the microstructural
; characteristics. The SEM/BSE images proved to be extremely valuable in

delineating phases and their relative atomic numbers. Furthermore, if the

specimen activity was low enough, the composition of the phases could be
| identified immediately by EDS. For specimens of high activity, the

compositions were determined by EMP analysis. The SAM was used primarily to;

confirm the presence of oxygen, a capability the othee instruments did not;

have. Autoradiography was used to locate areas of high activity in the search'

j for fission products. Gamma spectroscopy was used to qualitatively identify
. the principal activity peaks in a specimen.
1

J
$

!

i

i
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RESULTS

Molten Structures

Molten fuel was found in samples examined from all locations: upper
debris bed, lower plenum, the core bore rock, and the core bore agglomerate.
The microstructures bore both similarities and disimilarities that reflect on
the nature and characteristics of the materials.

The upper and lower debris bed samples consisted principally of equiaxed
primary grains of U-Zr-0 with minor impurities of Fe, Ni, Cr and A1. The
grain boundaries consisted of eutectic phases of Fe, Cr, Al and occassionally
Ni. Typical microstructures are shown in Fig. 1. A eutectic composition

occurs in the Fe0-Cr2 3 system at about 1350'C and 97 a/o Fe0 (2). This is0
some 1200' lower than the solidus temperatures in the UO -Zro, system. Such a

2mixture would retain its fluidity at temperatures significantly below the
solidus of the UO -Zr02 primary grains. This fluidity would have assisted the2"melt" in relocating to the lower plenum.

The composition of the primary U-Zr-0 grains in the upper and lower
plenum samples was not determined quantitatively because of the lack of
appropriate standards. However, differences in the U and Zr contents were
discerned by the peak height ratios of the EDS analyses and by the shading
contrasts in the BSE images. The indicators showed that the lower plenum
samples were not homogeneous on either the macroscopic or microscopic
levels. The macroscopic areas of slightly dif fering U and Zr contents were
also characterized by their pore morphology as shown in Fig. 2. Higher U-
content areas contained pores with a maximum diameter of -0.2 mm, while higher
Zr-content areas contained pores with diameters greater than -0.5 mm. This
difference is attributed to the lower solidus temperature of the higher Zr-
content areas leading to gas mobility in molten fuel over a greater
temperature range.

On the microscopic level the primary U-Zr-0 grains showed a tendency to
transform into U-rich and Zr-rich phases beginning at the grain boundaries and
moving into the grains as shown in Fig. 3. This transformation was more
advanced in the lower plenum specimens than in those f rom the upper debris
bed. Also, the grain size of the lower plenum specimens was significantly
larger than that in the upper debris specimens, -20p compared to -100u (see
Fig. 1). Both the grain size and the degree of transformation indicate that
the lower plenum material cooled at a slower rate than the upper debris
material.

A dendritic structure of U-Zr-0 grains in a matrix of Fe-Cr-0 eutectic
found surrounding most of the large pores and in one case a small porewas

area of the lower plenum specimens. These regions were obviously the last to
solidify and they were the only areas where non-oxidized metal inclusions of
Ag, Ni, So, and the fission products Ru and Te were found in these samples.
In general, the amount of Ni found in the upper and lower debris samples was
considerably less than would be expected from its content in stainless steel
and Inconil and the substantial amounts of Fe and Cr that were found. It was
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Figure 1. Molten fuel structures (SEM-BSE) from upper debris bed (lef t) and
lower plenum (right). 500X
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Figure 3. SEH-BSE images showing development of U-rich (light) and Zr-rich
(gray) phases in structures from lower plenum melt.
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concluded that the molten structures of the upper and lower debris beds
consist principally of oxidized material with only minor amounts of non- )
oxidized core materials. These latter elements apparently were fluid at lower
temperatures and flowed elsewhere in the reactor structure.-

The microstructure of the once-molten core bore rock was homogeneous in
its heterogeneity. The structure consisted almost totally of two phase
transformed U-Zr-0 grains, 50-1004 diameter pores, and some areas of Fe-Cr-0
eutectic. Occasionally, singular metal inclusions of Ag or Ni-Sn were found
in the large pores. The most significant dif ferences from the upper and lower
debris structures was the larger grains, greater extent of phase transforma-
tion, and the absence of the Fe-Cr-0 eutectic phase from the grain boundaries
of the rock. These differences all indicate a longer time at elevated
temperature.

The agglomerate sample that was examined concisted of a fractured U0 2
pellet totally surrounded by a mixture of molten, mainly non-f uel core
materials. An area of this structure is shown in Fig. 4. What appears to be
cladding in a molten state next to the pellet is actually masses of Ag-In,
sans Cd, with some Sn. The thin layer in contact with the fuel is a Zr-UO

2
reaction product. The balance of the molten structure was significantly
different from those previously described. The principal grains were
dendritic rather than equiaxed and consisted of Fe, Ni, and Cr. The light-
colored matrix surrounding the dendrites is made up principally of Ni, Sn, and
Zr with lesser amounts of Fe, Cr, U, and In. The amount of N1 in this
structure, in excess of its relative amount in stainless steel, constitutes
the greatest concentration of Ni found in any of the molten structures
examined. It is possible that the high concentration of Ni at this elevation
is due to the proximity of a molten Inconel 718 spacer grid. Nonetheless, it
would appear that Ni tends to sedregate from regions of molten U-Zr-0 and
ggncentrates with Sn f rom the Zircaloy. Because the sample was very high in

Co activity, EDS analytical data could not be used to identify the phases
and the EMP was used instead.

Materials Interactions

The agglomerate sample, described above, exhibited a reaction layer
between the UO2 pellet and the molten Zircaloy cladding. The reaction
interaf ace, shown in Fig. 5, shows a number of dif ferent phases indicating thec
dissolution stages of the reaction. This phase also penetrated the major
cracks in the fuel but did not appear to further react with the fuel.
Apparently the contact time at the elevated temperatures was short at this
elevation.

f The fuel rod segment from the central core showed no interaction between
the UO2 and the Zircaloy cladding. The cladding structure clearly showed
transformation to the B phase indicating temperatures on the order of
1000'C. The transformation in the cladding was incomplete around the
circumference providing a rather sharp temperature demarcation at about

} 950'C. The fuel structure in this segment, shown in Fig. 6, was totally fine-
grained and contained small metallic inclusions. From SEM-BSE images it was
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determined that the inclusions were not free uranium but an element of lower
atomic number than UO . It is likely that the inclusions are non-oxidized Mo2

| indicating that this particular fuel had an 0/M ratio very close to 2.00. (At
higher 0/M, the Mo would have oxidized and gone into solution with the UO .2
At a lower 0/M, free U would have been present.)

The most interesting materials interaction found was between the Zircaloy
guide tube and the stainless steel cladding of a Ag-In-Cd control rod. The
piece examined, shown in Fig. 7, apparently was at a significant temperature
transition boundary. The intact Zircaloy guide tube in the lower part of the
segment had transformed to the S-phase (>1000'C) while 0.5 in. above it the
Zircaloy formed a eutectic with the stainless steel cladding (935-960'C) as
shown in Fig. 8. There was no reaction between the Ag-In-Cd and the stainless
steel at either elevation. A molten structure containing Fe , Ni, Cr, Zr, Ag ,
In, and some Cd was found between the Zircaloy guide tube and the cladding in
the lower part of the segment. This material apparently had flowed down from
above af ter the Zr-Fe-Ni eutectics breached the cladding and the Ag-In-Cd had
become molten, not necessarily at the same elevation.

1

Fission-Product Behavior

I37 106 125
Based on the qualitative gamma spectroscopy, Cs, Ru/Rh, and Sb

were the only fission products present in detectable quantities, although

isolated Ru and {g inclusions were found by EDS. (The principal activity in
the samples was Co.) Autoradiography indicated that the radioactive species
were located principally adjacent to the pores in the molten structures. The

finding of Ni inclusions in some of these porgg suggests that much of the
activity indicated in the autoradiographs is Co. However, condensation of
Cs-containing species in the pores is possible. (SEM examination of the core
bore rock did find small spherical deposits of low atomic number material that
could have been vapor-deposited in the pores; an elemental analysis was not
possible, however, because of the geometry.)

Both the Ru and Te concentrations were found combined or associated with
Ni and Sn in metal inclusions in pores or last-to-f reeze dendritic areas.
Quantitatively, it is not possible to assess whether such association would
significantly retard release of these fission products.

Fractographic examination of one small f uel area in the agglomerate
sample, shown in Fig. 9, indicated that there was no significant coalesence of
fission-gas bubbles or channel formation on grain boundaries that could have
been pathways for fission product release. Such areas might exist in fut)
that was closer to the nolten center of the core. However, because of the low
fuel burnup and low gas inventory such pathways in what would apparently be a
small volume of the core would not be expected to contribute significantly to
fission product release.

CONCLUSIONS

Conclusions drawn from these examinations must obviously be tempered by
the meager sampling statistics when generalities are made. However, having
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i Figure 8. SEM-BSE image of eutectic reaction zones (2) between 304 stainless

|
| steel (dark) and Zircaloy (gray). The Ag-In-Cd/SS interface is at

|the far left and the surf ace of the "cladding" in Fig. 7 is at the I

f ar right. |
MCT No. 243798 275X
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some data is at least a starting point for broadening our knowledge.
Therefore, the following is of fered in that vein.

1. The microstructures of molten naterials examined from dif f erent
reactor locations indicate different cooling rates and solidification

temperatures. This is based on macroscopic and microscopic
compositional inhomogenetties in the structures and differing grain
sizes and morphologies.

2. Molten material likely reached the lower plenum assisted by a low-
melting (-1300'C) eutectic phase of Fe-Cr-Al-0 in the melt that
provided fluidity.

3. The molten areas basically consist of oxides with random inclusions
of non-oxidized materials such as Ni, Sn, Ag, In, some Cd and
fission-product Te and Ru.

4. Stainless steel-clad, Ag-In-Cd control rods could have failed from a
eutectic reaction between the Zircaloy guide tubes and the cladding
at 935-960*C.

5. Fission product release from unmelted fuel was not enhanced by
appreciable pathway development in grain boundaries.

6. Although some metallic Te and Ru were found combined with Ni and Sn
inclusions, the effect of this alloying on retarding fission product
release is not readily quantifiable.
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ANALYSIS Of flSSION PRODUCT RELEASE BEHAVIOR
DURING THE TMI-2 ACCIDENTa--- |

D. A. Petti, J. P. Adams, J. L. Anderson, and R. R. Hobbins
Idaho National Engineering Laboratory

EG&G Idaho, Inc.
P.O. Box 1625

Idaho falls, Idaho 83415

ABSTRACT

An analysis of fission product release during.the Three Mile
Island Unit 2 (TMI-2) accident has been initiated to' provide an
understanding of fission product behavior that is consistent with
both the best estimate accident scenario and fission product
results from the ongoing sample acquisition and examination

| efforts. "first principles" fission product release models are

| used to describe release from intact, disrupted, and molten fuel.
| Conclusions relating to fission product release, transport, and
i. chemical form are drawn.

1. INTRODUCTION

The March 1979 accident at Three Mile Island Unit 2 (TMI-2), the most severe '

core damage accident that has occurred in a U.S. commercial light water
reactor, provides a unique opportunity to obtain data about fission product
behavior under real accident conditions. A significant fraction of the more
volatile fission products was released from the fuel; however, these fission
products were confined in the reactor coolant and other plant systems and the
containment without significant release to the environment. Examining the
dominant physical and chemical processes that affected fission product
release behavior during the accident may improve the current understanding of "

such phenomena as fission product release, transport, and chemical form, an
; understanding that is currently based largely on separate effects and scaled

integral test data. Thus, the accident provides the only full-scale data
base with which to study these phenomena. The DOE has sponsored a major
program at the INEL to maximize the quantity and quality of this data base.
This program is the 1MI-2 Accident Evaluation Program and its objective and
plan are documented in Reference 1.

The purpose of the work reported here is to analyze fission product release
from the core during the accident using "first principles" fission product: '

release models. The results from this study will be used to impro~ve our ,

understanding of the accident scenario and to provide additional insight into i

the accident. The fission product release and retention estirates developed
|

|

a. Work supported by the U.S. Department of Energy Assistant Secretary for
Nuclear Energy, Office of Light Water Reactor Safety and Technology, under
DOE Contract'No. DE-AC07-761001570.
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in this study will be compared, to the extent possible, with retention data
from samples that have and will be obtained from TMI.

Brief reviews of the accident scenario and the fission product retention data
from 1MI-2 are presented in Section 2. Sections 3 through 6 describe the
proposed "first principles" analyses that will be used to describe fission
product release during the TMI-2 accident. A summary and conclusions from
this work are provided in Section 7.

2. REVIEW 0F THE TMI-2 ACCIDENT SCENARIO
AND flSS10N PRODUCT RElfN110N DATA

2.1 Accident Scenario

The fission product analysis has been divided into four parts to correspond
to the four thermal / hydraulic phases of the accident. Each phase represents
a different set of core thermal / hydraulic and fuel conditions. This section
will briefly review the five phases of the TMI-2 accident. Additional
information about the accident scenario is provided in Reference 2.

Phase 1 is defined as the time from the turbine trip (time zero) until the
,

A-loop reactor coolant pumps (RCPs) were turned off at 100 min. (The B-loop |
RCPs were turned off earlier at 73 min.) 1his phase is character 1 red as a l
small-break LOCA accompanied by a slow depressurizaton of the reactor coolant ;

system without uncovery or heatup of the core. Hence, no fission product
release occurred,

lhe thermal and hydraulic conditions during Phase 2 (between cessation of
forced convection at 100 min and the B-pt:mp transient at 174 min) were
characteristic of a slow core bolloff and heatup that started between 114 and
120 min, and continued throughcut this phase. Containment radiation monitor ,

signals indicated that some fuel rods had burst between 137 and 142 min. '

High output currents were observed from the SPNDs in the central upper
region. At approximately 150 min, it is believed that rapid oxidation had3

begun causing cladding temperatures to exceed 1850 K. This exothermic
oxidation drove temperatures above clad meTling and some fuel dissolution ,

began. Downward relocation of this liquefied material would be expected to
'occur, resulting in a small blockage of material near the core center. Core

heatup analysis indicates that peak core temperatures exceeded 2400 K by '

174 min. The upper portions of the core contained partially oxidized rods
and high temperature remnants consisting of U0p pellets and Zr0p

.

!

cladding. In the central region of the core, a partially molten noncoolable
U-Zr-0 mixture rested upon a hard pan of Zr0p/U0p ceramic which had
solidified between the existing fuel rods

Phase 3 is defined as the time period between 174 and 224 min, for the
purposes of the fission product analysis, this phase is separated into two
phases termed Phases 3a and 3b. Phase 3a is termed the "B-pump" transient
becausethe28RCPwasopgratedforashorttime(severaltensofminutes)and introduced about 28 m of water in an effort to cool the core. The

|
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pump transient caused the highly brittle oxidized cladding to fracture,
forming a rubble bed of fuel pieces and cladding shards which rested on the
molten U-Zr-0 mixture.

During Phase 3b between 180 and 224 min, the molten U-Zr-0 material and part
of the debris bed continued to heat to produce a large molten mass surrounded
by a crust. This occurred despite the fact that the liquid level was i

estimated to be near the top of the core. On top of the crust is a debris
bed and a void region formed when the embrittled fuel rods collapsed during
Phase 3a. A simplified one-dimensional heatup analysis of the molten mass c

and the surrounding upper and lower crusts indicates that despite the limited'

cooling at the periphery the molten material continued to heat up from decay
heat due to the high thermal resistance of the oxide and the large thermal
capacitance of such a large consolidated mass.

k Selected data from the accident substantiate that during the last phase,
Phase 4, which lasted from 224 to 230 min, a major relocation of core
material occurred. Visual inspection data and crust failure analysis

; indicate that the crust surrounding the molten pool failed near the top at
" the southeast core periphery. The molten material then drained through the
; lower support assembly and into the lower plenum, it is estimated that

between 10 and 20 tons of core material relocated to the lower plenum at this>

time.
'

As is noted in Reference 2, the accident scenario represents a best-estimate !
interpretation of the TMI-2 data to date. Work is continuing to define more (
details, especially from the later phases of the accident. Hence, the

3, understanding of the accident scenario might change. ;

;

2.2 Fission Product Retention

| The fission product inventory at the time of the accident is needed for the
release calculations presented here. lable 1 lists the inventories for

] various fission products based on a detailed nodal ORIGEN2 inventory
'

calculation.(3)
4 ,

Small samples from the upper debris bed and the lower plenum have been |
'

analyzedfortheirfisj2gnproductcontent.g4) The average fission product Ii
',

gentionsfor Ru, Sb, I29 , 137Cs, 9 Sr. 154Eu, and106 1

Ce are presented in Table 2 along with the range found in the various
debris samples. One objective of this work is to explain the results in
Table ?, especially the high retention of the cesium in the lower plenum

I samples, the high retention of iodine in the upper debris samples, and the
|

low retention of i Jthenium in the lower plenum samples,

l
'

3. F_ISS10N PRODUCT RELEASE DURING PHASE 2

During the initial core heatup and degradation, three mechanisms are thought
to contribute to fission product release: gap release, diffusional release,
and release from liquefied fuel. Because the burnup of fuel in IMI-2 was i

l

|

|
I
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TA8LE 1.: 10TAL CORE ELEMEN1 AL FISSION.PRODUCI INVEN10 RIES

[ - - - -

.!

aInventory
Element (moles)

,

Kr .42.6
Sr .129.6
Ru 176.1-
Sb 2.2

.le 29.2
4

1 17.3
Xe 314.4-
Cs 161.7

| Ce. '209.9
! Eu 3.5

.

! a. Three hours after scram (from Reference 3).
|

4

1ABLE 2. AVERAGE FISSION PRODUCT RETENTION

d
3 Percent of Inventory Retained ;

.

Lower Plenum Upper Plenum [
'

!

Radionuclide Average Range Average Range
,

! I-129 3 3- 24 22 10- 38
'

Cs-137 14 0- 38 21 6- 32 ;

! Ru-106 7 0- 19 55 35- 86 !
a

| Sb-125 3 0- 17 23 18- 38 I
i Sr-90 114 73-190 93 19-102 i

Eu-154 86 69-105 90 60-108 |

Ce-144 110 90-164 114 90-130<

|
'

! a. Compared with core average ORIGEN-2 analysis (pC1/gu). [
?

'

quite low (<4000 mwd /M10), very little fission product inventory is
expected to have been in the gap. As a result, gap release will not be

; examined here. This section will discuss models that have been used to
a describe diffusional release and release from liquefied fuel. ,

i ;

!
"

!

i ,.
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3.1 Booth Diffusion Model
!Many out-of-pile postirradiation experiments [5-8] indicate that for

temperatures between 1000 and 2180 K prior to fuel dissolution, fission !

product behavior is dominated by diffusional release of volatile fission
products (Xe, Kr., Cs, I, Te) from ruptured fuel rods. Very little release of
the medium and low volatile fission products 's expected for these

,

2

temperatures. Many investigators have used the Booth diffusion model (9) has |

been used successfully to describe the results of fission product release
experiments conducted in this temperature range. The Booth diffusion model
is based on the solution to the dif fusion equatio'n from a sphere of radius
a. The fractional release of a fission product is given by

fR = 6(Dt/va )l/2 - 30t/a (1)2 2

where
,

2diffusion coefficient of the fission product (cm fs)D =

i

"equivalent radius" of the sphere (cm)a =

time (t).t =

The diffusion coefficient is usually given by an Arrhenius function of the
form

D = D '*PI-0/UI I2)0

where i

f Do pre-exponential factor (cm2/s)=

fission product activation energy (kcal/ mole)Q =

universal gas constant (kcal/ mole K) |R =

{ T fuel temperature (K)=

1
'and the equivalent radius is derived from the total surface area avail &ble

for diffusion and the volume of the specimen. In general, this latter
l parameter is difficult to obtain for specimens that are poly-crystalline. As
! a result, many researchers correlate their results to an effective diffusion

coefficient D where D' = D/a2

The Booth model given by Equation (1) is applicable for the case of a
constant temperature anneal and releases less than 30%. The temperatures in
TMI-2 were not constant during the initial core heatup; hence the diffusion
coefficients (Equation (2)] changed with time. As a result, the Booth
diffusion model has been modified to account for the transient temperature

:
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response of the core. For a transient temperature, an infinite series-form
of the solution is used. The fractional retention is given by

.

y) y exp(-n s t) (4)
2Fractional retention .'

n.1

where
s

2 ) i i

y D(T(t )) dtt . ,

a $g

The fractional release rate, dFR/dt, is given by

.

FR , 60 t) exp(-n 2 ) (5)2
t .

a
n=1

Thus, for a given node in the TMI-2 core, the release fraction and fractional:
' release rate for the volatile fission products can be calculated once the

temperature history has been established and reasonable values of 0 and a
i
' have been chosen.

The core temperature history that was used in this calculation was determined ;

using the SCDAP/RELAPS computer code.[10) The core was modeled using three |
| representative radial fuel regions, corresponding to the center, middle, and
i peripheral regions of the core. Six axial nodes were used to model each fuel

region resulting in a total of 18 nodes for the entire core. Figure 1 is a:

j schematic representation of the reactor core and vessel nodalization used for
j this calculation. Cladding temperatures were calculated from accident

initiation to the end of Phase 3a, or 180 min. Figure 2 presents the<

calculated cladding temperatures from 100 to 180 min for the conter, middle,
and peripheral assemblies in the core. Booth diffusion is a valid
representat'on of fission product behavior only as long as the fuel geometry
is preserved. Therefore, the calculation of fission product releat: was
carried out only up to a temperature of 2180 K (temperature at which
dissolution of U0p by molten zircaloy begins) in the base case calculation.

The expression for the diffusion coefficient D, was extracted from an ;

extensive study by Lawrence.[11) This study investigated the influence of
several environmental conditions on the diffusional release of fission,

products, including postirradiation anneal versus in-pile testing,
stoichiometry, burn-up, fuel density, power rating, and surface vaporization
and sublimation. The data base used in determining the best-estimate
diffusion coefficient for Xe included data from postirradiation annealling i

experiments with fuel densities ranging from 58 to 99% of theoretical,
1

!

i
<
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stoichiometry ranging from 1.9 to 2.22, temperatures ranging from 870 to ,

2470 K, and burnups up to 800 mwd /M1U. The resultant diffusion coefficienti.

for Xe was determined to be

2
: 0 7.6 E-06 exp(-7.0 E *04/RT)cm /s (6).

< ,

The sphere radius, a, used ir this study was derived from a correlation
developed by 8e11e,[12] illustrated in Figure 3. The 1 cast squares fit to
the data by Belle, also shown in this figure is (13]

a 3R 10(20.61 - R(67.9 - 46R)] (7)

where R is the ratio of the fuel density to theoretical density. The density'

of the fuel useo in the TMI-2 core was 92.5% (14) which corresponds to an'

ef fective sphere radius of 4.0 E-03 cm. Equation (6) was divided by the'

square of this effective radius to obtain the fractional release rate versus
temperature. This result is plotted in figure 4.

These three input parameters (calculated core temperatures, diffusion;

coefficient, and effective sphere radius) were used to estimate Xe release
for temperatures up to 2180 K in the base case calculation. In addition, a

series of sensitivity studies were made wherein the core temperatures, ;

diffusion coefficient, effective sphere radius, and maximum temperature were |

: varied to bound the expected fission product release. The core temperatures ;

were varied by 1100 K because of uncertainties in the SCDAp/RELAPS4

t temperature calculation. A second correlation for the diffusion coefficient,

developed by Prussin et al.,(8) was used to investigate the sensitivity of
the results to this parameter. This correlation is also plotted in

figure 4. The effective sphere radius was varied from ?.0 E-03
(corresponding to the low range of the fuel pellet density) to 2.0 E-02 cm
(corresponding to the maximum expected radius in Reference 8). Finally, the i

maximum temperature up to which the Booth analysis was considered valid was !;
'

varied between 1700 and 2800 K, the lower temperature corresponding to
liquefaction of the steel components in the core and the upper temperature
corresponding to the monotectic temperature at which there is an enhanced
solubility of U0p in molten zircaloy.

|
Xenon release results for the base case and sensitivity calculations are

j listed in Table 3. Xenon release was found to be most sensitive to the
maximum temperature used in the calculation. As noted, the base case
calculation, as well as nearly all of the sensitivity calculations, indicate
only minimal (<2%) release of fission product Xe due to diffusion during
Phase 2. This low total release is the result of the generally small
calculated release rates (on the order of 5 E-03 %/s). The exception is for
the upper bound calculation, designated number 9 in Table 3. for this

calculation, all of the parameters were set to result in the maximum expected
release, including the largest diffusion coefficient, highest maximum
temperature, and highest cladding temperatures. The resulting core-average
release was 27%. Thus, the core-average release of Xe (and by implication,
Kr I, and Cs) is calculated to be between 0 and 27%.

1

I

l

|

219 |
|
1

.- . _ . ._. - .-. - - - - . - . . . _ - - -



10' , 4 i3
- .

5:s E

. - -
,

10' - ,
e : E

E <t :
w ~ .

j 10' ; j
e- : o :
CLM , o

#
10'

@"c
or 1

5
E

o o i

10' Io
w O C -

k k O

3 10' $$e
U i
4 . _b

10 ' '' ' ' ' '

70 80 90 10 0

Fuel density (% theoretical) e4ee wsr.ss7.o.

Figure 3. Effective surface-to-volume ratio as a function of theoretical
density. i

l
1

,

220



10
E I

,

-

L 10'' [ j
8 10'* E i,

5

E 10'' cE
_

i
.

',-
.O s a

e 10'4 i:y '- '

]- s.'
g 10'' ." ''' ,-

l
8 10'' I
u

]!10''[
' *q''

' Prussitt, .t.al.
..

'
i . . ;

,e towrene. =- !

! 10'
.

j
.g 10 ' g ' '

., .

E -

o e .. 1

- 10'' [
'x

$
""

.
j''s ..

'
'

110'
'

2.5 6 7.5

Reciprocal temperature (10*/T) (K ') r .. w sr.. 7.o

Figure 4. Diffusion coefficient correlations used in the Booth diffusional l
'release calculation.

i
i
,

,

|

I

221



TABtf 3. CALCULATED DIFFUS10NAL RELEASE FROM TMI CORE DURING PHASE 2

_

_ Number Calculation Percent Release
_

1 Base case 0.02
2 i.TSCDAP + 100 0.05
3 11SC0AP - 100 0.01
4 a = 0.0? cm 0.002
5 a = 0.002 cm 0.09

6 Imax 2800 K 0.68
7 Imax = 1700 K 0.002
8 Prussin results 1.77
9 All parameters at maximum values 27.0

10 All parameters at minimum values 0.000

Though the core-average release was in the range between 0 and 27%, .

.
individual nodes were calculated to have released up to 60% of their

) inventory, depending on their location in the core and the temperature ;

' history. The range of core nodal release fractions is indicated in Figure 5 i

which shows the release fraction histories for the nodes experiencing the4

maximum and minimum releases as calculated for the base case and maximum
release calculations, respectively. Also included is a node which ;
experienced a release near the average for each case. As shown in thea

figures, the minimum nodal release was approximately 0 for both calculations
while the maximum nodal release was approximately 60%.

The specific calculation, described above, was for the release of fission
product Xe from the TMI-2 core. It has been assumed in this analysis that
other gaseous and high volatile fission products (Kr, I, Cs, and le) diffused
at approximately the same rate. While it is obvious that there are ,

differences in the diffusion of these different fission products, these !,

1 differences are expected to be smaller than the uncertainties in the other
parameters governing diffusion (e.g., calculated versus actual core
temperatures, fuel stoichiometry, etc.). The effect of these differences on

,

the release fractions is included within the sensitivity calculations already '

discussed.-

A direct comparison of the calculated release fractions with measured data '<

from the core cannot be made, primarily because of the difficulty involved in -

identifying the conditions experienced by individual samples extracted from
the core and the uncertainty in identifying the original enrichment and
burnup (both of which affect the initial fission product inventory) in the

,

|
sample. Additionally, there are no samples available that experienced only

; the first two phases of the accident; therefore the measured fission product
i release fractions are a result of fission product release during the entire

accident. Within these uncertainties, however, some general comparisons
.

between measured and calculated fission product release can be made.
| Volatile fission product release measured in samples extracted f rom the upper

!

i

i
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debris bed is judged to have occurred primarily during Phases 2 and 3a since
during Phases 3b and 4 this debris was covered with water and was in the
process of being quenched. No data on noble gas release from these samples
are yet available (but will become available in the future). Release of I
and Cs from these samples ranges from 69 to 87% for I and from 60 to 92% for
Cs. The calculated Phase 2 nodal releases for both of these species range

from 0 to 60%, depending on the temperature and diffusivity parameters used
la the calculation for the particular mode. Significant additional release |

15 expected to have occurred during Phase 3a, as discussed in Section 4. l

Thus, these volatile fission product release calculations are generally |
consistent with the data obtained from the upper debris samples, i

In general, Te release from the fuel pellets is roughly similar to the Xe
diffusional results. However, separate ef fects test data indicate that le
tends to become bound to unoxidized Zr in the cladding. When the zircaloy
oxidizes, the Te is released. It is reconrnended in Reference 15 that when
the local Zr oxidation is less than 70%, the calculated Te release should be
reduced by a factor of 40. It is indicated in Reference 16 that the global
Zr oxidation was of the order of 50% (based on an analysis of the hydrogen
that was evolved from the core). However, since approximately 40% of the
core was largely undamaged (i.e., remained predominantly in an unoxidized
rod-like geometry), the hydrogen generation estimate indicates that the
damaged portion of the core could have been heavily (~80%) oxidized.
Therefore, it is expected that in the undamaged core regions where the local
oxidation is less than the 70% threshold, any Te released from the fuel would ,

be sequestered by the cladding. However, for the heavily damaged areas of !

the core, significant Zr oxidation probably occurred, suggesting that the Te i

release from these regions could be large.

3.2 Other factors Affecting Fission Product Release During Heatup

There are factors other than simple diffusion that affect fission product
release from U0p during heatup of solid fuel. Two of the more important
are fuel oxidation and fuel burnup. Fission product gases migrate to fuel
grain boundaries during irradiation under normal operating conditions and
collect in bubbles in the boundaries. Above burnups of ~5000 mwd /Miu,
depending on the fuel temperature, the density of gas bubbles in the
boundaries becomes great enough that the bubbles tend to interconnect to form
a continuous tunnel network of voids in the grain boundaries that reaches to
the pellet surface. This tunnel network provides a path of rapid escape for
fission gases and vapors that reach it from the grain interiors. Because the
average burnup in the TMI-2 core was <4000 mwd /MlU, this tunnel network
would not be expected to be well developed prior to the accident. The
microstructures of f uel in regions of the 1MI-2 core not exposed to high
temperatures in the accident confirm this expectation (figure 6).

Oxidation of the fuel by steam enhances atomic mobility in the U0p and thus
the release rates of fission products. Fnhancements in release due to fuel
oxidation by factars of 2 to 4 have been reported.[17] One of the evidences
of the effect of increased atomic mobility is accelerated grain growth. The
process of grain boundary sweeping during grain growth can be an important
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mechanism for accelerating the aigration of fission products to grain
boundaries during heatup. However, in low burnup fuel such as in TMI-2, the
fission products accumulated at the grain boundaries during heatup are
trapped until the boundaries are opened or otherwise changed by other
phenomena. Therefore, although some evidence of at least localized fuel
oxidation in TMI-? exists.(18] the possible effects on fission product
release are accommodated within the sensitivity study (discussed in
Section 3.1) that varied the magnitude of the diffusion coefficient in the
Booth model. Two additional phenomena that can affect the structure of the
grain boundaries and the release of fission products trapped in them are fuel
liquefaction and fuel cracking. fuel liquefaction by interaction of U0p
with molten zircaloy occurs upon heatup and is discussed in the following
section, whereas fuel fracturing is of concern principally upon cooling an'
is discussed under Phase 3a.

3.3 fission Product Release from liquefied fuel
,

Laboratory studies (19) of the liquefaction of U02 by molten zircaloy show
that the process proceeds by the diffusion of oxygen from the U02
preferentially along grain boundaries into the zircaloy. The depletion of
oxygen leads to reduction of the V0p to liquid uranium metal in the grain
boundaries. The boundaries are weakened by this process and grains of UOp
are separated from the surface of the fuel and are surrounded by molten
zircaloy. The high surface area of the individual grains contributes to
their rapid dissolution by the zircaloy. Once the U0p has been dis nived
in the molten zircaloy, the release of fission gases and vapors is governed
by the coalescence and rise of bubbles in the liquid to a free surface, lhls
behavior is considered in the Phase 3b analysis,

it has been argued,[20] based on theories of atom and bubble mobilities, that
the liquefaction of grain boundaries in low burnup fuel should cause an
increase in the release rate of fission gases and volatile fission products
(such as iodine and cesium), but should cause no significant change in
release rates for high burnup fuel with interlinked porosity at grain
boundaries. On-line measurements of fission product release rates from some
in-pile bundle tests using trace-irradiated fuel have been interpreted in
terms of enhanced release rates upon fuel liquefaction,[?l,2?) but these

.

experiments are complex and not readily amenable to unambiguous
I interpretation. A reduction in fission product release rates has been

calculated by Rest (?3] for grain boundary liquefaction in out-of-pile
release tests performed on high burnup fuel at Oak Ridge National
Laboratory.[24) As will be discussed in Section 4.?, fuel fragments in the
upper debris bed exhibit some degree of interlinked porosity in grain
boundaries typical of higher burnup because of time at high temperature.
Therefore, for the analysis of fission product release during the heatup
phase in the TMI-? accident, the effect of grain boundary liquefaction in
1MI-? fuel would not change fission product release rates significantly and
that the effect is accommodated within the sensitivity study varied the
magnitude of the diffusion coeffleient in the Booth model. The effect of
bulk dissolution of UOp by molten zircaloy is analyzed in Phase 3b where
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bubble coalescence of fission product gases and vapors is considered and is
found to have a pronounced effect on release from the liquid state.

4. FISSION PRODUCT RELEASE DURING PHASE 3A

Phase 3a is defined as the time period between 174 and 100 min when the
B-loop pump was restarted and injected a large quantity of liquid into the
vessel. Na "first principles" models exist to characterize fission product
behavior during the quenching of the fuel and formation of the debris bed
which accurred in Phase 3a. Therefore, this section is limited to a
discussion of in-pile experiments th!! were quenched from high temperature,
and the results from metallurgical examination of the upper debris bed
samples from the TH1-2 core.

4.1 Fission Product Release during Fuel Fracturing and f ragmentation

The Power Burst f acility Severe Fuel Damage Scoping Test (Sf D-ST) [22] and
the loss-of-Fluid Test (L0fl) f P-2 experiment (25] are the only two severe
fuel damage in-pile experiments in which the fuel bundle was cooled with a
rapid reflood of water into the bundle. In SFD-ST greater than 90% of the
fission product release occurred af ter initiation of reflood and preliminary
information suggests that a similar release behavior occurred in the LOFT
FP-2 experiment, lhe fuel burnup in these experinents was very low, less
than 450 mwd /MTV. As was discussed above, one would expect fission products
to migrate to grain boundaries in low burnup fuel during a high-temperature
transient. The fuel will crack as it is subjected to thermal-mechanical
stresses during cooling as a result of reflood. Transgranular and
intergranular cracking have been observed in fuel cooled rapidly from hightemperature. Intergranular cracking has been explained (26] based on
quenching from above the equicohesive temperature (about 1900 K in U0p)
where the ultimate tensile strength sharply decreases due primarily te
decreasing grain boundary strength and ductile failure along grain
boundaries. (Note that in the SC0AP/RELAPS calculation described in
Section 3, nearly 90% of the upper half of the core reached temperatures in
excess of 1900 K prior to the B-pump transient.) Some fracture along grain
boundaries was observed in SFD-ST but this phenomenon was not widespread.
Transgranular cracking can intersect accumulations of fission products
trapped at grain boundaries and enhance release. This kind of cracking is
prevalent in both SiD-ST and in the particles that make up the upper debris
bed in TMl-? (Figure 1).

4.2 fuel Morphology of IMI-2 Upper Debris Bed Samples

Samples from the upper debris bed have been examined to characterize the fuel
morphology that is important to fission product release before and during the
pump transient. Specifically, the examination focused on character 1 ring
grain boundary porosity and in'erconnection, the degree of fuel oxidation,
f uel fracturing, and amount of grain growth. Figure 8 shows that tne grain
boundaries contain a great deal of porosity and that some interconnection to
form tunnels along grain edges may have occurred.
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Based on the microstructure of fuel that was not overheated in the accident
(figure 6) and previous work,(20.24,27) it is expected that fission gas
bubbles migrated to the grain boundaries primarily during the heatup in
Phase 2 of the accident. To the extent that open pathways developed along
grain boundary edges, ftssion gases and vapors could be released in this
phase of the accident at a rate exceeding simple diffusion as calculated in
Section 3.1. However, evidence of interaction of the fuel with molten
rircaloy is widespread in the upper debris bed (figure 9) and this
interaction produces liquid uranium metal in the grain boundarles of the
fuel,[19) tending to slow release along previously open pathways. Desp)te
some Auger measurements indicating localized oxidation of the fuel, the
absence of U 049 in the microstructure suggests that fuel oxidation was
not widespread. This observation is consistent with the observed lack of
grain growth. There was a large amount of macrocracking evident in the fuel
cross sections (Figure 7) and fuel pullout during preparation (Figure 10)
indicating that grain boundary separation or intergranular cracking also
occurred. The intersection of macrocracks with porosity trapped at grain
boundarles has been used to explain fission gas release upon cooling from
high temperature transients.[27) Additionally, grain boundary separation can
contribute to fission product release upon reflood.

In summary, the microstructure of the fuel in the upper debris bed suggests
that fission gas bubbles migrated to grain boundaries during the heatup
period of the accident (Phase 2) and that some interlinkage accelerating
fission product release from the fuel may have occurred. However, the
reduction of U0p to uranium in grain boundaries by the interaction with
rircaloy would be expect *! to occur in a similar temperature regime (2200 K)
and, therefore, in a similar time frame, as the interlinkage of porosity
along the boundaries. The net result is that fission product release during
Phase 2 may not have been greatly affected by either grain boundary
interlinkage or the initial stages of fuel liquefaction. The range of
diffusivities employed in the Booth diffusion study of fission product
release in Phase 2 is intended to encompass uncertainties in the phenomena
discussed above. Although the release is not expected to be affected by the
initial stages of fuel liquefaction, the release of fission gas bubbles from
the liquid formed by bulk dissolution of UOp can be rapid as is discussed
in the Phase 3b analysis. The macrocracks and fuel intergranular fracturing
observed in the fuel in the upper debris bed suggest that considerable
addittor,al release of fission gases and volatile fission products could have
taken place upon reflooding at the time of the B-loop pump transient.

5. FISSION PRODUCT RELEASE DURING PHASE 38

Phase 3b is defined as the time period between 180 and 224 min when the
consolidated mass of molten material was in an uncooled geometry surrounded
by water. 02ririg this phase, this mass continued to heatup and form a large
molten pool, ihis molten mass was surrounded by a crust which was covered
with a debris bed. The core was covered with water as a result of the B-loop
pump transient. fission product release during this phase can come from
three separate fuel regions: fuel still in a rod-like geometry, the debris
bed, and the molten pool. Because the rods and debris bed were relatively
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cool, very little fission product release is expected from these sources. As
a result, only fission product release from the molten pool is considered
here.

Details of the geometry of the molten pool used in all calculations in this
section are given in Section 5.1. Different mechanisms are thought to govern
the release of the high and low volatile fission products from the molten
mass. Because the volatile fission products are gaseous at high temperature
(>2800 K) their release is expected to be dominated by bubble dynamics in
the molten pool. Section 5.2 examines bubble dynamice, in a convective pool
to determine the amount of gas that can be released f om the melt. Medium
and low volatile fission products (Sb, Sr,.Eu, Ce) will tend to exist as
condensed phases in the melt. Hence, their release is probably controlled by
convective mass transfer from the melt. The oxygen content of the melt will
be used to determine the dominant chemical form and volatility of these
fiss tor, products. The behavior of the medium and low volatile fission
products will be discussed in Section 5.3. The effect of a crust of U-Zr-0
material surrounding the melt will be investigated in Section 5.4.

5.1 Geometry of the Molten Pool

For all fission product release calculations, the pool was assumed to b? a
hemisphere, 1.45 m in radius and 6385 L in volume. The details of pool
growth during Phase 3b have been neglected. This volume represents 35% of
the original core material. Based on metallurgical examination of samples
that relocated from this region into the lower plenum, the material was found
to be stoichiometric (U,Zr)02 with a melting point of ~2800 K. Potential
fission product inventories in the pool are 35% of the total core inventories
given in Table 1. Physical properties of the molten (U,Zr)07 used in these
calculations are listed in Table 4.

TABLE 4. VALUES OF PHYSICAL CONSTANTS OF M0LTEN (U,Zr)02 AT 2800 Ka

Constant Value Range

Density, p (kg/m3) 8700 --

Viscosity, p (kg/m-s) 5,1 E-03 125%
Heat capacity, cp (J/kg-K) 500 150%

Coefficient of thermal expansion, E (K-l) 9.3 E-05 +100%/-50%
Thermal conductivity, k (W/m-K) 4 !?5%

2Thermal diffusivity, a (m /s) 9.1 E-07 150%
Kinematic viscosity, u (m /s) 5.9 E-07 125%

a. From References 13 and 33.
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5.2~ Volatile fission Product Release from the Melt

The release of noble gases, Kr and Xe, and the volatile fission products, I
r and Cs is expected to be dominated by bubble. dynamics in the molten pool-
| because these high volatile fission products are gaseous at the high

temperatures (>2800 K) in the melt. Results.from the heatup analysis of
this molten mass suggest that a large temperature gradient existed between
the center and periphery of the melt and that-the pool was probably in
natural convection during Phase 3b.[28] As a result, gas bubbles in the melt
can only be released if the buoyant velocity of the bubble is large enough to
overcome the convective velocity in the pool. Comparison of the bubble rise
velocity with the convective velocity in the pool will determine the critical
bubble size that can escape from the pool and be released. This approach-
should provide a conservative estimate of the critical bubble size because 1t
is assumed that the convective pool forces always oppose the buoyant forces
of the bubble. However, given the circular nature of convection cells, it is
recognized that sometimes the convective and buoyant forces act together to
bring bubbles to the surface.

The rise velocity of a spherical gas bubble is found by balancing the drag
and buoyant forces on the bubble. Hence

rise =2pg//9p (8)V

where

density of melt (kg/m3)p =

acceleration due to gravity (m/s?)g -

radius of bubble (m)r =

viscosity of melt (kg/m-s).p =

The convective velocity can be obtained from an energy balance and is given by
|

V 20 pac AT (9)cony

where '

Q total decay energy in the pool (J)=

A area for convection (m2)=

p heat capacity (W/m-K)c =

AT temperature gradient from pool center to surface (pool=

superheat) (K).
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The velocity given by Equation (9) more closely represents the velocity in
the boundary layer than the velocity in the pool because most cf the
temperature gradient across the pool is in the boundary layer. The pool
velocity is probably significantly larger than that given by Equation (9).

The criterion for bubble escape is given by

Vrise > cony
.

Solving for the critical diameter yields

dcrit > 089Vconv# 9IE #

dcrit > (%p/p gAc AT) OW.p

Values for the variables used in Equations (8) through (11) are given in
Tables 4 and 5. Realistic estimates of the ranges of these parameters are
also listed in the table. Substituting the nominal values of the variables
yields a minimum critical diameter of about 37 pm. The major uncertainty
in this calculation is the pool convection velocity (Vconv), which in turn
depends on the pool superheat (AT). Because most of the temperature
gradient is in the boundary layer of the convecting pool, the nominal value
of at is probably too high. A lower temperature gradient through the pool
would cause V to increase. As a result, convection velocities betweenc
0.1 and 10 cm/onvs were used to bracket the range of dcrit. Using these upper
and lower estimates on the pool convection velocity results in a range for
derit betwecn 33 and 328 pm.

Having calculated the critical diameter of bubbles that will escape the pool,
the amcunt of gas in the melt that is in bubbles greater than dcrit needs
to be estimated. Most of the initial volatile fission product inventory will
be in bubbles much less than dcrit. The initial bubble size in the pool is
probably governed by the initial bubble distribution in the fuel grains prior
to liquefaction. For the low burnup fuel in TMI-2, the gas bubbles in solid
fuel are rather small (~100 A). However, as the fuel is dissolved and
temperatures increase, diffusion of volatile fission product atoms in-the
fuel matrix and bulk diffusion of the intragranular gas bubbles in the fuel
will cause most of the gas to reside in bubbles. These bubbles will interact
and grow by coalescence. Coalescence theory can be used to determine the
growth characteristics of the bubble size distribution in the molten pool and
hence estimate how much gas release can be expected during Phase 3b.

The rate of coalescence of a bubble of radius r is given by (29]

dn /dt = 0.5 8(r ,r))n n) - nk B(r ,r )n (12)k 3 g k g g

1+j=k 1-1
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TABLE 5. VALUES Of PARAMETERS USED IN PHASE 3b RELEASE CALCULATION

|
Parameter Value_ _ Range, |. , .

Pool internal heat
3generation, Q (MW/m ) 1.75 10.25

Pool superheat, AT(K) 198 128-320-
Pool ve'ocity, Vconv (cm/s) 0.13 0.1-10

,

Critical diameter, dcrit (pm) 37 33-328 !
Raleigh number, Ra 4.81 E+15 5.10 E +14/3.68 E +16 |Prandtl number, Pr 0.65 !

--

l
2Diffusion coefficient (cm fs) ]

Ru 1.31 E-04 '

Sr 4.24 E-05 |
Sb 6.58 E-05 '

Eup03 3.27 E-05
Cep03 3.24 E-05

where

coalescence frequency function (cm3fs)8(rj,rj) -

3number concentration of bubble of size rk (p/cm ),nk =

The first term represents the rate at 9hich bubbles of size k are formed by
collisions of particles of size i and j. The second term represents the rate
at which bubbles of size k disappear due to coalescence with bubbles of all
other sizes. Two processes are assumed to cause bubble coalescence:
turbulence in the molten pool and differential bubble rise due to buoyancy.
for each mechanism, a coalescence frequency function can be determined.
Although not exactly applicable to the case of turbulence in the pool, a
correlation for aerosol agglomeration in turbulent pipe flow is used.[30] It
is given by

8(1,j )turb = 1.3(rg + r)) (c /v) (13)d

where

( 4/d,)( f /2')l . 5c /v y II4)=
d ony

and

eddy diffusivity (m2/s3)cd =

2kinematic viscosity (m /3)v =
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dm pool diameter (m)=

F fanning friction factor (= 0.004)=

V onyc pool convection velocity (m/s).=

The rate of coalescence due to turbulence is found to be more sensitive to
the velocity of the convecting pool than to the size of the bubble. For
differential bubble rise in the pool, the frequency function is given by [30]

8(1,j) rise = w(r 3 + r))2 IV3 - V)| (15).

As can be seen by examination of Equation (15). two bubbles of the same size
will never coalesce through bubble rise since they rise at the same rate.
For the analysis here, it is assumed that the overall collision frequency
function is given simply as the sum of the turbulent and bubble rise
functions. Figure 11 is a three-dimensional plot of the overall collision
frequency function B(1,j) as a f unction of the diameters of the two
coalescing bubbles. As indicated in the plot, the frequency function
increases dramatically as the size of either of the two coalescing bubbles
increases. This rasult basically reflects the fact that large bubbles can
sweep out more of the gas in the pool than small bubbles due both to their
greater surface area and larger rise velocities. An examination of Equation
(15) indicates that a factor of 10 increase in bubble radius will cause a
factor of 104 increase in the coalescence frequency function. Separate
examinations of the turbulent and bubble rise mechanisms indicate that-

turbulence is only important for very small bubbles. At large sizes,
coalescence is due primarily to bubble rise in the pool. In Equations (12)
through (15) it is assumed that each collision results in coalescence. This
is a common assumption used in both U0p fuel swelling analysis and aerosol
agglomeration theory.[29,30] Despite this fact, it is not clear that this
assumption is correct for very small bubbles. The effects of bubble surface
tension may result in only a fraction of all collisions producing
coalescence. Nevertheless, the assumption that all collisions produce
coalescence is used for this scoping type of study.

| Due to the large uncertainty in many of the input parameters in this model,
several calculations have been performed to bound the amount of gas that is'

released from.the melt as a function of time. Three parameters were thought
to control gas release from the pool. They are: (a) the amount of gas
initially in the melt, (b) the initial size of the bubbles in the pool, and
(c) the velocity in the pool (which determines the critical bubble diameter
for escape and the rate of coalescence due to turbulence). Analysis of
diffusional release during Phase 2 indicates that between 0 and 60% of the !

volatile fission products would have been released from individual fuel
pellets (depending on their location in the core) prior to the formation of
the molten mass. The fuel fracturing that occurred during the pump transient
could have increased these values to close to 100% for some of the small fuel
fragments. Because of this range in release estimates, no single initial
inventory of gas in the melt can be estimated with certainty. As a result,

1
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the sensitivity calculations were performed assuming that the pool contains
100%, 50%, and 10% of its initial inventory. Three initial bubble sizes of
0.01, 0.1, and 1 pm were chosen for the analysis. finally, as stated
earlier, due to uncertainties in pool thermal parameters, natural convection
pool velocities ranging from 0.1 to 10 cm/s were chosen for this analysis.

The amount of gas release as a function of time for the best estimate case is
shown in figure 12. As indicated in the figure, release is very small early
in time as the initial bubble distribution coalesces into larger bubbles.
Once a sufficient quantity ef large bubbles have developed, the amount of gas
escaping the melt increases dramatically due to the sweeping effect of these
bubbles. The results from this best estimate case indicate that most of the
gas would be released from the melt during Phase 3b very quickly (<5 min).
The times to release 75% of the volatile gas inventory from the melt for all
the sensitivity cases are listed in Table 6. The results of all of the
calculations indicate that virtually all of the gas would be released from
the melt during Phase 3b. These results agree with the lodine retention
estimates from the lower plenum samples, yet are in disagreement with the Cs
retention data. Thus, it is postulated that the high cesium retention in the
lower plenum samples is not the result of a physical process, but may be
because the retained cesium is in a less volatile (as yet unknown) chemical
form which reduces it volatility in the melt. Silicates, zirconates, and
borates of cesium are three potential low volatile chemical forms that might
be stable at 2800 K. Silicates could be formed from S10p impurities in the
stainless steel, borates could be formed-by the interaction of 8 C burnable4
poison rods with the cesium, and zirconates could form by reaction of the
cladding with cesium.

,

TABLE 6. VOLATILE flSSION PRODUCT RELEASE RESULTS FOR VARIOUS BUBBLE
C0ALESENCE PARAMETER VALUES

fraction of Time to Release
d V Initial Inventory 75% of Inventory

inkl (E895) (%) (s)
'

O.1 0.1 100 109
0.1 1.0 100 67
0.1 10. 100 29
0.01 10 100 66
0.1 10 100 29

1.0 10 100 8
0.1 10 100 29
0.1 10 50 57
0.1 10 10 291
0.1 10 100 369a

a. Coalescence rate determined from turbulence alone. Bubble rise was not i

considered. |
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S.3 Medium and Lcw Volatile Fission Product Release from the Melt

-Unlike the volatile fission products, the medium and low volatile fission
products will tend to remain as condensed phases in the melt because of their.
low vapor pressures. .The chemical forms of-the lower volatile fission
products.in the melt are determined by the oxygen potential in the melt. As
indicated in Figure 13, the high oxygen potential of stoichiometric
(U,Zr)07 at 2800 K (- 590 kJ/ mole.0 ) suggests that Eu and Ce will exist7
as oxides (i.e., Eup0 , and Cep0 ) whereas Ru, Sr, and Sb will exist3 3
as metals because of their low oxidation potentials.

Release of these materials from the molten pool can be calculated based on
mass transport through a 11guld. The rate of mass transport of a species in
a liquid is given by

c^I bulk - surface)*
vap

where

k c mass transport coefficient through the condensed phase=

(m/s)

2A surface area for vaporization (m )=

3C ulk bulk concentration of species in the melt (kgmole/m )b =

concentration of species at the surface (kgmole/m3),Csurface =

Assuming that the concentration at the surface is much smaller than the bulk
concentration, a mass balance on the pool yields

dC/dt - -Mvap/V = -(k A@C (H)e

where V is the voluue of the pool. The solution to Equation (17) is a simple
exponentiel with time constant of (V/k A). The time constant is ac
function 05 tiie geometry and mass transport coefficient. The mass transport
coefficient is determined by the hydrodynamics of the pool. Three extreme
cases have been examined: (a) a stagnant pool where mass transport is
controlled by. diffusion, (b) a well-mixed pool where mass transport is
contrM led by natural convection of vapor to the pool surface, and (c) mass
transport of vapor to the volatile fission gas bubbles in the pool.

For the pure diffusion calculation, the pool was modeled as a parallelpiped
with a volume and height equal to that of the hemispherical pool (V = 6385 L.
R - 1.45 m). For this geometry, the mass transport coefficient is given by
[31)

k-(3+v)wD/[R(1+4/2r/3)] (18)

|
i

)
:
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where

P 2diffusion coefficient of condensed phase in'the melt (m /s),

R radius of pool (m).=

f or the case where transport 1.1 the pool is controlled by natural convection,
the mass transport coefficients ~for the top and bottom of the pool can be
obtained from heat transfer correlations and the mass transfer analogy.[32]
Thus

0
top = 0.36 Ra .23 (Sc/Pr)0.23 (39)Nu

0
bottom = 0.6 Ra .2 (Sc/Pr)0.2 (20)Nu

where

Ra Rayleigh number of the pool-

Sc Schmidt number=

Pr Prandtl number.=

The Ray,leigh, Schmidt, and Prandtl numbers are given by

4Ra = (gBQR /avk), Sc = v/D and Pr = v/a (21)

where

thermal expansion coefficient (K-l)B =

Q 3volumetric heat generation in the pool (W/m }=

thermal diffusivity (m2 s)/a =

k thermal conductivity (W/m-K).=

The average mass transport coefficient for the pool is given by surface area
averaging Nutop and Nubottom

k = (0/R)(Nuggp + 2Nubottom) 3 I Ie *

The diffusion coefficient for a condensed phase in the melt is given by (33]

1

D = 8.2 E-10 (1 * (3v ##a) ) T/(p # ) (23)b ba
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!where

0 diffusion coefficient (cm2 s) |/=

viscosity of the melt (g/cm-s)pb =

3molar volume of the melt (cm /gmolo)va = ,

I

molar volume of the condensed phase (cm3/gmole)vb =

temperature of melt (K).T =

For the case of mass transport to the volatile gas bubbles, a transport time j
can be estimated using the equation for diffusion to a sphere (31)

2 2T = R /(v 0) (24)

where the characteristic size, R, is the radius of the bubble. Values of the
parameters used to calculate the miss transport results are listed in Table 5.

Time constants have been calculat(d for the various fission product species
using Equations (17) through (24). The results are presented.in Table 7.
The time constants associated witt pure diffusion to the pool surface are
extremely long for all species ;ue to the small surface to volume ratio of
the molten pool. As expected, the time constants for the well-mixed pool are

by contrast, the time constant associatedsmaller than those for diffu m.
with diffusion to a 10-pm bubble tor all species is well under one second.
This rapid transport time does not indicate however, that large release of
the medium and low volatile fission products would be expected. The vapor
concentration, Cbulk, of these fission product species in the melt needs to
be examined. Raoult's law can be used to estimate the vapor concentration of
the fission product oxides (Eup0 , Ce2 3) because they are soluble in3 0
the ceramic melt. The low vapor pressures of Eup03 and Cep0 '3
combined with their low mole fractions in the melt, result in a very small
vapor concentration. Although the metallic. fission products (Ru and Sb) have
moderate vapor pressures at 2800 K, their vapor concentrations in the pool
are also very small because of alloying of these species with other metallic
components (Fe, Ni, Cr) (34,35] and the low mole fraction of metallic
material in the molten pool. All of these thermodynamic arguments indicate
that despite the potential for very quick diffusional transport times to the
volatile gas bubbles, very little release of these medium and low volatile
fission products would be expected because of their low upper pressures and
mole fractions in the molten pool during the accident. However, if the
material that did not relocate to the lower plenum remained hot for many
hours, then the results in Table 7 indicate that some release might have
occurred very late in the accident. All of these results agree with the
lower volatile fission product retention data in Table 2. For the fission
product oxides (Eu2 3, Cep0 ), very little release was noted. The0 3
low retention of the metallic fission products (Ru and Sb) in the lower
plenum ceramic samples is not the result of vaporization. Rather, the low
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TABLE 7. TIME CONSTANTS FOR Diff0SIONAL FISSION PRODUCT RELEASE FROM THE
MOLTEN POOL

DiffusionWitgout Natural Diffusion to a
Convection Convection 10 pm bubble

Species (days) (h) (s)

Ru 96 3.9 7.70 E-04
Sr 297 9.4 2.38 E-04
Sb 197 8.8 1.53- E -03
Eup03 386 11.5 3.13 E-03
Ce2 3 389 11.6 3.12 E-030

.

a. For a rectangular parallelpiped of the same volume as the pool and a
height corresponding to the pool radius of 1.45 m.

retention in these ceramic samples reflects the fact that Ru and Sb are tied
up with the other metallic components (Fe, Ni, and Cr) in the melt that were
not sampled. ;

5.4 Effect of a Surrounding Crust
4

It is not expected that the crust would have any open cracks in it due to its I
self-sealing nature. Because the material at the crust / pool interface is at ;

the melting point, any crack in the crust would tend to be plugged by_the !

molten material and refreeze thus preventing release of volatile fission
products until the large relocation of material at 224 min, i

6. FISSION PRODUCT RELEASE DURING PHASE 4

Very little fission product release is expected during the core relocation in
Phase 4 because it occurred so rapidly. Release during this phase is4

'
probably governed by the break-up dynamics of the molten column as it entered;

the water in the lower plenum. The extent-of release will be a function of
the amount of melt surface area and trapped. fission products exposed to water

l during and following the relocation. Estimating fission product release
under such conditions is very difficult because of the difficulty in
characterizing the cracking and breakup of the molten material as it entered
the lower plenum. Postlest examination of the fuel bundle in Test SFD'l.1
(21) indicated that significant cracking of the molten U-Zr 0 mass j

contributed to the large fission gas release upon cooldown. Thus, the '

potential existed for significant release of volatile gas inventory during
Phase 4, depending on the extent of fragmentation as the debris entered.the
lower plenum. However, based on the results from the Phase 3b coalescence
calculations, very little gas is expected to be trapped in the molten ;

material at the time of relocation.
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7. SUMMARY AND CONCLUSIONS

Based on this preliminary analysis of fission product behavior during'the
TMI-2 accident, the following conclusions can be drawn concerning high,
medium, and low volatile fission product release:

Vclatiles (Noble cas, I, Cs, Te):

Volatile fission product release during Phase 2 was dominated by
diffusion up to the point that significant liquefaction of the fuel (
occurred. Based on a series of sensitivity calculations, the average 1

core-wide fission product release during this phase was within the range
of 0 to 27%, though individual locations within the core may have
experienced up to 60% ralease. The macrocracks and fuel intergranular
fracturing observed in the fuel in the upper debris bed suggest that
considerable additional release of fission gases and volatile fission
products could have taken place upon reflood following the B-loop pump
transient. These volatile fission product release results are generally
consistent with the iodine and cesium retention data obtained from the
upper debris samples.

Although in general Te release from the fuel pellets would be roughly
similar to the Xe diffusional results, separate effects test data
indicate that Te tends to become bound to unoxidized Zr in the
cladding. As the Zr oxidizes, the Te is released and transported from
the cladding. Therefore, it is expected that those areas of the TMI-?
core that experienced a high degree of oxidation should have high Te
releases while more Te retention is expected in areas of low oxidation.

Bubble coalescence calculations indicate that following liquefaction and
consolidation of the molten material into a large pool, volatile fission
products should be released very quickly from the melt due to sweeping
of small gas bubbles by large ones to the melt surface. However, the
gas would probably be trapped inside the crust until it failed at
224 min. The molten fuel breakup and macrocracking that occurred during
Phase 4 can result in release of any trapped volatile gas bubbles. The
magnitude of the potential release depends on the extent of debris
breakup as the molten material entered the lower plenum, lhese results
are in agreement with the iodine retention data for the lower plenum

( samples. However, these results also indicate that the high cesium
retention in the lower plenum samples is not the result of physical
bubble trapping in the molten pool. it is postulated that the cesium is
in a less volatile (as yet unknown) chemical form which reduces it

i volatility in the melt. Silicates, zirconates, and borates of cesium
are three potential low volatile chemical forms that might be stable at
2800 K.

Medium (Ru, Sb) and low (Eu, Ce) Volatile Fission Product Release:
The chemical forms of the medium and low volatile fission products are
determined by the oxygen potential of the system. The oxygen potential
of the molten (U,Zr)0
exist as oxides (i.e.7 pool in TMI-2 suggests that Eu and Ce will, Eup03 and Cc2 3) while Ru, Sr, and Sb0
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will exist as metals. Very little medium and low volatile fission
product release was calculated to have occurred during the TMI-2 '

accident primarily because of the low volatility of these species in
both the solid and molten fuel and the low surface-to; volume ratio of /

the melt. These calculational results agree with the lower volatile
(Eu, Ce) fission product retention data. The low retention of the
metallic fission products (Ru and Sb) in the lower plenum ceramic
samples is not the result of vaporization. Rather, the low retention in
these ceramic samples reflects the fact that Ru and Sb are tied up with
the other metallic components (Fe, Ni, and Cr) in the melt that were not
sampled.

The fission product retention estimates developed in this study have been
compared, to the extent possible, with retention data from lower and upper
plenum samples. This analysis has been able to explain some of the
measurement results, however additional work is still required to explain the
high cesium retention in the lower plenum. The results from this study will
be factored into the accident scenario to provide additional insight inte the
accident. In addition, the results of this study will be used to help
resolve outstanding severe accident and source term issues relating to
fission product release, transport, and chemical form.
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