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(2) The aerosol agglomeration calculations would have to be 
performed for the complete blowdown process. not just the 
start-of-blowdown conditions emphasized in the present 
study. This would require a model development effort 
because current models are limited to constant upstream 
conditions. Conditions become substantially more favorable 
to rainout as blowdown proceeds.  

(3) Aerosol agglomeration calculations would have to be 
performed for a considerably wider range of containment.  
thermal-hydraulic, and meteorological conditions than has 
been treated here (in the present treatment, aerosol 
calculations were performed for only three of the 25 cases 
of the thermal-hydraulic/meteorological sensitivity study).  

(4) Results of ta~ks 1 through 3 would have to be applied in 
the context of risk-dominant sequences at specific plants.  
including site-specific meteorology.  

Should the result of the first task above indicate that the 
degree of agglomeration falls somewhere in the lower portion of 

the present uncertainty band, it is likely that tasks 2 and 3 
would confirm that rainout is of no direct importance to risk.  
If the first task should show that agglomeration falls in the 
upper portion of the present uncertainty band (e.g.. is compar
able to that calculated using the WETJET base case parameters).  
identification of the combinations of parameters yielding signi
ficant rainout from tasks 2 and 3 might lead to a significant.  
direct reduction in risk estimates, but this result is certainly 
not assured.  

8.2 The Steam Generator Tube Rupture Event at Ginna 

In 1982. a steam generator tube rupture event was reported at the 
R.F. Ginna Nuclear Power Plant. At the time of the generator 
tube rupture, and for the entire period of interest, there was a 
wind speed of about 6 m/s (measured at a height of 10 m above the 
ground). The atmospheric stability was neutral, the temperature 
was about -120C. and light snow was falling. During the inci
dent, primary system coolant was released to the atmosphere and 
a snowfall from the plume was reported.  

An analysis of the event is given in Ramsdell et al.. [Ra83].  
In their evaluation, they model the release as an isenthalpic 
expansion across the safety vents. However, they note their flow 
velocities are unrealistically high, and the flow in the vents 
is likely to be sonic. Also, they assume that the moisture in 
the plume does not enhance washout, but they note that this 
assumption is probably not good since the Ginna plume probably 
contained a large water excess; the excess water would probably
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condense and fall out of the plume near the release point, and 
the surface deposition near the release point would probably be 
higher than their results indicate while the distant surface 
concentrations would probably be lower.  

During the later stages of the accident, the main steam line from 
the generator filled with water. As a result, water rather than 
steam was vented at that time. It is believed that much of the 
the contamination released through the safety valve was associ
ated with the fraction of the effluent released as liquid water.  
In the Ramsdell (Ra83] analysis, they conclude that the liquid 
leaving the vents will fall near (within 100 m) the source.  

The specific conditions that were present during the Ginna steam 
generator tube rupture are not addressed in this report.  
However. the modeling techniques developed for this investigation 
could possibly be extended to perform an analysis of the Ginna 
incident at least in the early stages of the release before the 
water was released. The Ramsdell [Ra83] report provides informa
tion about the plume trajectory, the flow velocities in the 
plume and the plume water content. With this information, the 
model developed for this investigation could be used to estimate 
the additional washout that occurred due to condensation in the 
plume. Application of the current model to the later stages of 
the incident would be more difficult. The models developed here 
do not apply to cases where the steam quality is much less than one. They would have to be modified in order to model the the 
later stages of the event.  

8.3 Consequence Modeling Implications 

Currently, the transition, from a highly pressurized containment 
state to a low pressure plume state is not modeled in containment 
response codes and is treated parametrically in consequence 
codes.  

If the transition from the containment state to the plume state 
occurs through a jet state as described in this study, not only 
is there the potential for rainout. but the initial conditions 
for a typical consequence calculation could be altered. Even in 
cases where droplets of rainout size are not produced, a change 
in the size of the residual solid particles (after evaporation) 
can occur. Also, a change in the the thermodynamic state due to 
cooling and condensation in the jet can occur. Finally, the 
initial height of the plume may be affected by the expansion that 
occurs during the jet phase and aerodynamic forces created by 
the jet that may pull the jet toward the ground.  

These changes in the initial conditions may very well produce 
only small perturbations in the consequence calculations, 
however. For instance, an increase in the diameter of the
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Soviet Medical Response to the 
Chernobyl Nuclear Accident 
Roger E. Unnemann, MD

The nuclear accident at Chernobyl was the worst in the history of nuclear power.  
It tested the organized medical response to mass radiation casualties. This 
article reviews the Soviet response as reported at the 1986 postaccdent review 
meeting i Vienna and as determined from interviews. The Soviets used three 
levels of care: rescue and first aid at the plant site; emergency treatment at 
regional hospitals; and definitive evaluation and treatment in Moscow. Diagnosis.  
triage, patient disposition, attendant exposure, and preventive actions are 
detailed. The United States would be well advised to organize its resources 
definitively to cope with future nonmilitary nuclear accidents.  

JAMA 1913A&S7443)

THE NUCLEAR accident at Cher
nobyl was the worst in the history of 
nuclear power, and it was the first test of 
an organized emergency medical re
sponse to mass radiation casualties. The 
present account of the Soviet emer
gency medical plan is based on my par
ticipation in the postaccident review 
meeting conducted in Vienna from Aug 
24 to 29, 1986. The meeting, sponsored 
by the International Atomic Energy 
Agency, was conducted by a group of 
experts in various nuclear disciplines 
from the Soviet Union. It was the first 
official Soviet report of the cause and 
consequences of the Chernobyl acci
dent.' The meeting was exceptionally 
well organized, and the Soviets were 
exceedingly open and forthright. In ad
dition to the formal presentations, I was 
able to obtain additional information in 
personal conversations with Angelina 
Guskova, MD, a Russian radiologist 
who is chief of the Institute of Biophys-

Fram the 0.parfe• of Radation Therapy, Univeo
sity o Pensiylvania School of Medicine. and Radiation 
Managenaien Consultants. Philadelphlia.  

Repril requests to Radiation Managemenl consul
tants. 5301 Tacory St. Box 05, Philadelphia, PA 19137 
(Or Ljnnrnannt

ics, Moscow, and with Leonid Ilyin, 
MD, vice president of the Soviet Acad
emy of Medical Sciences, Moscow. Dr 
Guslwva played a key role in both the 
emergency medical response and man
agement of patients in the aftermath of 
the accident.  

The main purpose of the present re
port is to describe the organizational 
aspects of the Soviet medical response.  
It should be emphasized that the Soviet 
report on which the present article is 
heavily dependent is preliminary~mm 
The medical data presented in the So
viet report and those data that have 
subsequently become available through 
interviews, personal communications, 
and verbal presentations by Soviet phy
sicians must, of necessity, be carefully 
interpreted. Fbr example, the particu
lar cytologic techniques used to obtain 
blood cell counts are not given. Dose 
estimates derived from such measure
ments can be highly dependent on the 
techniques employed. Also, in the pres
ent article, the dose unit, gray (rad), is 
repeated as given in the Soviet report.  
However, most of the conclusions on 
individual doses are based on biologic 
criteria such as vomiting and results of 
cell cytometry. Properly speaking,

doses so derived may be reported only 
in terms of the unit "roentgen equiva
lents mang (sievert).  

Considering the volume of data gath
ered by hundreds of medical personnel 
on thousands of evacuees and patients, 
the Soviet scientists have done a com
mendable job in the analysis of data and 
preparation of the report in the short 
time between the accident and the 
meeting in Vienna. Though more formal 
scientific articles and data analyses are 
expected ftomm the Soviet medical corn
munity, it will be years before detailed, 
definitive scientific reports on each topic 
and subtopic reach publication.  

The Chernobyl site, located 80 Ikn 
north of Kiev and 3 km from Pripyat, 
had four operating reactors, one reactor 
under cpnstruction, and one planned.  
The four operating units were graphite
moderated, water-cooled reactors, 
which initially were used almost exclu
sively in the Soviet Union to generate 
electricity. Twenty-three of the 44 oper
ating nuclear power plants in the Soviet 
Union are of the graphite type.' In 
contradistinction, Western countries 
adopted the water-moderated, water
cooled reactor for commercial use of 
nuclear power. The moderating medium 
is important in the optimization of the 
speed of neutrons necessary to cause 
fissioning of uranium 235 atoms. The 
choice of graphite as a moderator was a 
critical factor in the medical conse
quences of this accident.  

Because of their confidence in the de
sign of the reactor, the Soviets did not 
enclose the entire unit with a contain
ment structure3 and had not developed 
either an off-site emergency plan or 
employed an off-site monitoring system.  
However, they do appear to have had a
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Pripyat Kiev 

Fig I•-Soviet plan defined three Wlvs of cOr: first aid a rescue of plant site, emergency treatment at regional hosptats. and teriary care at dermintrve-care centers.

well-organized medical emergency re
sponse system for nuclear accidents.  

SOVIET MEDICAL PLAN 
The emergency medical plan for nu

clear accidents in the Soviet Union was 
developed in the late 1960s. It specified 
three levels of care (Fig 1): rescue and 
first aid at the plant site; emergency 
treatment at regional hospitals; and de
finitive evaluation and treatment at a 
specialized center in Moscow.  

At the Chernobyl site, the medical 
station is located in the administration 
building. This station is normally 
staffed with physicians, nurses, and 
technicians. It is equipped with decon
tamination facilities, a radiobioassay 
laboratory, survey instrumentation, 
ambulance transportation, and a hold
ing facility that can be expanded to 115 
beds. The regional hospitals are located 
in Pripyat and Chernobyl and their pri
mary responsibilities are emergency 
treatment for trauma, decontamina
tion, and the initial evaluation of radia
tion injuries. The specialized center in 
Moscow has two components: a multi
specialty clinical center at Hospital No.  
6, and a radiologic evaluation center at 
the Institute of Biophysics.  

The radiologic evaluation center com
prises the following facilities: a radio
bioassay laboratory with radiocounting 
and radiochemistry for blood, tissue, 
and excreta analysis; a whole-body 
counter; thyroid uptake counters; radia
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tion cytogenetics; radiopathology; ra
diobiology; and a multispecialty re
sponse team for dispatch to the site of an 
accident. Dr Guskova and her col
leagues established the procedures for 
the evaluation and triage of patients at 
both the site and the regional hospitals.  

The medical response at Chernobyl 
was activated in three phases: early, in
termediate, and late. The early phase 
was conducted by site medical person
nel on duty at the time of the accident, 
and by medical support from regional 
hospitals. The intermediate phase in
volved the specialized medical-radio
logic team from Moscow. The late phase 
included medical brigades recruited 
from throughout the Soviet Union to 
examine evacuees.  

INITIAL MEDICAL RESPONSE 
At the time of the accident, 1:23 Am, 

April 26, 1986, 444 workers, including 
176 operating staff members and 268 
construction workers, were on-site.  
Hundreds of additional personnel were 
called in for rescue, plant control, and 
fire-fighting operations. The three tech
nicians on duty at the medical station 
were notified within minutes of the acci
dent, and within the first half hour 29 
patients were admitted to the medical 
station. At 2 AM an urgent summons 
was issued for two surgical and resusci
tation teams from Pripyat. One hundred 
fifteen beds at the medical station were 
prepared and medical teams were orga-

nized to enter the plant for rescue and 
first aid. A first aid and decontamina
tion station was established at the per
sonnel air lock where all persons enter 
and exit from the plant. lb avoid over
whelming the patient decontamination 
facilities at the medical station, all pa
tients were stripped of water-soaked, 
contaminated clothing and given first 
aid at the personnel air lock before 
transfer to the medical station. Four 
more off-site medical teams were sum
moned, and at 6:40 Am a call was placed 
for the specialty team in Moscow. Dr 
Guskova and the team arrived at noon, 
approximately ten hours after the acci
dent.  

The medical plan provided for a two
tiered triage system for handling mul
tiple casualties. The first triage was 
conducted on site during the hours fol
lowing the accident. During this phase, 
victims with serious trauma and a his
tory of high-level exposure to radiation 
received the highest priority. The sec
ond triage took place over the next few 
days at the regional hospitals where 
patients with acute radiation syndrome 
were sorted for evacuation to definitive 
care centers.  

The immediate and most serious med
ical problem was thermal skin damage.  
Of five thermal burn victims, two re
quired intensive care for shock and one 
died at 6 AM, 51A hours after the acci
dent. In addition, an employee working 
in the reactor building at the time of the 
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a accident was presumed to have beer 
killed by the explosion and buried b3 
falling debris.  

In the absence of physical dosimetry 
identification of radiation casualties wa 
based on whether nausea and vomiting 
occurred. Plant monitors were de
stroyed in the explosion. The reason for 
the unavailability of personnel danim
eters was not reported. Presumably, 
these dosimeters were either off-scale, 
contaminated, or lost in the confusion.  
Anyone exhibiting symptoms entered 
the medical evaluation system. Vomit
ing was considered particularly signifi
cant because its time of onset after 
exposure can be qualitatively, and to a 
certain extent quantitatively, related to 
dose and prognosis.' 

Although some of the reported or ob
served nausea and vomiting was not due 
to radiation exposure, the triage team 
assumed that it was, pending confirma
tion of the diagnosis by further testing.  
Those workers who did not exhibit mild 
nausea and vomiting until several hours 
after exposure were decontaminated 
and sent home. They were asked to re
turn for further evaluation after the 
crisis had subsided. 14 at this time, 
hematologic evaluation confirmed a 
large expulure, they were hospitalized.  

Typically, the acute radiation syn
drome results in nausea and vomiting 
that abates within one or two days.  
Some workers who suffered exposure 
failed to disclose their symptoms of 
nausea and vomiting. These workers 
were not identified as having received a 
significant exposure until several days 
later, when medical personnel were able 
to evaluate asymptomatic as well as 
temporarily symptomatic patients. Af
ter being examined in the hospital, 
some patients were discharged for out
patient follow-up, 

Erythemna can also be used as a clini
cal indication of radiation injury. Early 
erythema, appearing within hours of 
exposure, is a threshhold phenomenon 
that affects the germinal layer of the 
skin after exposure to approximately 12 
to 20 Gy (1200 to 2000 rad) It peaks 
after approximately 24 hours and fades 
over the next few days.' This early 
erythema is a result of damage to capil
laries that are dilated and have in
creased perneability.' Fission products 
emit medium- to high-energy beta radi
ations that can penetrate and damage 
the dermis. Very early erythema in the 
Chernobyl victims, however, was most 
likely due to thermal radiation, not beta 
radiation. Even so, in the attempt to 
sort out the victims in the first few days, 
erythema was considered to be sugges
tive of high-level beta radiation expo
sure until further evaluation ruled this 
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out. Also, early thermal erythema can 
usually be distinguished from ionizihg 
radiation injury because it is painful, 
whereas the latter is not.  

s Erythema that appears within 24 
hours or less can be caused by total
body exposure to penetrating gamma 
rays and indicates a lethal or near-lethal 
dose (6 Gy (600 radD. Skin effects seen 
in fire fighters and rescue personnel 
resulted when clothing became soaked 
with radioactive steam and water as 
workers attempted to cool the burning 
graphite with streams of water. The 
ambient gamma exposures near the re
actor were as high as I to 1.5 Gy/h (100 to 
150 radlh) (Angelina Guskova, MD, oral 
communication, August 1986) One So
viet physicist who peered over the wall 
of the damaged reactor received a dose 
of 2.5 to 3.0 Gy (25 to 30 rad) in a few 
minutes (Philadelphia Inquirer April 
10, 1986, p 1); this would indicate expo
sure rates on the order of 4 to 5 Gy/h 
(400 to 500 rad/h). Skin contamination 
on some of the fire fighters from water
soaked clothing resulted in near tdtal
body radiation burns that developed 
over the next few weeks.  

The heavy patient load at the medical 
station in the first hours after the acci
dent precluded complete patient decon
tamination on-site. After undergoing 
one or two attempts at decontamina
tion, patients were referred to the 
regional hospitals. In some cases, con
taminated patients were sent to Hospi
tal No. 6 in Moscow (Angelina Guskova, 
MD, oral communication, August 19861 
Within the first 12 hours before the 
arrival of the specialty team from Mos
cow; a total of 130 patients had been 
referred to hospitals in Pripyat and 
Chernobyl 

When the team of specialists (derma
tologists, hematologists, radiobiolo
gists, and physicists) arrived from Mos
cow, they continued to sort radiation 
casualties at regional hospitals for evac
uation to definitive-care centers. Muco
sitis, diarrhea, and fever were also con
sidered to be evidence of severe 
radiation exposure. Complete blood cell 
counts, including platelet counts, were 
performed every few hours on hospi
talized patients. A rapid drop in both 
neutrophil and lymphocyte counts in 
the first few days indicated exposures in 
the lethal range.' Of the 350 patients 
evaluated for acute radiation syndrome 
in the first few days, 203 were trans
ferred to clinical centers in Moscow and 
Kiev. Although high levels of internal 
contamination were suspected, evalua- t 
tion and treatment for internal con
tamination were deferred to definitive
care centers. However, blood samples t 
were obtained on the first day and

analyzed for sodium 24 content. None 
was found, indicating the absence of 
exposure to neutrons.  

DEFINITIVE EVALUATION 
Radiologic evaluation continued in 

Moscow and Kiev. Thousands of white 
blood cell counts, as many as three and 
four per patient per day, were per
formed. In addition, 154 radiation 
cytogenetic studies were completed in 
the first three weeks. Electron spin 
resonance (ESR) was performed on the 
tooth enamel of four patients who died.  
The preliminary dose estimates from 
this procedure agreed well ( ± 20%) with 
dose estimates from cytogenetic and 
neutrophil profiles (Angelina Guskova, 
MD, oral communication, August 1986) 
Based on cytogenetic dose estimates, 
which indicated uniform total-body ir
radiation in almost all cases, a profile of 
the neutrophil count was predicted in 
each of the 115 patients in Moscow.  
Figure 2 illustrates this predictive 
curve for a representative patient who 
received 3.5 Gy (350 rad), compared 
with the actual neutrophil counts plot
ted over time. Agreement was excel
lent.  

In Moscow and Kiev, in vivo and in 
vitro analyses were performed for inter
nal contamination. The major contami
nants identified are as follows: iodine 131 
and 132; cesium 134 and 137; niobium 95; 
cerium 144; ruthenium 103 and 106; and 
plutonium 239. Of these, cesium and 
iodine isotopes predominated and ac
counted for 90% of the absorbed dose 
contributed by internal radionuclides.  
All patients had significant internal con
tamination. Dr Guskova believed, how
ever, that the contribution from internal 
contamination to the total dose was 
relatively important in only two pa
tients. In one patient, the total-body 
dose from iodine 131 and 132 and cesium 
134 and 137 was estimated to be 4 Gy 
(400 rad), and in the other patient it was 
1.5 Gy (150 radW." Both patients also 
suffered from large external gamma 
exposures.  

On April 28, 1986, urinalysis for alpha 
radiation activity was performed on ten 
patients. Three patients showed posi
tive results of 2.0, 0.67, and 0.1 nCi/mL 
(74, 25, and 3.7 Bq/mL) A diagnostic 
trial of the drug pentetate calcium tri
sodium (Pentacine), to accelerate the 
elimination of plutonium, was unsuc
cessful.*," Dr Guskova stated that 
Prussian blue was used to accelerate the 
elimination of cesium by way of the gas
rointestinal tract, but to no avail. As 
the results of the radiologic evaluations 
n Moscow and Kiev were analyzed, pa
tients were classified according to pre
riously established dose groups. The

A V:J! 

sy 

":A 

• ic••

Soviet Response to Chernobyl-.Unnerann 639

J



C

x

Table I.-Clnica Response of Established Dose Gmps* 

Lymphocyte 
Onse of so Count at 

Dose Nausa and 34d. x 101L Platelet Skin Dose Range, 
Group Vomiting, h Latricy, d (per mm

3) CounL d sums Gy raod) 

1 2 30 0.6-1.0 1500-1000) 25-28 0 1-2 (100-200) 

2 1-2 15-25 0.3-0.5 (300-500) 17-24 Few 2-4 (200-400) 

3 0.5-1 8-17 0.1-0.2 1100-200) 10-16 6 4-6 1400-M00 

4 0.5 6- 0.1 (100) 6-10 22 6-16 (600-i600)

rThe platelet cowA reached al the lime indicatld 400 x 109/1. 14000Imm) or less. The latency is he te 
between cessation ni ti symplomrs &d the onset of secondary. mor. se• e symptoms.

0481216 20242632 3640 " 4652 56 60 

No. of Days Mtter Irradiationi 

Fog I-Representafive patient who received 
eabrngd uniform total-body gamma exposure of 
3.3 Gy(330 rnd) Broken line Indates predton of 
neutpt" profile based on early cytogenetlc std
iee; soad Une. actu neutroph 1 profile as measured 
in day, fWowing accident 

clinical basis for this classification is 
presented in Table L 

MARROW TRANSPLANTATION 
Bone marrow transplantation for 

acute radiation syndrome had been at
tempted twice before the accident at 
Chernobyl. In a reactor accident at 
Vinca, Yugoslavia, in 1958, five workers 
who received doses greater than 3 Gy 
(300 tad) were treated with allogenic 
bone marrow grafting. All but one sur
vived.1 There was some question, how
ever, as to the effectiveness of the bone 
marrow transplants, since the patients' 
own bone marrow showed signs of re
generation after a transitory marrow 
"take. In the second instance, the 
transplanted bone marrow was highly 
effective in decreasing morbidity and 
enabling survival of the patient. In this 
case, the patient, who received a total
body dose of 6 Gy (600 rad), received 
marrow from an identical twin brother 
on the eighth postirradiation day; by 
day 21, marrow competence was re
stored.' 

A total of 19 marrow transplantations 
were attempted on the Chernobyl vic
tims. Six were transplants of fetal liver, 
rich in fetal marrow, and 13 were allo
genic bone marrow transplants. All six 
of the patients who received fetal liver 
transplants died, and 12 of the 13 allo
genic bone marrow transplant recipi
ents died.' 

The fetal liver transplantations, 
which are still only under research and 
development even in the United States, 
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were attempted early by the Soviet 
physicians in patients with near-fatal 
skin burns or in patients in whom ade
quate HLA typing for bone marrow 
transplantation was impossible because 
of early loss of lymphocytes as a result of 
severe exposure to radiation. Fetal liver 
was used in severely burned patients to 
avoid risking the life of a donor for bone 
marrow transplantation. A total of 113 
potential donors, close family members 
in most cases, were evaluated to obtain 
the 13 bone marrow transplants. Seven 
of the marrow recipients died between 
the ninth and 19th days after the trans
plant from overwhelming skin and 
gastrointestinal damage before the 
transplanted marrow could adequately 
support the patient. In the remaining 
six bone marrow transplant recipients, 
only a temporary "take" was observed.  
Five of these patients died, two of them 
of complications from the immunosup
pression induced for bone marrow 
transplantation (Angelina Guskova, 
MD, oral communication, August 1986) 
In the single survivor, the patient' own 
bone marrow regenerated after the re
jection of the transplanted marrow. * 

In the opinion of the Soviet physi
cians, marrow transplant played a 
minor role in overall patient manage
ment. Marrow transplant did not seem 
to help patients with exposures greater 
than 10 Gy (1000 rad), in whom the 
Soviet physicians attributed death to 
effects on organs other than the bone 
marrow. Below 5 Gy (500 rad), patients 
can survive without marrow transplan
tation. Dr Guskova indicated that, in the 
future, marrow transplant for the acute 
radiation syndrome should be used 
sparingly and only after a long period of 
observation when it is clinically clear 
that marrow regeneration is unlikely.  
Today, with the advances in conserva
tive hematologic care, Dr Guskova be
Lieves that patients exposed to as much 
as approximately 8 Gy (800 rad) have a 
better chance of survival without mar
row transplant. The range of radiation 
exposure for marrow transplantation is 
probably between 8 and 12 Gy (800 and 
1200 rad). In the final analysis, the

patient's clinical condition, not the radi
ation dose received, should determine 
the necessity for marrow transplanta
tion.  

PATIENT DISPOSITION 
Of the 203 victims who were hospital

ized, 30 died: one of severe thermal 
burns within hours of the accident, and 
29 of complications of thermal and radia
tion injury. None of the patients in 
group 1 (Table 2) died. There were also 
no skin injuries in this group. There was 
only one death in group 2, which had few 
patients with skin injuries. Seven of the 
23 patients in group 3 died two to seven 
weeks following exposure. Six of the 
seven had suffered severe skin damage.  
Of the 20 patients in group 4 in Moscow, 
eight suffered severe skin damage cov
ering 60% to 100% of the body surface, 
and two had received high levels of in
ternal contamination. Seventeen of the 
20 patients in group 4 in Moscow died 
within ten to 15 days. Two patients in 
Kiev died within four to ten days. In her 
presentation in Vienna, Dr Guskova 
stated that the skin damage in 20 of the 
victims was in itself life threatening.  
Robert P. Gale, MD, PhD, Department 
of Medicine, Division of Hematology/ 
Oncology, UCLA, who assisted the So
viet physicians in bone marrow trans
plantation, estimated that 50 patients 
had received more than 5 Gy (500 rad)." 
It is reasonable to assume that the 
marrow transplants were performed in 
this group. Since 18 of the 19 transplant 
recipients died, and the number of 
deaths among patients hospitalized for 
acute radiation syndrome was 29, then 
at least 21 of the patients (42%) who 
received a dose of 5 Gy (500 rad) or more 
survived after receiving advanced but 
conservative hematologic care. This 
would indicate that treatment can en
able more patients to survive larger 
doses of radiation than was previously 
believed. However, it is possible that 
doses received by these patients were 
actually less than estimated. Further 
analysis of the data will help clarify this 
point. The Soviet experience to date 
indicates that bone marrow transplant 

Soviet Response to Chernobyl-Linnemann

f 
t.  
d 
a 

tt 

ti 

in 

W( 

fri 
br 
nlu 
tot

JAI



Table 2.-Disposition of Patients With Acute Radiation SyndrorneO 

Location, No. of Patients " 
NO. of 

Group Kiev Moscow Deaths Dose, Gy Irs 
1 74 31 0 1-2 (100}200) 
2- 10 43 t 2-4 (200400) 
3 2 21 7 4-6 (400-600) 
4 2 20 21 6-16 (80-1600) 

"TOWal U 115 29 

"A ltlal f 2W03 paents were admitted lor acute radion syudkrme. After inall clnlcat evauon and obsenal.  
tie pellent were classified Into Owm lor exposure groups. The more saverely iradated patients were wated in the 
designated center In Moscow.

has a specific but limited use in the 
treatment of the acute radiation syn
drome.  

ATTENDANT EXPOSURE 
Although the total number of medical 

attendants working on-site during the 
accident was not reported, Dr Guskova 
stated that eight of them suffered from 
acute radiation syndrome. One, a young 
physician, later died. Some of the medi
cal personnel in attendance at Hospi
tal No. 6 in Moscow received 0.04- to 
0.05-Gy (4- to 5-rad) total-body expo
sures and 0.35- to 0.4-Gy (35- to 40-rad) 
hand exposures during the first two 
weeks (Angelina Guskova, MD, oral 
communication, August 1986) These 
exposures primarily were incurred by 
handling patients with high burdens of 
internal contamination and/or contami
nated damaged skin. Contamination 
control procedures were established in 
Hospital No. 6, and medical attendants 
were followed up with whole-body 
counting and urinalysis for possible ex
posure. These data have not yet been 
reported.  

Before the Chernobyl accident, the 
focus on decontamination of patients 
was at the scene of the accident or at 
regional hospitals. It is now clear that 
contaminated patients may be trans
ferred to definitive-care centers. Con
tamination control procedures must be 
developed in emergency departments 
and in hematologic and burn wards.  
These procedures can be an extension of 
those already present in medical cen
ters for handling patients receiving 
radioisotopic treatment or brachy
therapy (implant of a radioactive 
source, eg, cesium 137 or iridium 192, 
into tumor tissue) 

THIRD PHASE OF 
MEDICAL RESPONSE 

Within days, 450 medical "brigades" 
were organized and sent to Chernobyl 
from all parts of the Soviet Union. Each 
brigade consisted of a physician, a 
nurse, and a radiation technician. A 
total of 5960 medical personnel, includ-

ing 1240 physicians, 920 nurses, and 
2720 radiation technicians, were 
used.u"I The mission of these brigades 
was to attend to evacuees and site per
sonnel who had not received doses of 
radiation sufficient to cause symptoms 
that led to hospitalization. These bri
gades were responsible for medical and 
radiologic examinations of the 135000 
evacuees and 100 000 children, many of 
whom were outside the evacuation zone.  
Though no children were reported'to 
have experienced acute radiation syn
drome, many were temporarily hospi
talized for anxiety and other illnesses 
(Leonid Ilyin, MD, oral communication, 
August 1986) In the first weeks, over 
100000 thyroid scans and blood cell 
counts and more than 1000 whole-body 
counts were performed, the results of 
which have not yet been made available.  
The medical brigades were also respon
sible for supervising the detection of 
radioactive contamination, skin decon
tamination, and the distribution of po
tassium iodide to the off-site population.  

The estimated individual exposures 
to the residents of Pripyat, who were 
advised six hours after the accident 
to stay indoors, averaged 0.033 Gy 
(3.3 rad). The comparable unsheltered 
dose from the time of the accident to 
evacuation was estimated to be 0.1 to 
0.15 Gy (10 to 15 rad).K") The average in
dividual exposure for the 135 000 evacu
ees was estimated to be 0.12 Gy (12 rad) 

POTASSIUM IODIDE 
A large amount of potassium iodide 

130-mg tablets was readily available for 
use during this accident. Potassium io
dide was distributed to site personnel at 
3 AM, 1½ hours after the accident, and to 
residents of Pripyat at 8 AM on April 
26th, 6ýi hours after the accident. It 
took much longer, from April 28th to the 
first days in May, to initiate and com
plete distribution of potassium iodide to 
the remaining population (90000 per
sons) within 30 km. All recipients took 
one tablet of potassium iodide daily 
until May 6th. There were 2000 preg
nant women among the 135 000 evacuees

B
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living within 30 km of the site and none 
were given potassium iodide. The av
erage total-body dose for pregnant 
women was 0.43 Gy (43 rad) 
(Y. Lukanova, MD, unpublished tele
conference, Sept U, 1986) At this writ
ing, 300 live births "with no obvious 
abnormalities" had been reported (New 
York Times, Feb 16, 1987, pl.01 At the 
April 1987 Southampton (England) 
Symposium of the British Institute of 
Radiology, it was reported that all new
borns in the year since Chernobyl were 
normal." The number of miscarriages 
and spontaneous or therapeutic abor
tions is not known. Also not known is 
the number of abortions induced for 
reasons of birth control.  

In addition to reducing the iodine 131 
uptake by the thyroid gland, the Soviet 
physicians felt that potassium iodide 
had a positive psychological effect on 
the population. They reported a number 
of minor side effects such as a metallic 
taste sensation and pharyngitis (Leonid 
Ilyin, MD, oral communication, August 
1986). None of these side effects re
quired medical attention. In north
eastern Poland, however, severe iodine 
reactions occurred among 17 of the 
10000000 potassium iodide recipients 
immediately after the first iodine 131 
contamination of this area of Europe.  
These shocklike reactions required 
medical therapy (C. C. Lushbaugh, 
MD, oral communication, May 1987) 
The results of the thyroid iodine 131 up
take studies performed at two different 
times on the evacuees are seen in Table 
3. The highest thyroid doses were re
ported in peasants who ignored the 
government warning and continued to 
drink milk from private cows. Because 
of the late administration of potassium 
iodide to the evacuees and the continu
ous releases of iodine 131 from the acci
dent, the thyroid radiation exposure 
may be higher than was first calculated.  

Potassium iodide is the recommended 
treatment for an accidental overexpo
sure to iodine 131. If an exposure. to 
iodine 131 will result in a thyroid dose of 
0.1to 0.3 Gy (10 to 30 rad) or greater, the 
National Council on Radiation Protec
tion recommends that a 130-mg dose of 
potassium iodide be administered as 
soon as possible and repeated daily for 
seven to ten days.' If given within one 
hour, an effective thyroid block to iodine 
131 uptake of 90% or more can be 
achieved; at four to five hours, the iodine 
131 uptake can be decreased by 50%.  
Initiating the administration of potas
sium iodide after 12 hours will have very 
little effect.' Below an expected thyroid 
dose of 0.1 Gy (10 rad), adverse effects of 
the drug may outweigh radioiodine haz
ards.

L
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Table 3.-Thyroid Iodine 131 Levels in Evacuees" 

Thyroid Dose, Persons 
1CI IMBq) Afficted, % 

Apd 26. 1987 (n-171) 
<20 (<0 74) 87 
<50 (<18) 94 

100-150 (3.7-5.6) 1.5 
>200 (>7.4) 0.5 

May S. 1986 n1 -104) 
<10 (<0.37) 90 ,'.  

10-20 (0.37-0.74) 5.2 
20-50 (0.74-1.8) 4.8 

'Measurements taken April 26 were from the poputa
bon of Prnpy.. Those taken May 6 were from the more 
dstant populations. Data were presented by Arngelna 
Guskova. MO. at the Vienna meeting., (Meq widicates 
mega"becquerel.) 

OBSERVATIONS 
The Chernobyl accident represented 

the first time a preplanned, organized 
emergency medical program responded 
to a nuclear accident involving mass 
radiation casualties. Though the Sovi
ets probably never anticipated evaluat
ing and treating hundreds of casualties, 
the program expanded to meet the 
need.  

Three key organizational factors con
tributed to the success of the operation.  
First, and most important, the emer
gency medical response was coordi
nated and directed by a single highly 
qualified physician. With only one per
son responsible for coordination of med
ical activities at all locations, the 
opportunities for confusion and mis
management were greatly minimized.  
Second, the design of the program pro
vided that knowledgeable physicians 
would be immediately available both on
site and at regional hospitals to sort 
patients and provide early medical care.  
The presence of these physicians expe
dited early triage efforts and, in retro
spect, saved lives. Since radiation inju
ries are seldom, if ever, immediately life 
threatening, patients with life-threat
ening nonradiation trauma received im
mediate medical attention. Those with 
less serious injuries and symptoms of 
acute radiation syndrome received at
tention as needed. The third factor was 
the availability and later arrival of a 
team of radiation medicine experts from 
Moscow to assist regional hospitals in 
further radiologic evaluation of people 
needing evacuation to predesignated 
definitive-care centers. That no more 
than 30 people died while under medical 
care is a tribute to Soviet planning and 
their expertise in radiation medicine.  

The Chernobyl facility, when com
pared with Western commercial nuclear 
power plants, is unique. The large mass 
of combustible material, along with the 
lack of full containment, was the under
lying basis for the severity and number 
of casualties. The burning graphite pile 
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and the fires on the roofs of adjacent 
reactor buildings required herbic mea
sures to control. Without these fires, it 
is unlikely that so many people would 
have been exposed to such high levels of 
radiation and that skin damage would 
have resulted from thermal and radia
tion effects.  

The Soviet experience emphasizes 
the need to establish priorities in medi
cal response. First, there is a need to 
train physicians living in the vicinity of 
nuclear facilities to provide and control 
the initial medical response for on-site 
victims, including triage and initial 
radiologic evaluation. This competence 
must be periodically maintained. Sec
ond, there must be available to these 
physicians "specialty" teams to assist 
them in secondary radiologic triage of 
patients. This triage, as at Chernobyl, 
should take place at local hospitals so 
that, except for those with major 
trauma, patients can be evacuated in an 
unhurried manner to definitive-care 
centers. These centers must be medi
cally, radiologically, and psychologically 
prepared to receive and handle radia
tion injuries. Third, a number of defini
tive radiation medicine centers should 
be identified, such as centers for ra
dioactively contaminated trauma and 
burned patients and centers for ad
vanced hematologic care, a few of which 
need to include facilities for bone mar
row transplantation. Having available a 
variety of centers alleviates the problem 
of overburdening any one center and 
would allow for flexibility and timeliness 
of evacuation. AU medical facilities in 
the chain of evacuation, including defini
tive care centers, must be prepared to 
detect and control contamination.  
These medical facilities also must make 
provisions for monitoring attendant 
personnel for both internal and external 
radiation exposure over extended peri
ods of time. A coordinated medical and 
health physics response should be set 
up ahead of time. Ad hoc arrangements 
after the fact can only lead to increased 
confusion and delay in proper patient 
care.  

There has never been an accident in 
a US commercial nuclear power plant in 
which an employee developed symp
toms as a result of exposure to ionizing 
radiation. The difference in the design 
of Western reactors (water-moderated 
vs the Soviet graphite-moderated reac
tor), the absence of a large amount of 
combustible material, and the develop
ment and exercise of emergency plans 
since the Three Mile Island accident 
minimize the risk of having a large 
number of employees with severe radia
tion injuries. However, an accident in a 
commercial nuclear reactor still has the

potential to produce contaminated ther
mal burns, fewer but equally complex 
radiation injuries, and a larger number 
of asymptomatic exposures requiring 
medical and radiologic evaluation. Also.  
physicians can expect that an accident 
in the United States would result in 
intense media attention to patient care, 
a contingency not immediately faced by 
the Soviets.  

PREPAREDNESS IN THE 
UNITED STATES 

The Chernobyl accident has drawn 
the attention of the medical community 
to preparedness for nonmilitary nuclear 
accidents in the United States. The 
American Medical Association con
vened a committee on this subject and 
held a conference, "International Con
ference on Non-Military Radiation 
Emergencies," in November 1986 in 
Washington, DC. The proceedings of 
this conference will be available shortly.  
The Nuclear Regulatory Commission 
and the nuclear industry are also con
ducting a review of medical prepared
ness. In November 1986, the Federal 
Emergency Management Agency is
sued a guidance memorandum for medi
cal preparedness at state and local lev
els." 

Presently, there are two major pro
grams in this country with a committed 
24-hour availability of emergency medi
cal response for nuclear accidents. The 
Radiation Emergency Assistance Cen
terfrraining Site (REAC/TS), spon
sored by the federal government, is 
located at Oak Ridge, Tenn; Radiation 
Management Consultants (RMC), de
veloped by the nuclear industry, is lo
cated in Philadelphia. Radiation Man
agement Consultants developed the 
regional approach to the management of 
radiation injuries"' Both RMC and the 
REAC/TS maintain "specialty teams" 
for dispatch to accident scenes or local 
hospitals to assist in radiologic evalua
tion and to identify patients for evacua
tion to definitive-care centers. Both 
have available an accident radiobioassay 
capability (including whole-body count
ing), radiation cytogenetic facilities, 
and external dosimetric evaluation to 
support clinicians in the definitive eval
uation and treatment of radiation in
juries. While the RMC program is 
primarily dedicated to accidents in com
mercial nuclear power plants, the major 
responsibility of the REAC/TS is to 
accidents in federal facilities and to the 
World Health Organization for acci
dents in the Western Hemisphere. Both 
organizations work closely to support 
each other should there be a shortage of 
resources.  

Both organizations also conduct semi
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nars and training programs for medical 
personnel in the evaluation and treat
ment of radiation injuries. Radiation 
Management Consultants and the Radi
ation Emergency Medical Service Cor
poration, located in Albuquerque, also 
conduct semiannual on-site training and 
drills in the handling of radiation inju
ries at nuclear power plant sites, associ
ated local ambulance organizations; and 
hospitals. Following are some of the 
medical centers that have both the clini
cal and radiologic capability to provide 
definitive evaluation and treatment of 
radiation injuries: The Hospital of the 
University of Pennsylvania, Philadel
phia; Northwestern Memorial Hospital.  
Chicago; the University of Cincinnati 
Hospital Medical Center; and the Pres
byterian University Hospital, Pitts
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To assess properly all of the medical
radiologic resources available and nec
essary to respond to nonmilitary nu
clear accidents in the United States, a 
number of tasks need to be accom
plished. Nuclear facilities where acci
dents could result in more than a few 

7 serious radiation injuries should be 
identified. This study should review po
tential accident scenarios, the number 
of people most likely to be involved, and 
the extent and severity of both radiation 
and nonradiation injuries.  

A probability risk assessment would 
determine the expected frequency of 
such accidents. The availability of lo
cally trained medical resources around 
each facility also should be identified.  
The study should also determine which 
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other institutions and organizations 
provide emergency response and are 
prepared to serve as hematologic, burn, 
and bone marrow transplant centers for 
radiation injuries. The location of indi
vidual physicians and health physicists 
with experience in accident dosimetry 
and patient evaluation would also be a 
valuable part of this study.  

In summary, it appears likely that 
there are ample medical and radiologic 
resources in the United States to cope 
with nonmilitary nuclear accidents.  
However, these resources are not al
ways readily identifiable or organized to 
respond in a timely manner to provide 
the best patient care and alleviate the 
enormous anxiety that is sure to accom
pany a large accident. That is the lesson 
of Chernobyl! 
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Charles E. Rossi

The major conclusions are as follows: 

1. Study of SGTR due to severe accident conditions is difficult due to 
the complexity of the phenomena and the developmental nature of 
analysis techniques.  

2. Further work is necessary to conclude that SGTR is unlikely under 
conditions associated with a severe accident.  

3. SGTR due to severe accident conditions can be shown not to be a problem 
if the reactor coolant system is depressurized.  

laren Lyon 

Facilities Operations Branch 

Enclosure: As stated 

cc: T. Novak 
S. Lona 
F. Coffman 
J. Han 
V. Leung 
V. Noonan 
V. Nerses 
M. Cunningham 
J. Murphy 
R. Barrett
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Foreword

This report addresses the state of knowledge pertainina to Steam Fenerator 
Tube Rupture during postulated severe accidents (approach to core melt and 
core melt), and the application of this knowledoe to the Seabrook Station 
nuclear power plant. This is an interim report, prepared with the 
assumption that the work and assessment will continue. The report does not 
cover all material received from Public Service of New Hampshire (PSNH1 and 
its contractors, nor is it intended to provide a complete coverage of the 
issue. It does, however, identify a number of areas where work has been 
accomplished, it provides an assessment of that work, and it provides 
suggestions for future work which may be needed to resolve the issue.  
Actual resolution effort will depend upon addressing such issues as a 
pressurized Reactor Coolant System vs. one which has been depressurized.
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Nomenclature

Alternatinq current 
Advisory Committee on Reactor Safeguards 
Brookhaven National Laboratory 
Electric Power Research Institute 
Inadequate core coolinc 
Kilowatt 
Larson Miller parameter 
Loss of coolant accident 
Megawatt 
Nuclear Regulatory Commission 
Nuclear steam supply system 
Plant damaoe state (See below) 
Pressure operated relief valve 
Probabilistic Pisk Assessment 
Public Service of New Hampshire 
Request for additional information 
Reactor coolant pump 
Reactor coolant system 
Refuelino water storage tank 
Steam generator 
Steam generator tube rupture 
The NRC Staff

Plant damage states are used to classify conditions as follows: 

1 Early core melt, low RCS pressure at time of reactor vessel failure, RWST 
injection not initiated 

2 Early core melt, low RCS pressure at time of reactor vessel failure, RWST 
injection initiated 

3 Early core melt, high RCS pressure at time of reactor vessel failure, RWST 
injection not initiated 

4¶ Early core melt, high PCS pressure at time of reactor vessel failure, PWST 
injection initiated 

5 Late core melt, low RCS pressure at time of reactor vessel failure, RWST 
injection not initiated 

6 Late core melt, low PCS pressure at time of reactor vessel failure, RWST 
injection initiated 

7 Late core melt, high RCS pressure at time of reactor vessel failure, RWST 
injection not initiated

8 Late core 
injection

melt, high RCS pressure at time of reactor vessel failure, RWST 
initiated

9 Core melt with nor-isolated SGTR
3

AC 
ACRS 
BNL 
EPRI 
ICC 
KW 
LM 
LOCA 
MW 
NRC 
NSSS 
PDS 
PORV 
PRA 
PSN" 
RAI 
RCP 
RCS 
RWST 
SG 
SGTR 
Staff



A 

B 

C 

D 

E 

F 

FP 

FA

Containment intact at start of 
product removal available 

Containment intact at start of 
available 

Containment intact at start of 
removal only available 
Containment intact at start of 
tions available 

Containment not Intact at start 

Containment not intact at start 
than three inch diameter 
Containment not intact at start 
than three inch diameter 

Aircraft crash

4

core melt, containment heat and fission 

core melt, containment heat removal only 

core melt, containment fission product 

core melt, none of the containment func

of core melt, activity release filtered 

of core melt, containment opening larger 

of core melt, containmpnt opening smaller



I. OVERVIEW AND SUIMMARY

The Public Service of New Hampshire (PSNH) has presented information to show 
that the Seabrook Station containment is one of the strongest of any nuclear 
power plant. It also contains one of the largest volumes. This combination 
leads to a conclusion that the containmnt haS tho capability to either 
significantly delay or prevent the release of large quantities of radioactive 
material during and following a severe (core damage or core melt) accident.  
Based on this premise, any sianificant risk associated with Seabrook Station 
will likely be found in accidents which bypass containment.  

Recognizing this, the Staff and PSNH have explored containment bypass 
possibilities. One possibility, the topic of this report, and a potential 
issue that has been under investigation by industry and the Staff for several 
years, is the loss of steam generator tube integrity due to generation of high 
temperatures at high pressure during a core melt accident. The potential 
concern involves movement of high temperature fluid from the region of the 
melting reactor core into the steam generator tubes, with a resultant over
heating of the tubes which leads to their rupture. High pressure fluid 
containino radioactive material from the melting core would thereby be released 
to the secondary side of the steam oenerators, from where it could be released 
to the environment via the steam generator relief valves, thus bypassing 
containment.  

For steam generator tube rupture (SGTR) to be a concern as addressed here, one 
must have a core damage (or melt) cordition in progress with no water on the 
steam generator secondary side. The principal contributor to this condition is 
estimated to be a loss of all AC power concurrent with a loss of all turbine 
driven feedwater to the steam generators. PSNH has investigated the 
possibility of encountering conditions which can contribute to SGTR and has 
determined the likelihood to be less than 4 X 10-5 per reactor year. This is 
sufficiently high, and the potential consequences of SGTR under severe accident 
conditions are sufficiently great, that further investigation has been 
necessary. This investigation is ongoing. This report provides an interim 
assessment of the status of the investigation, as well as a projection of 
expected results.
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Study of SGTR due to severe accident conditions is difficult. The phenomena 
are complex, and most analysis techniques used to investigate nuclear power 
plant behavior have utilized assumptions which are not applicable here. The 
principal complication is the multidimensional character of fluid behavior in 
the reactor coolant system. Suitable computer programs are just beginnina to 
become available. Suitable experimental information is just beina developed.  
Hence, pioneering work, such as provided by PSNH in investigation of this 
issue, can be expected to have weaknesses as well as strengths. We have found 
this expectation to be true.  

The work reported by PSNH and its contractors is highly informative and 
addresses most aspects of the SGTR issue. It is based upon knowledge of what 
takes place within the Nuclear Steam Supply System (NSSS), upon a major 
computer proaram that is under development and is beina verified (MAAP), and 
upon information derived from an experimental program at Westinghouse. The 
following is a summary of the reported information and our assessment: 

1. Mathematical modeling. Expected phenomena, experimental information 
pertinent to the phenomena, and modeling assumptions have been addressed 
for each of the ma'or components of the NSSS which are affected. Multi
dimensional fluid flow and energy transport have been established as 
dominant over most of the conditions of interest. We consider this erea 
to be in a preliminary staae of development, and there are some potential 
difficulties, which include: 

a. Certain modeling assumptions are overly optimistic. An example is 
the assumption of complete mixing in the steam generator inlet plenum 
which tends to reduce the temperature of fluid entering the steam 
generator tubes. This assumption is not supported by the available 
experimental evidence, and the effects of the assumption are not 
balanced by identifiable pessimistic assumptions elsewhere in the 
analysis.  

b. Experimental evidence is preliminary. The experimental facility at 
Westinghouse is providing information pertinent to this issue.  
However, testing has been limited to conditions which are only
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rouohly scaled to PSSS representation. This is due to a logical 
progression in the test planning and facility development. Data from 
apparently well scaled test conditions are just becoming available.  
No other test facility addresses certain aspects of this issue.  

c. The computer program used as the basis for much of the work has not 
been verified, nor is documentation available. We understand a 
verification program and an effort to provide documentation are 
underway. (PSNH contractors have offered to discuss this information 
with us. Our review has not progressed to the stage where we can 
make use of this offer.) Although the phenomena we understand to be 
modeled by the code appear adequate for the purposes needed here, and 
the code results appear reasonable subject to our concerns as 
expressed elsewhere in this report, this is not sufficient 
information to accept the analysis results.  

2. Seabrook Station Representation. The basic analyses and sensitivity 
studies have been based upon a plant configuration in which the NSSS state 
is assumed. Most of the assumed state conditions are reasonable. There 
are exceptions. For example, the steam generator secondary side is 
assumed to be at a pressure corresponding to secondary side relief valve 
settings, and creep rupture of tubes is reported for this state. The 
resulting conclusions are similarly based upon this state. We believe 
there is sufficient likelihood the secondary side will be depressurized 
that this case should be considered. Depressurization would roughly 
double tube stress since the secondary side pressure would be decreased 
from roughly 1100 psi to atmospheric pressure while the RCS pressure 
remained at approximately 2300 psi.  

3. Sensitivity Studies. PSNH and its contractors have performed a wide 
ranging sensitivity study as part of an assessment of the impact of 
various modeling assumptions and the state of the plant. Although this 
yields valuable information and itnsiaht, sensitivity studies should be
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approached with caution. They are only as good as the basic modeling.  

The impact of our difficulty with assumptions such as the behavior of the 
steam qenerator inlet plenum is not addressed in the sensitivity study, 

and could impact the results and conclusions.  

4. Operator Actions. Plant response can be drastically altered by operator 

actions during a severe accident. SGTR is no exception. A number of 
operator responses have been discussed with PSNH. Although many of these 
were postulated actions, significant information has been developed from 
these postulations. Recognition that operator actions could depressurize 
the steam generator secondary side is one item raised during the review.  
Depressurization of the reactor coolant system via the pressurizer 

Pressure Operated Relief Valve (PORV) to avoid the SSTR problem is 
another.  

We find that the topic of SGTR is in a developing state, with knowledge being 
rapidly accumulated. Further work is necessary to conclude that SGTR is 
unlikely under all conditions associated with a severe accident.  

Existing knowledge can be used to support a conclusion that SGTR is not a 
problem if the RCS is depressurized. Consequently, reasonable assurance that 
progressions toward core melt would not occur at high RCS pressure, coupled 
with supportino evidence in regard to steam generator tube response, would 
alleviate our concern regarding SGTR under severe accident conditions. We 
have not conducted an evaluation of the trade-offs associated with such an 
approach, nor have we been provided with information that would either support 
or negate RCS depressurization under severe accident conditions. We have not 

provided a recommendation regarding whether RCS depressurization is attractive 

when all pertinent factors are considered.  

Our judgement is that a carefully conducted thorough evaluation on the part of 
PSNH can establish that the likelihood that a SGTR will result due to 
overheating durino severe accidents which initiate from power operation is 
sufficiently small that the risk associated with this event can he shown to be 
necliqible. Our judgement is preliminary and has not been substantiated.  

Theofanous (Ref. 22) believes depressurization should be accomplished, and 
does not foresee any significant reasons why this should not be done.  
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Determination of the correctness of a Judgement regarding SGTP under severe 
accident conditions originating from power operation with the RCS at high 
pressure can be based upon a combination of analytic and experimental investi
gations. The ongoing test at Westinghouse in which reasonably close similitude 
is claimed between the test facility and appropriate parts of a Westinahouse 
four loop NSSS will provide key data which can be applied to assist in the 
development and confirmation of analysis techniques. Ilse of selected test data 
from other facilities and further examination of the analysis techniques, 
coupled with necessary changes when they are uncovered, should provide 
sufficient confirmation that reasonable reliance can be placed upon accident 
analyses pertinent to this issue. Suitable analyses can then provide a ** 

sufficient foundation to resolve this issue. Such a program will represent a 
formidable undertaking.  

Theofanous (Ref. 22) states this judgement to be "... an overly optimistic 
and inappropriate judgement for the Regulatory to make at this time".' He 
continues with "...the procedure outlined to 'substantiate this .4udgement' is 
unrealistic and incomplete". Although we continue to believe the issue can 
eventually be established to not contribute significantly to risk, we certainly 
agree with Theofanous' assessment that such a determination will not be easy.  
Further, our "judgement" is preliminary and unsubstantiated, and is not to be 
used as the basis for any regulatory findings until reasonably established to 
be incorrect or correct.  
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2. INTRODUCTION

The Public Service of New Hampshire (PSNH) reporting of Seabrook response to 

accident conditions in References I - 4 represents one of the most comprehen

sive investigations of nuclear power plant accidents in a specific plant that 

we have encountered. Some accidents which have a significant impact upon risk 

are treated more comprehensively than previously reported by any investigator.  

For example, References 3 and a describe an investigation of LOCA outside of 

containment that is more comprehensive than any we have reviewed. Many of the 
commonly used conservatisms, which distort the perception of accident impact, 

have been removed. What results is a serious attempt to better represent plant 

response to severe accident conditions, with particular attention to items 

which have previously been identified as having a serious impact upon risk.  

PSNH has presented information to show that Seabrook Station has one of the 

strongest containments of any nuclear power plant. It is also one of the 

largest with respect to containment volume. The combination of large volume 

and strength leads PSNH to a conclusion that the containment can mitigate 

virtually every severe accident and, at the worst, can significantly delay 

release of meaningful quantities of radioactive material during anc following 

core melt accidents. Most core melt accidents can be contained within the 

Seabrook Statior containment, and, if this is accomplished, little radioactive 

material will escape. The full mitigative capability of the Seabrook contain

ment will be realized if there are no "holes" in the containment. Such holes 

can exist if any of the following occur: 

1. Containment is not properly closed (isolated), such as can occur if 

containment ventilation is not properly closed upon receipt of a contain

ment isolation signal, 

2. A failure occurs which allows the containment atmosphere to escape, such 

as failure of a containment penetration due to a combination of hioh 

pressure and high temperature, or
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3. A failure occurs which allows material to move directly from the Nuclear 
Steam Supply System (NSSS), principally the Reactor Coolant System (RCS), 
to the environment, such as occurs with the traditional "Event V" (Ref.  
5), with LOCA outside containment leading to core melt and the release of 

radioactive material via the LOCA flow pathway.  

Clearly, if PSNH conclusions regarding containment strength are verified, there 
will be little risk associated with accidents at Seabrook Station unless 
containment is bypassed. Therefore, core damage accidents with containment 

bypass deserve careful attention. PSNH has reported studying some bypass 
accidents in detail (Pefs. 3, 4, 12, 17, and 18). Such studies have led them 
to conclude that certain bypass accidents at Seabrook, such as LOCA outside 

containment, engender significantly less risk than previously believed. Other 
bypass accidents have only recently been identified and accident investloation 

is not complete.  

One potential area for bypass, as identified above, involves paths between the 
RCS and the environment. Certain phenomena can potentially lead to such paths.  
These involve multidimensional fluid behavior and fission product transport 
within the RCS during the approach to core melt and during the core melt 

process. Consideration of these phenomena has a significant impact upon RCS 
response, including potentially the location of RCS failure. There are many 
possible implications, including the possibility that the impact of PCS failure 
on containment may have been overestimated in past analyses. The implication 
of interest here is that failure to accurately model RCS fluid and fission 
product heating behavior might result in an RCS failure which bypasses con
tainment. The only area discovered where this is of immediate concern 
involves the Steam Generator (SG) tubes. If these fail during a core melt 

accident while the RCS is at high pressure, there is a high potential of a 
major release via the SG relief valves or the SG Pressure Operated Relief 
Valves (PORVs), which vent directly to the environment; or via a rupture in a 
steam line outside containment.  

The general concern addressed in this repcrt is the rupture of multiple SG 

tubes in response to high temperature, which in turn is a result of core

11



uncovery. This accident sequence should be of concern any time there is a core 
melt with the RCS at high pressure in combination with no water in the SG 
secondary sides. These conditions lead to a potential for natural circulation 
transport phenomena to significantly heat the tubes prior to breach of the 
reactor vessel. If this occurs, the resulting loss of tube strength could lead 
to tube rupture. If tube rupture occurs, and any of the secondary side valves 
are open, the secondary side is breached outside containment. Alternatively, 
if the RCS pressure is above the SG relief valve setpoints, containment is 
similarly bypassed. There is no substantiation which establishes that these 
valves will close after being exposed to such an environment, nor has it been 
established that other secondary side failures will not occur. This area has 
not been adequately investigated, and is not recognized as a release path in 
the early Pickard, Lowe and Garrick work on risk Investigation at Seabrook 
Station (Refs. 1-4), nor is it addressed in any of the other PRAs we have 
received. It has been addressed in more recent work (Refs. 12, 17, and 18).  

The concern was expressed as the rupture of multiple steam generator tubes. We 
do not believe single tube ruptures will occur under the severe accident 
conditions of Interest. The reason for this is that if one tube ruptures, or 
even begins to leak significantly, this will induce flow of hot RCS fluid 
toward the leak. Therefore, the location of tube rupture will probably ouickly 
become hotter. If high temperature is what led to the break, a higher 
temperature can only make it worse. Tubes in the vicinity of the break will be 
exposed to the high velocity break flow, in additional to high temperature, 
weakening them and, we believe, quickly leading to their failure. We believe 
this cascading effect would rapidly propaaate to multiple tube rupture, 
stopping only when sufficient RCS depressurization has occurred that tubes are 
no longer stressed by a significant pressure differential across their walls.  

This belief is based in part on the assumption that SG tube degradation 
has been controlled and there are no "outliers" which fail significantly 
sooner than other tubes due to existino tube imperfections.  
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Although this report is limited to SG tube rupture, there are other SG compo
nents which separate PCS fluid from the SG secondary side. These components, 
such as the SG tube sheet, must be investiaated to achieve completeness in the 
investigation of containmert bypass via the steam generator.  

An initial consideration in investigation of the SG tube rupture issue is "What 
is the likelihood of attaining conditions where SC tube response could be of 
concern?" Principally, the conditions are loss of all SG feedwater with a 
simultaneous loss of PCS makeup capability; conditions which result, for 
example, from a loss of all AC electrical power with the simultaneous loss of 
the turbine driven auxiliary feedwater pump. PSNH estimated this condition to 

** have a mean annual frequency of less than 4.5 X 10- 5 per reactor year (Ref.  
17). A value of this magnitude is sufficiently hioh that tube response must be 

considered.  

We have not fully investigated this value or its uncertainty and consequently 
are not verifying it as "correct" via its usage here. We do believe it is 
of a reasonable magnitude, and as such, that further work on SG tube rupture 

is indicated.
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?. STEAM GENEPATOR TUBE PIIPTURE (SGTR) UNDER SEVERE ACCIDENT CONIDITIOPS 

3.1. Description of Phenomena and Potential Concern.  

The RCS is generally modeled with a one dimensional representation of fluid 

flow, and in some cases with parallel one dimensional modelina in regions such 
as the reactor vessel. This has been particularly true for PRAs, where to our 
knowledge, all have been based upon computer code analyses which incorporated 
single dimensional representations of fluid behavior within the RCS. Addi
tionally, movement of the source of heat due to fission product migration is 
seldom modeled.  

The possibility of RCS behavior being different from what is generally repre
sented during severe accidents has been recognized for some time. Winters 
(Ref. 6) identified aspects of the problem in 1q82. Denny identified poten
tially important aspects of natural circulation, and fenny and Sehqal (Ref. 71 
provided preliminary multidimensional analysis results in 1983. The topic was 
discussed by an NRC containment response working group and with the ACRS (Refs.  
19 and 20), it was the subject of an NRC/Industry meeting (Ref. 8) and a formal 
request for work within NRC (Ref. 9), and SGTR possibilities were identified 
(Ref. 21) in 1984. Potential impact upon SGTR was estimated on a preliminary 
basis (Ref. 10), and experimental data were presented from an ongoino series of 
tests (Ref. 11), in 1985. Numerous analysis results have been published since 
the early publications of Denny and Sehgal which represent work sponsored by 
both industry and the NRC. However, there is no published analysis of overall 
NSSS response to a broad range of severe accident conditions which includes 

these phenomena, and which is based upon accident analysis methods which have 
been subjected to broad peer review and acceptance. This introduces a 
difficulty into review of SGTR durinq severe accidents with respect to the 
impact upon the Seabrook Station risk evaluation. As will be seen, sufficient 
work has been accomplished that what appear to be reasonable conclusions can be 
formulated, although confirmation will require additional effort. As will 

further be seen, there appear to he operational methods which can negate the 
problem, although the impact on other aspects of plant operation has not heen 

evaluated.
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The potential misrepresentation of system response of concern here stems from 

the fluid flow behavior inherent in one dimensional modeling as utili7ed by 
most accident analysis codes. Such modeling typically represents flow through 

the reactor core as determined by the water boiloff rate from the lower core or 
lower plenum. This rate becomes small as the water level approaches the bottom 

of the core. Typical calculations (see historical references which were 
previously discussed) indicate that the flow rate due to natural convection 

which occurs in a multidimensional manner is of the order of ten or more times 
that of the flow due to boiloff. Hence, the calculations are typically based 
on a minor contributor to flow, and the major contributor is neglected.  

The modeling difficulty also applies to upper plenum behavior. One dimensional 

modeling of any fluid (liquid, vapor, or gas) that passes throuch the core is 
typically assumed to flow through the upper plenum and out the hot leg.  

This modelino is incorrect under severe accident conditions where a major 

portion of the core has been uncovered or the core is beina vapor or Oas cooled 
since strong recirculation patterns will develop which thermally link the core 
and upper plenum. At pressures in the range of 2250 psi, the linkage is 
strong, and some of the upper plenum component temperatures can be expected to 
closely follow core temperature during the early stages of the approach to core 

melt. The strength of the linkage diminishes with decreasing pressure.  
Information also exists which illustrates a decrease in linkage with Increasing 
hydrogen concentration and core damage (although initial production of hydrogen 
may enhance circulation due to the buoyant gas "pushing" its way toward upper 

regions of the reactor vessel).  

Correct consideration of the hot leg and steam generator behavior leads to 

calculation of significantly different behavior when contrasted to one 
dimensional modeling. Hot fluid, at a temperature far greater than predicted 
via a one dimensional model, will enter the upper portion of the hot legs from 

the reactor vessel, and flow-toward the inlet plenum of the steam generators.  
Displaced colder fluid will return to the reactor vessel upper plenum along the 
bottom of the hot leas. Circulatory patterns will become established in the 

steam generator inlet plena in which some of the hot incoming fluid is mixed

15



with plenum fluid. Fluid from the steam generator inlet plena will flow into 
some of the steam generator tubes in the nominal forward direction, displacing 
fluid in the steam generator outlet plena. This displaced fluid will flow 
throuoh other tubes In a nominal reverse direction, reentering the steam 
generator inlet plena. (All of these flows have been observed experimentally 
as described in References 11, 13, and 14). This mechanism has the potential 
to transport hot fluid from the reactor vessel into the steam aenerator tubes 
during core heatup and melt, with the result of creating the potential of 
overheating the tubes if there is no water on the steam generator secondary 
side.  

There are other possibilities which could challence tube integrity as well.  
For example, PCP seal LOCA or a small RCS cold lea break introduce a low 
pressure region between two regions where a liquid seal or plug may exist -the 
crossover pipe between the RCP and the SG, and the lower reactor vessel. Under 
approach to core melt conditions, one path for flow is through the SG tubes, 
through the crossover pipe seal, and out the break. (Note this does not remove 
the seal - the steam simply bubbles through it). This flow path of hot steam 
through SG tubes and the associated thermal impact on the tubes must be 
considered. Another tube challenge can result due to emergency procedures.  
Many plant Inadeouate Core Cooling (ICC) emergency procedures specify RCP 
operation if conditions exist which indicate an approach to core melt, and 
alternate mitigative measures have failed. Such a step could circulate hot 
fluid through the RCS, including the tubes. Although this may slightly extend 
the time to core melt, it may be an unattractive approach if it also introduces 
a high likelihood of loss of tube integrity. To our knowledoe, these 
contrastino responses and the impact upon risk have not been studied. (Note 
the likelihood of encountering the emergency procedures problem situation is 
small, but it does exist.1 

A final phenomenon that has received inadequate attention during conditions 
leading to core melt is fission product movement. Typical one dimension 
accident code calculations take such movement into account from the viewpoint 
of radiological hazard, but do not include the influence upon heat generation.  
Approximately a quarter of the heat producino radioisotopes probably has left
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the core under the conditions of interest, and substantial deposits can be 
expected in the upper plenum structure. This could have a significant influ
ence upon thermal response, particularly if some of this material leaves the 
reactor vessel and enters the hot legs.  

As will be seen in the following sections, PSNH has addressed many of these 
issues in the most comprehensive study of this problem that we have encountered.  

3.?. Seabrook Station Steam Generator Integrity 

3.2.1 Issues Addressed By PSNH 

The PSNH has addressed many of the issues applicable to SG tube response 
to severe accident conditions (Pefs. 1?, ]7, and 18). Analysis results 
were summarized which were intended to determine the thermal response of 
SG tubes under severe accident conditions. Basic analysis assumptions 

pertinent to the state of the plant were: 

1. The steam generators must be dry to experience a significant thermal 
transient since, if the SG secondary side contains water, the tubes 
cannot overheat.  

2. Station blackout conditions (Loss of all AC power) exist.  

Analyses were conducted for the following: 

1. Station blackout without operator actions or RCP seal LOCA 

2. Station blackout with a 50 gpm RCP LOCA (each PCP) and no operator 

actions 

3. Station blackout with operator actions 

4. Uncertainty evaluation
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Possible operator actions considered included:

1. Start steam turbine driven auxiliary feed water flow 

2. Restore emergency AC power (diesels and/or switchoear) 

3. Shed nonessential loads 

4. Open RCS POPVs when core exit temperatures exceed 12000 F.  

A number of other operator actions one might expect were discussed durinq 
a meeting with the PSNH at BNL on October 17, 1986, including: 

5. SG blowdown and depressuri7ation to enable filline the SGs by the 
condensate booster pumps or from fire water systems. (There are two 
diesel driven pumps and one electrically driven pump at Seabrook 
Station. The ability to use these for injection Into the SGs has not 
been confirmed.) 

6. RCP operation, a step that is not possible unless off site electrical 
power has been restored. (PSNH felt the likelihood was sufficiently 
low that there would be negligible effect on risk.) 

3.2.2 Likelihood of Conditions Leading to Tube Failure 

PSNH addressed the question of conditions necessary for SGTR in the 
response to the Staff Recuest for Additional Information (RAl) 47 (Ref.  
17). In this response, PSNH stated the risk to be small for the followine 
reasons: 

1. The frequency of high pressure core melt with dry steam generators is 

very small.  

2. Given the postulated occurrence of a high pressure core melt with dry 
steam generators, creep rupture of the SG tubes Is not a credible 
failure mode.  
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3. A large number of tubes must fail to produce an early large contain

ment bypass.  

4. All three of the following must occur in order for there to be a 
containment bypass: 

a. Failure to recover water to the SG 
b. Failure to depressurize the RCS 
c. SG tube creep failure 

3.2.3 PORV Considerations 

PORV operation as identified in item A, above, is not specifically 
contained in Seabrook Station emergency procedures, but is believed by 
PSNH to be a logical operator response as an attempt to depressurife and 
obtain water from the accumulators. (Operator monitoring of the tempera
tures is specifically identified in the procedures for loss of all AC 
power conditions.) In addition to potential core cooling via the accumu
lator water, opening the PORVs is claimed to have the followino effects: 

1. It reduces stresses in all primary system components 

2. PORV flow overrides natural circulation such that hiah fluid temper
atures are not attained in the SGs, including the tubes.  

In response to a staff question, PSNH indicated that the likelihood of 
being able to open the PORVs under loss of AC and ICC conditions was hih.  
They also indicated that one PORV was sufficient since its "worth" is 
about 50 MW of energy removal in the form of steam, and have presented 
blowdown rate information in Reference 18. (Note Seabrook is equipped 
with two PORVs.) 

Although we consider the EPRI funded Westinghouse tests pertinent to this 
issue to be somewhat preliminary with respect to scaling to NSSS condi
tions, some interesting effects have been observed that are worth noting 
which pertain to PORV operation. These include: 
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1. Natural circulation flow restores itself readily to the pre-openino 
condition in the hot leas, core, and communication paths between the 
upper plenum and the upper head following PORV closure.  

2. Heat transfer in steam generators between the primary and secondary 
side fluids increases 50% to 75% with periodic venting.  

3. The core is little affected except for the boundary with the hot leg 
that connects to the pressurizer surge line.  

Item 2 is of particular interest since it carries an implication that flow 
in the steam generator tubes is enhanced by PORV operation (as well as by 
opening and closing of RCS safety valves). Hence, if one visualizes 
opening and closing a pressurizer PORV when degraded conditions are well 
established with the steam generator secondary side depressurized, there 
may be a tendency to enhance flow of hot RCS fluid through the tubes, with 
the potential of causing tube rupture.  

3.2.4 Loop Seals 

Loss of RCS inventory under natural circulation conditions (RCPs not 
running) is expected to leave the RCS in a condition where water is 
trapped at low elevations. According to a number of prelimfnary analyses, 
such loop water seals or plugs exist at the cross over leg between the SC 
exit and the RCP inlet, and in the lower region of the reactor pressure 
vessel. The absence of these water seals could significantly change 
circulatory conditions during ICC conditions, with the potential for 
changing SG tube response. Although we expect a careful examination of 
behavior in the Seabrook RCS would establish that the seals will remain 
under most boil down conditions, this expectation needs to be 
substantiated by suitable analyses which address the range of conditions 
which can exist during severe accidents.  

Complete loss of the PCS liquid inventory with the PCPs running, followed 
by loss of the RCPs, could result in a homogeneous fluid condition in the 
RCS. Under this condition, fluid heated in the core would flow into the 
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upper plenum, through the hot legs, the steam generators, the RCPs, and 

back into the reactor vessel and the core via the cold legs. Although 

multidimensional fluid flow conditions probably exist in the reactor 

vessel after RCPs are lost, one may estimate that thermal response is 

still reasonably realistic if modeling is restricted to one dimension 

provided the natural convection flow rates are high. For this case, 

existing analysis codes could be applied to roughly estimate steam 

generator tube response. If the response was not clear, then multidimen

sional analyses could be applied to estimate the influence. In such a 

case, uncertainty in the multidimensional analyses might not be of as 

great a concern as for the situation of multidimensional behavior domi

natina system response. However, nonexistence of the loop seal due to 

continuous RCP operation is an unlikely situation since the maJority of 

conditions during which steam oenerator tube integrity is of concern will 

involve loss of off site AC power, and RCPs will be unavailable. To our 

knowledge, a complete, accurate, analysis of a four loop Westinghouse NSSS 

has not been performed for these conditions. In additional to an analysis 

approach, closure of consideration of this aspect of SG tube behavior 

could be obtained if the probability of occurrence of the RCS homogeneous 

fluid condition was established as negligibly small in contrast to other 

situations where SG tubes were shown to lose integrity, or if the risk 

associated with the condition was established as negligible when compared 

to-other Seabrook Station risks.  

A second situation involving free circulation in the RCS might be obtained 

if one considers the RCPs as beina restarted in response to high core 

temperatures, as prescribed in the emergency procedures. For this case, 

sufficient head might be developed to clear the loop seals of water, and 

rehomogenize the RCS fluid, thereby generating the condition described in 

the previous paragraph. To our knowledge, rehomooenization under these 

conditions has not been established to occur at Seabrook. Insofar as SGTR 

at Seabrook is concerned, the issue can be dealt with as outlined in the 

previous paragraph.
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A third situation of removal of loop seals also potentially exists during 

boil down of the RCS inventory. One may postulate that the ICC condition 
occurs with the loop seals in place, and that some other mechanism causes 
their disruption. This could occur if a sufficient pressure difference 
occurred across the seals that they were forced out of the low reoions or 
if superheated steam passes through the water, thus evaporating it. Several 
analyses have been conducted which include consideration of some of this 
behavior, and none showed loss of the seals. To our knowledge, these 

analyses have not carefully considered the evaporation ouestion or the 
impact of a sudden pressure surge due to core slump into water in the 
lower plenum. One would expect that consideration of this condition could 
be closed if analyses applicable to Seabrook could reasonably establish 

that the seals remain.  

Another condition can be visualized if one considers a LOCA to have 
occurred in the RCS. For example, a small cold leg LOCA (or an RCP seal 
LOCA) could be located between the two natural seal regions of the 
crossover leg and the reactor vessel lower plenum. Removal of RCS mass 
might occur under conditions such that the seal water was evaporated from 

the crossover leg due to forcing superheated steam through the seal water.  
An important aspect of seal behavior to consider here is that one does not 
have to empty the crossover leg of water to pass steam through the SG 
tubes. It is sufficient to bubble steam throuoh the seal water. Elimin
ation of consideration of this effect with respect to impact upon risk 

could be considered on the basis of a thermal-hydraulic Investigation of 
RCS behavior, establishing that the potential impact on risk of the 

behavior is negligible in comparison to other established risk contributors, 

or both.  

3.2.5 PSNH Modeling Considerations 

The PSNH has reported application of the MAAP 3.0 code to investination of 

natural circulation flow in Seabrook (Refs. 12 and 17). This code treats 
the major phenomena, including approximations of multidimensional flow and 
fission product (heating) movement, and is applied to the regionc o' the 
RCS which are affected by the SGTR issue.  
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Quasi-steady momentum balances and continuity equations are used to 

represent natural circulation flow, and the steam generator inlet plenum 

behavior is represented by quasi-steady mixing models. The modeling 

represents aas and wall temperatures using conventional lumped parameter 

models, with 15 oas control volumes and 17 two dimensional heat sinks.  

(Several volumes are subdivided into further volumes for some types of 

calculations. The core, for example, contains 70 nodes which comprise the 

core volume node.) The control volumes are based upon approximations of 

the flow patterns which were seen in the Westinghouse experiments on a 

scaled NSSS (Refs. 11, 13, and 14). This basis for definition of control 

volumes means that deviations from the assumed flow pattern and flow 

instabilities may not be represented in the model. Experimental evidence 

shows that there are asymmetric flow patterns, for example, which are not 

modeled, and which could lead to tube heating conditions which would not 

be calculated. Further, although instabilities have not been experimen

tally observed at the Westinghouse test facility, one must accept this 

evidence with care since testing with fluid conditions which closely 

simulate those expected in an NSSS are Just being initiated.  

Use of the lumped parameter model requires further discussion. Unlike 

computer codes such as CO"WIX, which can determine flow patterns within 

certain bounds provided the configuration is properly modeled, a lumped 

parameter model is based more strongly upon a presupposed flow behavior.  

Although such representation can be valuable and accurate under certair 

conditions, such assumed behavior must be verified before it can be 

accepted. The preliminary Westinghouse experiments, as discussed briefly 

in the next section of this report, and some COMMIX and MELPROG calcula

tions (Refs. 15 and 16), represent steps in this direction, but further 

evidence is necessary before we can accept the assumption as verified.  

(The experiments are somewhat preliminary, and the COMMIX and MELPROG 

calculations have not, to our knowledge, been carefully checked aoainst 

experlmertal evidence.) We further note that, to our knowledge, there has
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been no independent study of the version of the MAAP code used for the 

analyses. At a minimum, we believe a reasonable knowledge of code 

modeling and logic, in addition to a verification program, are necessary 

for acceptance of the calculated results. (We note that EPRI has a MAAP 

verification program underway.) 

One aspect of the modeling appears worthy of further consideration. The 

steam generator inlet and outlet plena are assumed to be completely mixed 

in the PSNH studies being reviewed here, and they are represented by 

single nodes with uniform properties. The Westinghouse facility test data 

indicate a partially stratified, partially mixed SG inlet plenum (Ref.  
14), and modeling for the test facility is based upon a quasi-steady state 

model in which partial mixing is assumed at various (limited) locations 

between streams of different origins. Reference 14 describes the 

situation as follows: 

"The flow in from the hot lea rises rapidly in a plume in the inlet 

plenum and induces mixing. Some of the cold return flow from the 

tube bundle does avoid mixing, particularly near the divider which is 

furthest from the hot leg. Much of the cold return tubes' flow 

plunges throuqh the hotter stratified fluid layer that spreads across 

the bottom of the tube sheet. The mixing flows could be observed 

from dye injection and from observation of light through the density 

gradients that resulted. Temperature measurements in the inlet 

plenum are indicative of mixing. The tubes carrying hot fluid from 

the inlet plenum were generally concentrated in the area above the 

hot leg entrance and scattered in the regions further away. Cold 

return tubes were also scattered and were found in the area above the 

hot leg inlet also." 

Test facility modeling of the phenomena uses a six equation approximation 

which contains an experimentally determined mixing parameter.  

We believe the assumption of complete mixing used for the PSNH investiga

tions will reduce SG tube temperatures when contrasted to the experimen

tally identified situation. This modeling and its implications need 
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further consideration. (This comment is repeated a number of times in the 

discussion of calculated NSSS response in the following sections of this 

report.) 

3.2.6 Comparisons of Calculations to Experimental Data 

Several comparisons between MAAP code calculations and experimental data 

have been briefly described by PSNH and its contractors to the RNL and NRC 

staffs (Refs. 12, 17, and 18). These are discussed below.  

1. Core and upper plenum flow rates. The following comparison of 

experimental and calculated values was presented:

Test Condition Eyperimental 

Flow Rate

Calculated 

Flow Rate

28 KW Water Test 

0.9 KW SF6 Test

2. Hot leg and steam tenerator natural circulation.  

several parameters was provided:

Experimental 

Value

Heat Transfer Rate, YW 

Entering Fluid, °C 

Exiting Fluid, °C 

Coolant, °C

2.43 

30 

19 

10 - 11

Comparison of

Calculated Values for Indicated 

Number of Steam Generator Tubes 

Carrying Flow in the Out Pirection 

6 12 2A

2.0 

30.7 

24.2 

9.4

2.6 

29.2 

21.7 

11.2

2.9 

28.4 

18.8 

12.8

where the entering fluid Is flowing into the steam generator inlet plenum 

from the upper portion of the simulated hot leg, and the exiting fluid is 

flowing from the lower portion of the steam generator inlet plenum back

0.51 
0.016

0.50 
0.017
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toward the simulated reactor vessel along the bottom of the hot leg. The 
coolant temperature is that of the water leaving the secondary side of the 
simulated steam generator, and thus, can be related to the heat transfer 

rate from the primary to the secondary sides.  

These results are clearly promising. Continuation of the comparisons with 

a wide range of experimental conditions in the same test facility, and 
with no changes in the modeling except for the change of experimental 

conditions and fluid properties, would be helpful in code verification.  

Extension of the same modelino approach to other experimental data (such 

as flow in ducts and components) would provide further confirmation.  
Completion of confirmation of modeling adequacy could typically include 

comparisons of existing data obtained in large facilities, selected 
contrastino of alternate calculational methods to portions of the code 
under consideration here, and establishment that scalino is adequately 
represented by the code.  

3.2.7 Calculated Seabrook Thermal Response to Severe Accidents 

Calculated behavior to selected accident conditions has been summarized by 
PSNH. Principal results and our comments are as follows: 

1. Peak Steam Generator Temperature for Loss of AC Power and Loss nf 

Feed Water Flow. The following temperatures and flow rates were calcu
lated at the indicated condition:

Temperature, OK Flow Pate, kg/sec

Core (Peak) 

Upper Plenum 

Hot Lea 

SG Inlet Plenum 

SG Tube 

SG Outlet Plenum

1800 le (recirculating between 
1160 upper plenum and core) 

760 (wall) 2.4 (countercurrent) 

850 

700 (wall maximum) 3.3 (total in each direction) 

640

26
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PSNH indicated that the hottest core node would melt at about 30 seconds 

from the time of these values, and that the generated hydrogen and 

blockage due to relocated core material would cause natural circulation 

between the core and the upper plenum to almost stop. At this point, the 

upper plenuw would begin to cool due to energy transfer to the hot legs.  

Plys (Ref. 18) presents additional information which shows temperatures 

continue to increase after vessel blowdown, with the peak upper plenum 

temperature exceeding 12000K for a short time. The tube temperature 

continues to increase for the time of the calculation (20,000 sec, with 
vessel rupture at 11,600 sec), reaching a maximum of about 10200 K. We 

would be interested in seeing plots of other parameters over the span of 

the calculations, including the hot leg and SG plena temperatures, to 

better understand the interactions and modeling.  

In response to a question, PSNH indicated they had not performed a 

detailed analysis of reactor vessel hot leg nozzle thermal behavior, but 

felt a temperature of the order of 10000K was necessary to cause failure.  

Discussion also identified that there was significant steam circulatory 

flow in the secondary side of the steam generator tube~s, and that this 

steam, which was at a pressure corresponding to the steam generator safety 

valve settings, represented a significant heat sink. Further, it was an 

effective medium for transferring heat from hot tubes to colder tubes, 

thus tending to reduce the maximum tube temperature. This raises a 

question of what results would be obtained if the steam generators were 

depressurized to atmospheric pressure, thus maximizing pressure differen

tial across the tubes and simultaneously removing a heat sink which could 
influence temperatures throughout the NSSS. (A sensitivity analysis was 

conducted in which this was one of the parameters.) 

Information presented in Reference 12 and the above summary table shows 

fluid flow rates in the hot leg of roughly 2 ka/sec as contrasted with a 

rate above 3 kg/sec In the SG tubes for the time after effective boiloff 

of water from the core until melt through of the reactor vessel. Cooling
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via steam contained in the SG secondary side is thus an effective medium 
for cooling the SG inlet plenum. The total mixing assumption pertinent to 
fluid in the plenum is, in turn, effective in preventing hot fluid from 
reaching the tubes. This high tube flow rate is also effective in 
transferring heat from the reactor vessel to the SG secondary side, thus 
helping to limit fluid temperature in the hot legs as well.  

We believe a study would be beneficial of behavior with the SG secondary 
side depressurized after SG dry out. Now there would be no heat sink on 
the secondary side, and tube flow rates may be lower due to less of a 
driving force for natural convection flow in the SG. Further, we would 
expect to see further stratification in both the hot leg and the SG inlet 
plenum (the latter not being allowed in the PSNV supported analyses due to 
the modeling assumption of complete mixing). We pose the question of 
whether temperatures may be sionificantly above what was calculated by 
PSNP and its contractors under these conditions.  

2. Operator Induced Depressurization. This calculation was based on the 
assumption that the operator would open an PCS PORV when the core exit 
thermocouples indicated 12000 F. The calculations indicated accumuletor 
discharge approximately 1400 sec after openino the PORV, with the RCS 
depressurized prior to vessel failure. The accumulators were emptied at 
about 10,600 sec, and vessel failure occurred 2000 sec later. Accumulator 
water was found to cause a small additionel amount of hydrogen production.  
Phenomena associated with depressurization and hydrogen decreased the 
effectiveness of heat transfer between the core and other reolons of the 
NSSS. Steam generator inlet plenum temperature reached a peak of roughly 
850 0 K during the depressurization, then cooled, and remained below 6500K 
for the remainder of the calculation (20,000 sec total calculation time, 
with PORV opening at approximately 8000 sec). Maximum tube temperature 
was about 650 K, and was reached at 20,000 sec, being identical to the SC 
inlet plenum temperature at that time. (Note RCS pressure is that of the 
containment following depressurization earlier in the calculation. 1



We note that RCS pressure behavior (Ref. 18, Figure 4-4) is different for 

the base case and the PORV opening case prior to the time of opening of 
the PORV. We would like to discuss these differences for all parameters 
and we would like to understand the reasons they exist. (We note there is 
little difference in temperature over the ranoe in question, and 

temperature is the important parameter for the SGTR issue.) 

Volatile fission products represent about 20% of the decay heat, and the 
behavior of this energy source is calculated in the MAAP code. The 

calculations illustrated movement of the decay heat source. About 7O0 of 
the decay heat was associated with fission products which were in the 
upper plenum at the time of vessel failure. A small amount was in the het 
legs, as was also the case for the pressurizer. The amount in the steam 
generator tubes was not significant. (Most of the Cs! was in the upper 
plenum at the time of vessel failure, with about 10% of the CsI in the hot 

legs.)

3. Other Variations ard Uncertainty. Several 

were performed to obtain a better understanding 

included:

sensitivity calculations 

of behavior. These

a. Higher core melt temperature 

b. RCP seal failure 

c. SG secondary side blowdown 

d. Core resistance variation 

e. Reduced SG tube circulation 

f. Core blockage changes.  

These are discussed below.

a. Higher Core melt temperature. A case was run in which 

temperature was assumed to be 3000°K as contrasted to 

2500 K. This was intended to delay the onset of core 
degradation, which in turn provides more time to heat 

of the RCS. The 500 K change in melt temperature was

core melt 
the base case 

geometry 
other portions 

found to cause
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only a few degrees change in SG tube temperatures, which was attrib

uted to the extremely rapid temperature Increase rate in the core as 
melt temperature is approached, and a concomitant small increase in 

the time available for heat transport to the steam generators.  

The model is based upon assumed symmetric behavior, whereas some 

asymmetries have been found experimentally. If these contributed to 

a preferential flow of hot fluid near one of the hot legs, that leg 
might transport hot fluid toward a steam generator and provide higher 

temperatures than determined in the calculation. This could increase 

the computed impact of the sensitivity calculation.  

A second aspect of the modeling that would act to reduce the calcu

lated impact of the sensitivity run is the assumption of mixing 

within the steam generator inlet plenum. We believe an assessment of 

this effect is needed, as previously identified.  

b. PCP seal failure. RCP seal failure, if it were to occur, was felt 

to be a leak in the rance of 50 gpm (water) per seal. This was 
modeled, with the break occurring In all four RCPs at 45 minutes 

after initiation of the accident. This was found to have an insia

nificant impact on the results (Refs. I? and 18).  

PSM91 also addressed preexisting leaks in SG tubes which are within 

technical specifications. These were stated to be small in compari

son to the 50 apm flow rate associated with seal leaks, and conse

quently were argued as being negligible (Ref. 17).  

We believe the preexisting leak situation has a negligible impact on 

NSSS behavior as long as the leak remains small, but do not accept 

the argument advanced by PSNH as the reason. A comparison of the 
velocity associated with flow in a tube due to natural circulation 

with that associated with the leak, with establishing that the latter 

was negligible, would be more convincing. Similarly, a comparison of
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flow rate induced by the RCP seal rupture to that expected for 
natural convection flow would be helpful. Further, one would have to 
establish that such a leak, passing steam, would not result in steam 
passing through the crossover leg seal at such a rate as to perturb 
the conclusions.  

Provision of temperature information pertinent to fluid passing 
through the RCP seals would be helpful.  

c. SG secondary side blowdown. Plys (Ref. 18) reports a calculation to 
investioate the effect of reduced cooling on the SG secondary side in 
which the steam generator PORVs are assumed to stick open, thus 
depleting the secondary side of a high pressure steam atmosphere.  
Drastic differences were discovered early in the accident due to 
coolina as the steam generators blew down. Sufficient cooling was 
provided that the pressurizer emptied due to primary fluid 
contraction. Reactor vessel failure occurred slightly earlier in 
this case as contrasted to the base case due to less heat removal 
from the primary system following removal of the secondary side heat 
sink. An initial peak in SG inlet plenum temperature of 8600K is 
Identical to that of the base case, but occurs about 500 sec earlier.  
Followine the initial peak, the plenum temperature behavior is 
similar to the base case, although displaced in time, but is 50 to 
IO0K higher over the remainder of the transient.  

We suagest the calculation he conducted by assuming the PORV is stuck 
open after all water has been vaporized. This avoids the situation 
of overcoolino associated with the early opening, and may be more 
compatible with some postulated operator actions associated with late 
attempts to deal with approaching core melt.  

Again, we are concerned with the influence of assumed mixing in the 
steam generator inlet plenum and the impact upon calculated results.
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d. Core resistance variation. Variation of the resistance of the core 

to flow was evaluated by lowering the axial and cross flow core 

friction factors in one calculation. This slightly increased heat 

transfer to the steam generators and correspondingly increased time 

to vessel failure. There was a slight tube temperature increase, but 

in general, the calculation showed little sensitivity of tube 

temperature to the change in core friction factors.  

e. Reduced SG tube circulation. Selection of lower limit values of the 

number of steam generator tubes participating in flow from the inlet 

to the outlet plena was used for another sensitivity calculation.  

This provided lower values of steam generator natural circulation 

flow relative to the hot leg natural circulation flow rate, and 

reduced cooling of the steam generator inlet plenum due to flow from 

the outlet plenum. Slightly less heat was removed from the reactor 

vessel due to the lowered flow rates, and vessel failure occurred 

slightly earlier. These changes were insignificant. However, the 

steam generator inlet plenum was found to be about 150 0K higher than 

for the base case, reaching a temperature of 9800K for a short time.  

Steam generator tube temperature was relatively unaffected.  

Comparison of inlet plenum and tube temperature transient behavior 

(References 17 and 18's Figures 4-11 and 4-12) appears to indicate a 

significant thermal inertial associated with the tubes, which do not 

increase in temperature to a sionificant degree in contrast to the 

temperature of the source fluid in the steam generator inlet plenum.  

We believe this needs further discussion. For example, what is the 

location of the tube temperature and does this location correspond to 

the highest tube terperature? 

Again, as previously stated, the influence of the assumption of 

complete mixing in the steam generator inlet plenum will impact the 

results. A portion of the concern is that reduced flow rates may
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lead to qreater stratification and less mixing in the SG plena, a 
phenomenon that is not modeled in the PSNH reported evaluations, and 
a phenomenon with the potential to increase tube temperatures over 
what was reported.  

f. Core blockage. In this calculation, a delay of blockage in the core 
at the time of core melt to the time the node was completely filled 
with refrozen eutectic was assumed. This was done to continue core 
oxidation and core/upper plenum flow for a longer time. For this 
case, the maximum sustained SG inlet plenum temperature is roughly 
10600K, with a short time (less than 50 seconds) temperature "spike" 
to about 11200 K.  

We again reiterate the concern with SG inlet plenum modeling and its 
impact upon the results.  

g. Sensitivity Sun•iary. An approximate comparison of the results Cf the 
sensitivity study is provided in Figure 1. The maior early effect on 
increased tube temperature is due to changing the SG tube flow 
charac:eristlcs. Later, and with the greatest impact, is the effect 
of delaying formation of blockage in the core, which allows continued 
circulation of hot fluid throvoh the core where the temperature is 
increased, as opposed to a drastic reduction in heat transport 
between the core and other RCS components when a core geometry chanoe 
occurs.  

4. Steam Generator Tube Strength. Plys, in Reference 18, Appendix B, 
addresses SG tube integrity. The presentation is based upon the SG 
secondary side pressure being at the SG safety or relief valve setpoints 
which, as previously discussed, may not be the case. We note that Plys 
identifies nominal hoop stresses of 9300 to 10000 psi for the assumed 
conditions. Hence, the case of the SG secondary beino depressurized will
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result in a nominal hoop stress of roughly 19,000 psi. This stress, 
substituted into Reference 18's Figure P-6, results in a Larson Miller 
parameter of about 37. The Larson Miller parameter is defined as: 

LM - T(20+log tr) x 10"3 

where: 

T = temperature, OR 

tr N time to rupture, hrs.  

Substituting a temperature of 10900K (the value used by Plys to conclude 
the rupture time would be greater than 2.5 hrs) yields a time to rupture 
of about 5 minutes, a significant change from the Plys value.  

Plys could have selected 1090°K as conservative, with no need to consider 
an alternate since the no tube rupture position was supported by the 
result. If we recognize this possibility, and select a less conservative 
10000K, we find a rupture time of about 3.5 hours. These temperatures can 
be contrasted to the SG inlet plenum temperatures provided in Fioure 1, 
with recoqnition that these are not tube temperatures, but also with the 
recognition that some of the parameters contributing to the temperatures 
remain to be evaluated.  

Clearly, we are in a temperature region where relatively small changes 
have a significant impact upon creep rupture time. Equally clearly, tube 
stress could be roughly a factor of two higher than the value used to 
justify that tubes would not rupture. We conclude the picture is not as 
clear as presented in Reference 18, which presented a conclusion that 
tubes would not be ruptured.  

3.2.8. Other Considerations 

In Reference 17, PSNH stated that if one postulated creep rupture failure 
of steam generator tubes, the pressure inside the previously dried out and 
isolated steam generator secondary side would increase until the steam
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generator PORV's setpolnt was reached, at which time the valves would lift 
and modulate until reactor vessel melt through and RCS depressurization 
into the containment. During the periods of SG PORV opening, there would 
be a high leak rate bypass condition directly from the RCS to outside the 
containment. They further stated that after vessel melt through, the leak 
rate out this path would be low and would correspond to any low pressure 
leakage through the reclosed PORV. They note this leak path could be 
enhanced if the SG safety valves also lift and fail to reseat properly; 
however, they believe it unlikely that the safety valve setpoint would be 

reached.  

As previously discussed, we do not believe an individual tube would 
rupture, but instead believe there would be a massive failure in one steam 
generator. (Once the failure initiated, we would expect the RCS tc 
depressurize rapidly, which would reduce stress on tubes in other steam 
oenerators.) It is difficult to postulate a PORV modulating this condi
tior. It is further difficult to postulate the PORV or the safety valves 
would not be damaged when exposed to these conditions, and therefore their 
reclosing may be questionable. One may also question SS secondary side 
structural integrity when exposed to the 'ugh temperature environment.  
Finally, if the conditions which led to the accident sequence involve a 
loss of all AC power, which is one of the likely situations given a severe 
accident scenario, we pose the question of how lono the PORVs can be 
expected to modulate pressure assuming they are not damaged by the fluid 
being modulated.  

Plys (Ref. 18) has identified that the MAAP code does not model certain 
aspects of SG tube temperature, and a method of obtaining temperature was 
discussed. Aside from the impact of secondary side steam as a coolino 
medium, we are concerned about local heating due to small leaks. Such a 
leak could cause a small amount of hot fluid to pass throuqh a localized 
area into the SG secondary side, with different heat transfer character
istics and tube temperatures than one would encounter with the treatment 
of overall inside to outside heat flow utilized by Plys in their estima
tion. Whether this is important to localized tube temperature over a



sufficient area to be of concern should be addressed. (Note the effect 

could also be concentrated in an adjoining tube. This can be visualizee 
by picturing a tube with a small hole which directs hot RCS fluid onto the 

secondary side surface of an adjoining tube, while the inside surface ef 

that same tube is exposed to hot RCS fluid.) 

3.3 Accident Likelihood 

PSNH has estimated the mean annual frequency of accidents in which the core 

melts with the RCS at high pressure and the SGs dry as bounded by a value of 
4.5 X 10-5 per reactor year (Ref. 17). This is composed of the following plant 

damage states: 

Plant Damage Mean Annual 

State (PDS) Frequency 

3D ].5 X 10" 
3FP 8.9 X 1056 
4A 1.4 X 1075 
4C 1.7 X 10' 
4D ?.8 X 10"
4E 2.2 X 107 
4FP 1.2 X 106 
8A 3.9 X 1056 

Total 4.5X 10 " 

The accident sequences which comprise the PDSs include transient and loss of 

off site power sequences with failure of all emergency feedwater, failure of 

feed and bleed with loss of all emergency feedwater, and transients without 

scram. PDS 8A consists of eight sequences which involve station blackout and 

emergency feed water failure with recovery of containment heat removal.  

PSNH also addresses the potential impact of tube rupture on this information.  
They have assigned a high chance of no containment failure to PDSs A. PDSs C 

and D are considered as leading to a high likelihood of long term containment 

overpressure failure. PDSs FP are a hioh chance of small bypass, and PDS E is
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a high chance of large bypass. Hence, PDSs A, C, and D would be impacted by 

SGTR, and FP may represent some impact. Addition of the appropriate values 
Indicates that the likelihood of being in a condition where SGTR could affect 

the results is about 4 X 10-5 (as contrasted to the assumption of no SGTR).  

PSNH considers these values to be bounding because sore of the values include 

states with water on the steam generator secondary side, for which SGTR is not 

a concern, certain operator recovery actions have been neglected, and RCS 

depressurizations prior to core melt have not been considered. As previously 
discussed, operator depressurization is one of the potential steps which one 

could consider to mitigate SGTR. PSNH estimates the frequence of operator 
failure to depressurize as less than 10- 2 to 10"3 per demand, provided proce

dures are modified and adequate operator training is provided. Using these 
values results in a frequency of obtaining conditions under which SGTR would he 

of concern of about 10"7 to 10-8 per reactor year.  

Although these values appear reasonable, we note that the conditions which led 

to the factor of 10. 2 to 10"3 reduction do not presently exist. We further 

would need substantiation for these values prior to acceptance.  

Discussion is also provided concerning the likelihood of SGTR if exposed to 
high pressure core melt conditions (Ref. 17). PSNH points out that their 

calculations show SG tube temperatures that are roughly 200 to 300°F below, what 
would be required for creep rupture, and this is Identified as principally due 

to coolina by steam on the SG secondary side. Several things are necessary for 

acceptance of the tube temperature conclusions, including, as discussed 

elsewhere, substantiation of the calculational technique and investigation of 

the likelihood of the SG secondary side having a significant steam inventory 

(which also means having a significant pressure).  

Finally, PSNH estimates a 99% chance that failure of SG tubes will not occur 

before reactor vessel melt through or pipino nozzle failure. This value, 

combined with the prior PSNH estimates of frequencies, appears sufficient to
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establish that SGTR is not of concern as a significant contributor to risk.  

Therefore, one can reasonably anticipate that substantiation of the various 

items which led to the conclusion, as discussed in this communication, should 

provide substantiation of the above preliminary conclusion.  

3.4 Additional Observations 

A number of observations and comments have been made in the previous discus

sion. We offer the followino additional comments: 

1. Much of the modeling utilized in the calculations has not been documented.  

We understand this is underway. Such documentation will be helpful in the 

continuation of the review.  

2. The outside of the hot leqs is assumed to be adiabatic. This probably 

introduces a small conservatism into the results with respect to hot leg 

temperature. The impact on other parameters is probably negligible. With 

respect to the hot legs, the parameter of interest may involve a 

relatively thin wall connectinc pipe that is exposed to high fluid 

temperature, and whose temperature will follow fluid temperature more 

closely than is the case with the relatively massive hot leg: or the 

vessel nozzle region of the hot leg, which will be more closely allied 

with fluid circulating rapidly within the upper plenum. Thermal response 

of these regions may be critical in determination of the failure point of 

the RCS pressure boundary.  

3. Although the limited experimental evidence reveals some symmetry in flow 

behavior within the reactor vessel, there are also unsymmetrical flows and 

temperatures. We understand the MAAP calculations are based upon modeling 

the upper plenum fluid as a single volume. This appears to be a 

nonconservative approach.



4. STEAM GENERATOR TUPE RUPTURE CONCLUSIONS

The above discussed considerations lead us to the conclusion that this topic is 
in a developina state, with knowledge being rapidly accumulated. Insufficient 
information is presently available for one to conclude that SGTR cannot occur 
as a result of severe accident conditions.  

Our judgement, at this Juncture, is that a carefully conducted and thorough 
evaluation on the part of PSNH, that utilizes information which either exists 
or will be available within the near future, can establish that the likelihood 
is small that a SGTP will result due to overheating during severe accidents.  
Further, our Judgement is that the risk associated with SGTR can be shown to be 
negligible for these conditions. Our judgement needs to be substantiated. We 
have encountered too many unanswered questions, unsubstantiated assumptions, 
and potential conditions which could lead to calculation of increased 
temperature to accept a conclusion that SGTR will not occur under circumstances 
such that the associated risk can be neglected. We further judge that coverage 
of all areas subject to question will be a substantial task. We note, as a 
oualifier to these conclusions, that our review is not complete, and, in 
addition, work is oncoing to provide further information.  

Existing knowledge would support a conclusion that SGTR is not a problem if the 
RCS is depressurized. Consequently, reasonable assurance that progressions 
toward core melt would not occur at high RCS pressure, coupled with suitable 
technical backup for a conclusion that low pressure is not of concern, would 
eliminate our concern regardino SGTR under severe accident conditions. We have 
not conducted an evaluation of the trade-offs associated with such an approach, 
nor have we been provided with information that would either support or necate 
RCS depressurization under severe accident conditions. We have not provided a 
recomendation regarding whether RCS depressurization is attractive when all 
pertinent factors are considered due to lack of a balanced picture.  

Determination of the correctness of a judoement that SGTR is not a concern 
under severe accident conditions with the RCS at hiah pressure can be basee 
upon a combination of analytic and experimental investigations. The ongoine 
test at Westinchouse in which reasonably close similitude is claimed between 
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the test facility and appropriate parts of a Westinahouse four loop NSSS should 

provide key data which can be applied to assist in the confirmation of analysis 

techniques. Selected test data from other facilities and further examination 

of the analysis techniques, coupled with necessary changes when they are 

uncovered, should provide sufficient confirmation that reasonable reliance can 

be placed upon accident analyses pertinent to this issue. Application of a 

reliable analysis technique to issue investigation should then provide the 

necessary background to resolve this issue. Such a program will represent a 

formidable undertaking.
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FEB 0 31987 

MEMORANDUM FOR: Vincent S. Noonan, Project Director 
Pro iect Directorate 05 
Division of PWP Licensinq-A 

FROM: Charles E. Rossi, Assistant Director 
Division of PWP Licensino-A 

SUBJECT: SEASROOK EMERGENCY PLANP:ING STUDY 
TREATMENT OF PREEXISTING LEAKS IN CONTAINMENT 

As a part of the staff evaluation of the applicant's submittal on the Seabrook 
Staticn Emergency Planning 7one, the treatment of preexisting leaks regareing 
the containment Isolation dependability was reviewed by the staff In the 
Engineering Branch. Attached is a dra't evaluation of the treatrent of 
preexisting leaks in containment.  

This evaluation concludes that (1) the Seabrook purop and vent valves in a 
fully closed configuration should be capable o4 withstandinq the severe 
accident induced pressure, and (?) the applicant has presented a reasonable 
approach for considering preexisting leaks in the containment.  

Charles E. Rossi, Assistant Director 

Division of PWR Licensing-A 

Attachment: As stated 

cc: T. Novak 
R. Ballard 
S. Long 
V. Nerses 
S. Newberry 
G. Baachi 

Contact: G. Bagchi 
X27070



ATTACHMENT 1

SEARROOK STATION EMERAENCY PLANNING ZONE ST1iPY 
EVALUATION OF TREATMENT OF 

PPEEXISTING LEAKS IN CONTAINMENT 

Rackoround: Demonstration of operability of the containment purge and vent 
valves aoainst internal pressure from a desion basis accident is required to 
assure denendability of containment isolation. The safety evaluation of the 
opprability qualification is documented in NIIRE9-ORq6 Supplement Numher ., 
Appendix Q. The staff obtained the basic information on the Seabrock 
cont&4nment purge and vent valves as a part of the licensing review under the 
TMI Action Item !!.E.4.?. In order to assess the behavior of these valves in 
the severe accident environment, the staff has used this basic information on 
the valves, and assumed that the valves would be fully closed during the severe 
accident phase because of their demonstrated abilitv to close under the desior 
basis accident condition.  

Also, based on numerous reports from various licensees on unavailability of 
containment function and reports of failures of type C leak rate tests of 
containment isolation valves, it is important in any risk analysis to take 
into account the effect of preexisting leaks that may have gone undetected 
during the plant operation prior to a postulated severe accident. Therefore, 
a study of unavailability of containments was undertaken under NRC sponsorshic 
by the Pacific Northwest Laboratory (PNLO. PNL reported the findings of its 
study in NUREG/CR 4220, "Reliability Analysis of Containment Isolation 
Systems." This study estimates the probability of laroer leaks (IR souare 
inches) to be in the range of 0.n01 to 0.01 with a point estimate of 0.005.  
During its review of the Seabrook Emergency Planning Zone (EPZI study, the 
staff requested additional information fror the applicant to address the effect 
of preexisting leaks in its assessment of the probability of various release 
categories.  

The purpose of this evaluation is to (11 document the staff assessment of the 
capability of the Seabrook purge and vent valves to resist the severe accident 
environment and (7) to determine the reasonableness of the applicant's approach 
for the consideration of preexisting containment leaks.  

"Evaluation: 'As reported in NIIQEG-0896 Supplement Number 5, the Seabrook purue 
and vent valves are 8 inch butterfly type Posi-Seal (Model 780PR), Class 150 
with Matryx airactuator (Model ?60?-SR60). There is a pair of valves in each 
flow path with independent flow interruption capabilities and on loss of air 
the valves close due to spring loading. These valve assemblies are analyzed 
for seismic loading of 3o per axis with loads alona all axes acting 
simultaneously and superimposed aerodynamic load simulating the pressure load 
from a design basis accident. The combined stresses are kept under the ASME 
Code allowable values. The valve seat material is resistant to containment 
spray chemicals and radiagion. The 1-year accident dose rate is calculated to 
be,approximately 1.? x 10 rads compared to the material resistance level of 
10 rads. These valves also have screens in elbows upstream of the valves to 
stop debris from entering the valve seating area.



The Posi-Seal E" Class 150 wafer-type butterfly valves have an ANSI ratinc C" 
230 psig at 300°F i.e. a capability to hold against a pressure of P30 psio at 
a temperature of 3000 F. The highest stresses due to the 3o seismic'and 
combined design basis accident pressure of 60 psig are as follows: 

Valve stern 23,331 psig (52,500 psin allowable) 
Disc pin ?1,699 psig (5?,500 psiq allowable) 

Rased on the above discussion these valves are capable of resistinq the 
containment capability pressure of 157 psig and the pressure of 180 psig at 1% 
hoop strain including the temperature associated with the wet containment 
condition along with the expected radiation exposure.  

The applicant in its letter dated October 31, 1986, responded to the staff 
request for additional information number 22. In the original study 
(PLG-0300) the applicant quantified preexisting containment leaks at the rate 
of 0.1% per day for the release cateoory S5, and with all other release 
cateeories estimated the effect of containment failures and bypasses 
including failure to isolate the containment. It is noted in the apolicant's 
response that the containment purge and vent valves at Seabrook are leak tested 
every six months or less and their position is checked monthly. Also, manual 
isolation valves outside containment are position checked every month. Thus 
the large pre-existing leakage with a probability estimate of 0.01 to C.001 in 
NUREG/CR-4220 may not be appropriate for Seabrook.  

In spite of the specific differences at the Seabrook Station, the apolicant 
considered the effects of both small and large preexisting leaks in its FPZ 
study. For the small preexisting leagaae the applicant estimated that a rate 
of ten times the allowable leakage would yield zero early fatalities and a 
small contribution to early injuries. For a large leakaqe, assumed to be a six 
inch valve (on 28 square inch hole), with a conditional probability of 5E-? 
from NUREG!CR-4?20, the apolicant estimated the health impacts using an S6R 
release cateoory. Their estimate, which they believe to be conservative, is 
attached as Figure-I.  

-Conclusion: Based on its review of the information available the staff 
concludes that the purge and vent valves in a fully closed confiouration 
should provide reliable isolation of the Seabrook containment under severe 
accident conditions up to the pressures corresponding to 1% hoop strain 
in the containment.  

The staff also concludes that the applicant has presented a reasonable 
approach for the consideration of preexisting leaks, both small 
and large.
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systems 
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NUS, 910 Clopper Road, Gaithersburg, Maryland 20878, USA 

This paper discusses the issue of the characterization of uncertainty in a 
Probabilistic Risk Assessment (PRA) of a complex system, such as a nuclear 
power plant. The significance to the interpretation of the results of a PRA of 
maintaining the distinction between the aleatory and epistemic components of 
uncertainty is illustrated using a simple example. The point of view presented 
here is that the degree to which it is necessary to invoke both aspects of 
uncertainty to characterize an event in a PRA model is as much a function of 
the way the analyst chooses to model the event of interest as it is of the nature 
of the event itself. (© 1996 Elsevier Science Limited.

1 INTRODUCTION 

As discussed by the guest editors in their request for 

contributions to this special edition of Reliability 
Engineering and System Safety, it is becoming 

increasingly important to decision makers that, when 
presented 'with the results of a Probabilistic Risk 

Assessment (PRA) of the mission being performed by 
a complex system, the uncertainty in the results of the 

PRA is correctly characterized. PRA studies are being 
performed for space missions, chemical processing 
facilities, and waste storage facilities, and have been 

performed for the majority of the nuclear power 
plants (NPPs) in the USA, and a large number 
overseas. For many of these studies, the organization 
commissioning these studies requires a discussion of 

the uncertainty in the results. The characterization of 

uncertainty in the numerical results has been a feature 
of NPP PRAs since the publication of WASH 1400,' 

one of the earliest large scale PRAs to be completed.  
The representation of uncertainty was elevated to 

greater prominence in the Zion2 and Indian Point 

Probabilistic Safety Studies. The philosophy behind 
the approach to uncertainty adopted in these latter 

two studies is described in the paper by Kaplan & 

Garrick.4 [he PRA Procedures Guide,' NUREG/CR
2300, written to provide guidance for analysts 
performing PRAs of nuclear power plants, dedicated a 

chapter to the discussion of uncertainty and sensitivity 

* Current address: US Nuclear Regulatory Commission, 
Washington DC.

analysis. Uncertainty was categorized into three types; 
parameter uncertainty, modelling uncertainty, and 
completeness uncertainty. The representation of 
parameter uncertainty, and its propagation to 
characterize the uncertainty on the numerical output 
of a PRA was discussed at length, but relatively little 
attention was given to the other two types. While, as 
discussed later, it can be argued that the distinction 
made in the PRA Procedures Guide between 
parameter uncertainty and modelling uncertainty is 
fundamentally artificial, it is certainly useful from a 

practical point of view. Parameter uncertainty can be 
thought of as addressing uncertainty in the quantifica
tion of a model with a specified functional form, 

whereas model uncertainty can be thought of as 
addressing the uncertainty in the appropriateness of 

the structure or mathematical form of the model.  

Completeness uncertainty is a special category of 
model uncertainty that is associated with the degree to 

which the model addresses all the phenomena 
associated with the system being modeled. Whether it 

is possible, or even makes sense, to try to capture 
completeness uncertainty formally, however, is open 

to question, and will not be addressed here.  
Another categorization of uncertainty is that which 

the guest editors have requested the contributors to 
this special edition of Reliability Engineering and 

System Safety to address, namely the categorization of 
uncertainty as either being of an aleatory or an 

epistemic nature. The terms aleatory and epistemic 
have only recently been introduced into the literature 
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of NPP PRAs (see, for example, Ref. 6). The aleatory 

aspect of uncertainty is that addressed when we 

characterize the events or phenomena being modeled 

as occurring in a 'random', or 'stochastic' manner, and 

adopt probabilistic models to describe their occur

rences. It is this aspect of uncertainty that gives the 

Probabilistic Risk Assessment the probabilistic part of 

its name. The epistemic uncertainty is that associated 

with the analyst's confidence in the predictions of the 

PRA model itself, and is a reflection of his assessment 

of how well his model represents the system he is 

modelling. In this sense, the uncertainty that was 

addressed in Chapter 12 of the PRA Procedures 

Guide- was epistemic.  
The point of view adopted in this paper is that it is 

essential to maintain the distinction between these two 

types of uncertainty3 as they perform different 

functions in the model of the system created by the 

analyst. The aleatory uncertainty is a fundamental and 

integral part of the structure and form of the PRA 

model, whereas the epistemic uncertainty is related to 

a characterization of how well we can represent the 

system by the model. In practice, however, many 

analysts have found that, for certain issues, especially 

those related to the modelling of the occurrence or the 

impact of particular physical phenomena, particularly 

in regimes that are outside our direct experience, it is 

difficult for them to distinguish between the two types.  

It is this writer's belief' that the confusion has been 

exacerbated because the same mathematical tool, 
probability theory, is used to parameterize and 

quantify both types of uncertainty. It has not been 

uncommon for analysts to avoid addressing the issue 

by claiming that the distinction is irrelevant. However, 
as discussed in this paper, it is important to distinguish 

between the two, not only because it can impact the 

answer being given to a decision maker, and hence 

have an impact on the decision outcomes, but because 

it is essential to truly understand the nature of the 

model of the world that is being incorporated in the 

PRA.  
When it has been accepted that it is important to 

maintain the distinction between the two types of 

uncertainty, it is not uncommon to hear analysts ask 

whether the uncertainty associated with a particular 

model element is epistemic or whether it is aleatory, 

as if the type of uncertainty were a property of the 

issue being modeled. The situation in many, if not 

most, of the interesting cases, is that, in modelling the 

issues, an analyst could make the case for both types 

of uncertainty. Therefore, as discussed later, the 

question that should be asked by the analyst is, 'how 

am I modelling this issue?' Understanding the 

modelling process is the key to an appropriate 

representation of uncertainty, and hence, ultimately, 
to making an appropriate use of the results.  

The next section discusses what we mean by a

2
model in the context of this paper, and why, for 
models in general, and PRAs in particular, it is 

necessary to address uncertainty. Following that, the 

treatment of uncertainty in PRA models is briefly 

reviewed. The subsequent sections of the paper 

discuss, in turn, the thought process an analyst should 

pursue to clarify the meaning of the models of the 

constituent elements of the PRA, and the importance 

of explicitly keeping track of model uncertainty in 

order to correctly interpret the result of a PRA 
addressed.  

2 MODELS AND UNCERTAINTY 

A model can be described as an analyst's attempt to 

represent a system (using the term system in a very 

general way) in a form that can be used as an 

explanatory and an exploratory tool. It is, in almost all 

cases, impossible to capture all the subtleties of the 

system behaviour and, therefore, any model is, at best, 

an approximation. A model in the physical sciences or 

engineering disciplines is usually a mathematical 

model, which is to say that it has a mathematical form 

which can produce numerical results that represent 

some observable aspects of system behaviour. Such a 
mathematical model will generally have one or more 

parameters. Since any model is an approximate 
representation, it follows that there must be some 

(epistemic) uncertainty associated with the formula
tion, and predictions, of the model. For some models, 

however, this uncertainty is so small that it can 

essentially be ignored. For example, the mathematical 
formulation of many of the models created by 

physicists to explain natural phenomena are 
sufficiently well supported or verified that the models 

are very precise in their predictions, within a specified 

region of applicability. In addition, many of the 

parameters are so well known that they can be 

thought of as universal constants. An example of one 

such model is Newtonian mechanics and Newton's law 

of gravity, which is capable of making very accurate 

predictions of such things as planetary motion, and 

can be used to define the trajectories of planets or 

space vehicles with great accuracy. Not only is the 

model rather simple but the parameter of the model, 

the gravitational constant, is known very accurately.  

Of course, it is well known that, under specific 

boundary conditions, and for particular problems, 

Newtonian mechanics breaks down and must be 

replaced with the General Theory of Relativity.  

Newtonian mechanics is an example of a deterministic 
model. A model need not, however, necessarily be 

deterministic to be precise. Quantum Electrodynamics 

(QED) is a model which is capable of making very 

accurate predictions. However, because of the 

quantum mechanical nature of matter in the small 

scale, it does so only in a probabilistic sense, making
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of NPP PRAs (see, for example, Ref. 6). The aleatory 

aspect of uncertainty is that addressed when we 

characterize the events or phenomena being modeled 

as occurring in a 'random', or 'stochastic' manner, and 

adopt probabilistic models to describe their occur

rences. It is this aspect of uncertainty that gives the 

Probabilistic Risk Assessment the probabilistic part of 

its name. The epistemic uncertainty is that associated 

with the analyst's confidence in the predictions of the 

PRA model itself, and is a reflection of his assessment 

of how well his model represents the system he is 

modelling. In this sense, the uncertainty that was 

addressed in Chapter 12 of the PRA Procedures 
Guide 5 was epistemic.  

The point of view adopted in this paper is that it is 

essential to maintain the distinction between these two 

types of uncertainty".B as they perform different 

functions in the model of the system created by the 

analyst. The aleatory uncertainty is a fundamental and 

integral part of the structure and form of the PRA 

model, whereas the epistemic uncertainty is related to 

a characterization of how well we can represent the 

system by the model. In practice, however, many 

analysts have found that, for certain issues, especially 

those related to the modelling of the occurrence or the 

impact of particular physical phenomena, particularly 

in regimes that are outside our direct experience, it is 

difficult for them to distinguish between the two types.  

It is this writer's belief' that the confusion has been 

exacerbated because the same mathematical tool, 
probability theory, is used to parameterize and 

quantify both types of uncertainty. It has not been 

uncommon for analysts to avoid addressing the issue 
by claiming that the distinction is irrelevant. However, 
as discussed in this paper, it is important to distinguish 

between the two, not only because it can impact the 

answer being given to a decision maker, and hence 

have an impact on the decision outcomes, but because 

it is essential to truly understand the nature of the 

model of the world that is being incorporated in the 

PRA.  
When it has been accepted that it is important to 

maintain the distinction between the two types of 

uncertainty, it is not uncommon to hear analysts ask 

whether the uncertainty associated with a particular 

model element is epistemic or whether it is aleatory, 

as if the type of uncertainty were a property of the 

issue being modeled. The situation in many, if not 

most, of the interesting cases, is that, in modelling the 

issues, an analyst could make the case for both types 

of uncertainty. Therefore, as discussed later, the 

question that should be asked by the analyst is, 'how 

am I modelling this issue?' Understanding the 

modelling process is the key to an appropriate 

representation of uncertainty, and hence, ultimately, 
to making an appropriate use of the results.  

The next section discusses what we mean by a

2
model in the context of this paper, and why, for 
models in general, and PRAs in particular, it is 
necessary to address uncertainty. Following that, the 
treatment of uncertainty in PRA models is briefly 
reviewed. The subsequent sections of the paper 
discuss, in turn, the thought process an analyst should 
pursue to clarify the meaning of the models of the 
constituent elements of the PRA, and the importance 

of explicitly keeping track of model uncertainty in 

order to correctly interpret the result of a PRA 
addressed.  

2 MODELS AND UNCERTAINTY 

A model can be described as an analyst's attempt to 
represent a system (using the term system in a very 

general way) in a form that can be used as an 
explanatory and an exploratory tool. It is, in almost all 

cases, impossible to capture all the subtleties of the 
system behaviour and, therefore, any model is, at best, 

an approximation. A model in the physical sciences or 
engineering disciplines is usually a mathematical 
model, which is to say that it has a mathematical form 
which can produce numerical results that represent 
some observable aspects of system behaviour. Such a 
mathematical model will generally have one or more 
parameters. Since any model is an approximate 
representation, it follows that there must be some 
(epistemic) uncertainty associated with the formula
tion, and predictions, of the model. For some models, 
however, this uncertainty is so small that it can 

essentially be ignored. For example, the mathematical 
formulation of many of the models created by 
physicists to explain natural phenomena are 
sufficiently well supported or verified that the models 
are very precise in their predictions, within a specified 

region of applicability. In addition, many of the 

parameters are so well known that they can be 
thought of as universal constants. An example of one 

such model is Newtonian mechanics and Newton's law 

of gravity, which is capable of making very accurate 
predictions of such things as planetary motion, and 

can be used to define the trajectories of planets or 

space vehicles with great accuracy. Not only is the 

model rather simple but the parameter of the model, 

the gravitational constant, is known very accurately.  

Of course, it is well known that, under specific 

boundary conditions, and for particular problems, 

Newtonian mechanics breaks down and must be 

replaced with the General Theory of Relativity.  

Newtonian mechanics is an example of a deterministic 
model. A model need not, however, necessarily be 

deterministic to be precise. Quantum Electrodynamics 

(QED) is a model which is capable of making very 

accurate predictions. However, because of the 
quantum mechanical nature of matter in the small 

scale, it does so only in a probabilistic sense, making
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Characterization of uncertainty

predictions about the average behaviour of a 

population of events rather than about the outcome of 
a particular event. It is therefore a probabilistic or 

aleatory model of the world.  
The models that go to make up a PRA, by contrast 

-with Newtonian Mechanics and QED, are con

siderably less well established. Furthermore, since a 

PRA is used to model very rare events, there can be 

no experimental verification of its validity. In addition, 

because of the rare nature of the events being 

modeled, statistical uncertainties in the estimates of 

the parameters of the model can be significant.  

Furthermore, and perhaps of most interest here, there 

are uncertainties about the impact of physical 

phenomena taking place during accident scenarios 

that create differences of opinion about how to model 

these impacts. Thus, as discussed in more detail in the 

next section, there are considerable uncertainties 

associated with creating a PRA model, even at the 

level of the individual elements of the model.  
The uncertainty associated with modelling these 

elements could be in the choice of mathematical form 

of the model, it could be in the values of its 

parameters, or it could be in both. To the extent that 

changes in the parameter values are little more than 

subtle changes in the form of the model, it could be 

argued that there is really no precise distinction 
between model uncertainty and parameter uncer

tainty. However, the characterization of uncertainty in 

parameter values for a given model, at least for 

several models with specific functional forms, can be 

performed in a compact mathematical way using the 

subjectivist interpretation of probability and the tools 

of Bayesian statistics.9 In this case, the range of 

possible values the parameters can take is continuous.  

Methods of propagating the uncertainty on the 

parameter values to characterize the uncertainty on 

the predictions of the model are well established (see, 

for example, Ref. 10) and have been applied in many 

PRA studies. A probabilistic characterization of 

uncertainty in the form of a model can be performed 

by generating a probability distribution over a discrete 

number of plausible models with the probabilities 

representing the analyst's degree of belief as to which 

model best represents the system or phenomenon 

being modeled. While this may appear to be a simple 

proposition, an explicit treatment of the uncertainty in 

the form of the model is not common in PRAs. In the 

next section, the nature of the PRA model is discussed 

in relation to the treatment of uncertainty.  

3 UNCERTAINTY IN PRA MODELS 

There are three elements to performing an uncertainty 

analysis in a model like a PRA: characterizing the 

uncertainty on the individual elements of the model; 

propagating these uncertainties to obtain a charac-

terization of the uncertainty on the output of the 
model; and interpreting the results in light of the 

uncertainty.  

3.1 Uncertainty in the characterization of the basic 
events 

A PRA is based upon logic structures such as event 

trees and fault trees, that identify the different 

combinations of more elementary events, called basic 

events, that could lead to undesired system states. The 

types of basic events found in PRAs include events 

such as: the failure of a pump to start, the failure of a 

pump to run for 24 hours, the occurrence of an 

initiating event such as a reactor trip, failure of an 

operator to take the appropriate actions to prevent 

system damage. The majority of these basic events are 

regarded as resulting from random processes and are 

described by probabilistic models.  
The probabilities of events generated by these 

probability models essentially represent the relative 

fractions with which various outcomes would be 

expected given a population of identical replications 

of the system of concern were hypothetically to be 

observed a large number of times." What these 

fractions represent is not necessarily an 'inherent' 

randomness in the system behaviour, but the fact that, 

at the level at which the basic events are defined, 

there are hidden variabilities that are accommodated 

in the model that way. There are variabilities in 

underlying conditions that would have an impact on 

the behaviour of individuals in the population that are 

not being explicitly accounted for. Instead, their 

average impact is implicit in the probability models 
used for the basic events. Thus, the relative fractions 

are parameters of a model of the world6 in which 

groups of components are regarded as being members 

of the same population. It is important to remember 

that there are individual characteristics of the 

members of the population for which the probability 

model is constructed that are not explicit in the 

formulation of the model. A different model of the 

world can lead to different sets of variables being 

suppressed, different definitions of basic events, and 
different probability models.  

For many of the basic events of the PRA model, the 

associated probability models are simple, with only 

one or two parameters. An example is the simple 

constant failure rate reliability model, which assumes 

that the failures of a component while it is in standby 

occur at a constant rate. The parameter(s) of such 

models can be estimated using appropriate data, 

which, in the example above, comprises the number of 

failures observed in a population of like components 
in a given time. In most recent PRAs, the parameter 

estimation has been accomplished by adopting a 

Bayesian or subjectivist framework' which uses
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probability as an index of the analyst's assessment of 

the appropriateness of the possible values of the 

parameters, thus representing an epistemic uncer

tainty. This epistemic uncertainty is represented by a 

continuous probability distribution on the value of the 

(aleatory) parameter. Thus, PRA models typically 

address two types of uncertainty, the aleatory 

uncertainty that results from the adoption of the 

concept of randomness as a means of capturing 

variability in underlying conditions that is not 

explicitly modeled, and the epistemic uncertainty 

which characterizes the analyst's knowledge about 

how to parameterize this variability. At this level, 

there has been relatively little difficulty in com

municating the different aspects of uncertainty as long 

as analysts have accepted the use of subjective 

probability as a means of characterizing uncertainty.  

Some statisticians who adhere to the classical school 

of thought have found this difficult to accept (see, for 

example, Ref. 12).  
There are other basic events of the PRA model, for 

which it is accepted that the appropriate representa

tion is as random events, but for which there is no 

single generally accepted probability model. A 

particularly well known example is the set of events 

that represent the occurrence of earthquakes of 

different magnitudes, in particular when the mag

nitudes are beyond the range of current experience.  

These frequencies of these events are obtained from 

seismic hazard curves. There are several models that 

can be used to create the seismic hazard curves, and 

each one is complex, and based on many assumptions.  

It has become customary in this case to produce a set 

of hazard curves, corresponding to different sets of 

assumptions, and use the results of these models to 

represent the range of values of the frequency of the 

occurrence of the event. This is an example of an 

explicit representation of the uncertainty in seismic 

hazards as a family of curves, which translates into a 

discrete distribution on the parameter characterizing 

an event in the model, i.e., the earthquake occurrence 

frequency. In many cases, probabilities have been 

assigned to the members of the family of curves to 

represent the analysts belief in each of the curves as 

the most appropriate representation of the hazard.2 "3 ' 

The results of the analysis of seismic hazard can then 

be regarded as a discrete probability distribution on 

the value of the earthquake frequency, an aleatory 

parameter.  
However, there are events for which there may be 

no well established models with which to estimate the 

probabilities. These events are often associated with 

the representation of the occurrence or not of a 

specific phenomenon, and particularly arise in what is 

called the level 2, or containment response portion, of 

a PRA. An example of such an event is containment 

failure due directly to a steam explosion. In a paper

on the analysis of containment failure due to a steam 
explosion following a postulated core meltdown in a 

light-water reactor,"4 the authors recognized that 

estiinating the probability of this event was a very 

difficult task. Furthermore, they recognized that the 

interpretation of an assessment of this probability that 

had been made in the Reactor Safety Study' was 

difficult to determine, asking: 'Does this probability 

reflect a stochastic process in which I in 100 

core-meltdown accidents would involve containment 

failure by steam explosion, or is this a measure of the 

uncertainty of the phenomenon?' However, in many 

instances, the analysts concerned have indeed adopted 

a position with respect to the interpretation of such 

probabilities, and have declared them to represents 

either an aleatory or an epistemic uncertainty.  

3.2 Propagation of uncertainty 

Methods for the propagation of the uncertainty on the 

basic events through the quantification process, to 

generate a characterization of uncertainty on the 

output of the PRA, are relatively well established.'0 

Because epistemic uncertainties on parameters are 

generally characterized as probability distributions, 

whether the distributions are continuous or discrete, 

the most common technique is Monte Carlo analysis 

or variants thereof, such as the Latin Hypercube 

Sampling. If all the parameters associated with the 

basic events represent an aleatory property, the 

process is straightforward. However, it is natural for 

an analyst constructing an event tree model to include 

events directly in the event tree logic model structure, 

even when their probabilities are deemed to represent 

epistemic uncertainty, because the event tree is in 

essence only a delineation of possible sequences.  

However, as discussed in more detail later, the 

quantification process, and particularly the uncertainty 

analysis, must take account of this difference, for 

reasons elaborated on in Section 5 of this paper. This 

was recognized in some PRAs in the early 1980s,1'"6 

and, more recently, in the PRAs performed for the 

USNRC in support of NUREG 1150,17 and that 

performed for the La Salle PRA." The approach to 

the analysis for the latter two studies is described in 

Ref. 19. The probabilities associated with the branches 

on the event trees that are considered to be aleatory 

in character are multiplied together to generate 

sequence probabilities. The probabilities associated 

with the branch points that represent epistemic 

uncertainty do not contribute to the sequence 

frequencies. Instead, they are used when performing 

the uncertainty analysis, to determine the relative 

fractions of the Monte Carlo samples (Monte Carlo 

methods are the most commonly used methods for 

propagating uncertainty in PRAs) in which the paths 

through the branch point appear. The evaluation and
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interpretation of a point estimate requires some care.  

As pointed out in Ref. 19, while in principle, 

maintaining the separation is rather straightforward, it 

is deciding on how to interpret the probability 

associated with a particular issue that is often the 

problem. Reference 20 presents an example of how 

that decision was made for the study described in Ref.  

16. This issue is discussed in more detail in the next 

section.  

3.3 Interpretation of the results of a PRA 

Interpreting the significance of the results of a PRA in 

the light of the uncertainties is important if the PRA 

results are to be applied to making meaningful 

decisions about changes in design or operating 

practices, or if they are to be used for economic 

decisions. Probability distributions on the numerical 

results, such as the core damage frequency, can be 

used to calibrate the confidence level at which a safety 

goal is being met for example. However, while it may 

be important to characterize the overall uncertainty, it 

is equally important to understand which factors drive 

the uncertainty. When modelling uncertainty is 

included in the PRA, it is essential to be able to 

distinguish between the results of the alternate 

models."° Correctly representing and propagating the 

epistemic uncertainties facilitates this as illustrated in 

Section 5. While the example in Section 5 is a simple 

one, the current generation of PRA models can be 

complex. For the comprehensive models generated for 

NUREG 1150, special computer techniques have been 

developed (see, for example, Ref. 21) to track the 

influence of uncertainties.  

4 DETERMINING THE NATURE OF 
UNCERTAINTY 

In order to discuss the issue of how to determine the 

nature of the probability associated with an element of 

a PRA model, we take as an example that discussed 

above of the containment event tree branch point that 

represents the occurrence or not of a steam explosion 

large enough to fail a containment. The purpose of 

this example is not to provide a discussion of the 

physics and engineering aspects of the issue. Instead, 

this example is used to illustrate how, by taking time 

to understanding the analysis process, an appropriate 

characterization of the uncertainty type can be 

determined. As a starting point, it will, for the 

purposes of this discussion, be assumed that there are 

two important elements to analysing this situation, 

namely an assessment of the potential energy yield, 

and an assessment of the strength of the containment.  

Suppose, for the sake of argument, that the energy 

yield is considered to be a function of the detailed

history of the scenario that led up to the core damage.  
In a PRA defined scenario, this detailed history is not 
explicitly represented. For example, while the failures 
that contribute to the scenario are defined explicitly, 
their timing is generally not. As another example, if 
the scenario being modeled is initiated by a LOCA, 
for the purposes of defining success criteria, a LOCA 
of a certain size may have been chosen to represent a 
range of break sizes. Because the underlying models 
are based on a description of the world as exhibiting 
random or variable behaviour, the boundary condi
tions of the level 2 (containment performance) 
analysis provided by the end points of the level I (core 
damage) analysis are not determined uniquely, but 
encompass a range of conditions. The core damage or 
plant damage state sequences in reality represent 
classes of possible real world scenarios, of which the 
individual members may vary in many aspects. Thus, 
the answer to the question about how to represent the 
events on the containment event trees should be 
evaluated taking this variability into account. Suppose 
that the relationship between the hidden variables and 
the yield were known, that it is possible to investigate 
this variability, and further that the strength of the 
containment is known accurately. Then, under these 
conditions, the 'likelihood' of the branch point could 
be estimated as the relative fraction of the realizations 
of that sequence which lead to a yield that exceeds the 
strength of the containment. This estimate of the 
'likelihood' would then be a parameter of the model 
of the world that represents the aleatory aspect of the 
model in that it addresses the variability implied by 
that model.  

However, the elementary reliability models used to 
generate the plant damage states may not support 
addressing the underlying variability in the degree of 
detail necessary (because detailed knowledge about 
the causes of variability is suppressed in probabilistic 
models), and the analyst may find assessing this 
fraction extremely difficult. An alternative approach 
might, therefore, be to try to determine whether the 
conditions that would lead to the undesired outcome 
could ever arise. In this case, a bounding analysis of 
the energy yield from the steam explosion and an 
assessment of the strength of the containment would 
be needed. If the bounding analysis demonstrated that 
the containment strength would not be exceeded then 
the event can be said not to occur, i.e., its 'likelihood' 
would be zero. If, however, there are epistemic 
uncertainties in the inputs to the calculations, for 
example, in the evaluation of the containment 
strength, then the answer may not be so clear cut. For 
example, as was the case in the analysis discussed in 
Ref. 20, assume that an analysis has resulted in the 
characterization of the uncertainty in the strength of 
containment as a probability distribution. Some of the 

potential values of the containment strength that are
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within the assessed range of uncertainty may be such 
"that they are less than the bounding value of energy 
yield. Therefore, a probability of the strength being 
less than the energy yield could be assessed as the 
fraction of the distribution of possible containment 
strength values that is less than the energy yield.  
However, since this probability is a result of an 
assessment of epistemic uncertainty, it is itself an 
epistemic quantity. For that part of the distribution 
function on containment strength for which the 
strength is less than the bounding energy yield, the 
containment will always fail, and for the complemen
tary part it will always survive. In this case the analysis 

has resulted in a pair of deterministic models of the 
phenomenon. In other words, if a core damage 
sequence of a certain class were to occur, it would 
always lead to one, but only one, of two (or in the 
general case more than two) possible outcomes.  

The examples above were deliberately chosen to 
represent two different extreme approximations to 
representing a phenomenon. It has to be recognized 
that each is an approximation, and that both 
approximations have some elements of truth. The 
analyst must decide how to characterize the approach 
he is using, and that he feels most accurately 
represents his knowledge. In order to adopt the 
aleatory representation, however, the analyst must be 
able to construct, if not a mathematical, at least a 
mental model of the origins of the underlying 
variability and its consequences.  

The situation is not always clear-cut. For example, 
consider the case of the assessment of the containment 

strength of plant X. It may be true that a large 
number of containments, built to the same specifica
tions, may exhibit a variability in their strengths 
because of, among other things, for example, slight 
differences in concrete composition. On the other 
hand, there is no basis for considering that the 
strength of a particular containment is a variable from 
day to day. However, the variability among the 
strengths for the nominally identical plants could be 
used as a basis for characterizing the (epistemic) 

uncertainty in the containment strength of the specific 

plant X; the plant X could be regarded as a member 

of the population of plants with similarly designed 

containments. It could also be argued, however, that 

if, as suggested in Ref. 8, that the frequencies of 

sequences in a PRA can be interpreted as 

representing the results of a thought experiment in 

which the plant history is hypothetically observed a 

large number of times, the strength of the 

containment could be allowed to vary for each 

observation, which would lead to regarding the 

uncertainty on containment strength as an aleatory 

uncertainty. This would, however, be inconsistent with 

the treatment of other 'parameters' of the PRA 

model, such as the failure rate of the population of

pumps in the plant. This is a parameter which is 
generally regarded as being different at different 
plants, because of differences in operating philosophy 
and maintenance practices for example. However, in 
the repetitions of the thought experiment it is treated 
as a constant. (The reader is warned that it is 
important not to confuse the Monte Carlo trials as 
repetitions of the thought experiment; the latter are 
performed implicitly and used to interpret the aleatory 
parameters such as unavailabilities, whereas the 
former are performed explicitly to represent the 
results obtained by using different values for the 
aleatory parameters.) There are clearly some issues 
for the analyst to address which require an 

interpretation of the entire PRA process. Some of 

these issues are subtle, and many analysts find 

themselves shying away from addressing them, making 

it difficult to distinguish between the two types of 

uncertainty. The next section illustrates why, however, 
it is necessary to try to do so.  

5 THE NECESSITY OF SEPARATING 
ALEATORY AND EPISTEMIC UNCERTAINTY 

As discussed in the previous section, because 
parameters that characterize aleatory uncertainty, or 
variability, and the probabilities that characterize 
epistemic uncertainty are dealing with different issues, 
the first being parameters of the model of the world" 
and the second uncertainty about what that model 
should look like, there is no option but to treat them 
separately. The fact that both these sets of parameters 
may obey the mathematical laws of probability, and 
thus can be called probabilities in the mathematical 
sense, does not alter that. That this is so should be 
clear from considering how new evidence can alter the 
PRA. By collecting more information we can indeed 
decrease our epistemic uncertainty with respect to 
parameter values and modelling issues, within the 
context of the structure of the model, using Bayes 
theorem as a basis. However, to decrease the aleatory 
content requires restructuring the model itself. This 
particular issue is not addressed in detail here.  

Instead, we illustrate the impact the distinction 

between the two types of characterizations of branch 

points has on the presentation of the results of a PRA, 

using a simple example.  
Consider an event tree branch point that is 

representing the choice between two outcomes.  

Reference 7 illustrated this with a calculation related 

to the impact of steam explosion occurrence on 

consequence evaluation. As another example, suppose 

a core damage event tree has only two branches. The 

first (event A) represents the question of whether the 

required system is available or not. The probability 

associated with this branch is clearly a relative
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frequency: assume it has a value of 10-'. The second 

event (event B) asks whether the system A will be 

effective in preventing core damage. Suppose there 

are two experts. The first expert recognizes that there 

are many unspecified variables that characterize the 

plant status and has determined that, for a certain 

subset of the range of those variables, system A will 

be effective, and for the complementary subset, it will 

not. Furthermore, he attempts to estimate the fraction 

of time that the plant is in the subset in which A will 

indeed be effective and comes up with a mean value of 

0.99. In this case he will determine that the frequency 

of core damage is given by f.(a + 4i.b) where f is the 

frequency of the initiating event, assumed to be 

10-'/year, a is the probability of failure of event A, 

and b is the probability of failure of event B. In this 

case, expert l's assessment of core damage frequency 

is approximately 10' (10-3 + 0.999 1.10-2) or 

approximately 1.1 x 10'.  
The second expert believes that the best way for 

him to describe his knowledge about event B is that 

he feels very strongly that system A is effective, but 

wants to express the fact that he is not certain, 
perhaps because he does not know the full range of 

possible conditions under which the system is to 

operate. Or, as another example, while it may be that 

the system has been designed to adequately address 

all foreseeable conditions, he may want to express a 

degree of doubt that the design process is flawless, or 

that the implementation of the design is perfect. He 

might calibrate the strength of this belief with 

historical data on the number of times there have 

been similar types of problems, but this does not 

represent an aleatory uncertainty for this application, 
for which the design is or is not adequate. In this case, 

he states that the fraction of times the yes branch is 

followed is 1 with probability p, and the fraction of 

times the no branch is followed is also 1 but with 

probability I - p. That this is so is precisely because 

the PRA community has chosen to set up the PRA 

model of the world as one in which the experiment is 

repeated (hypothetically) many times, allowing the 

underlying boundary conditions to vary. In this way 

the PRA thought experiment is a sampling from the 

world of possible boundary conditions for the plant in 

question. When an analyst does not carry the 

variability in boundary conditions through, and 

characterizes certain branches as essentially being 

deterministic, they have to be understood as implying 

that all sequences go one way or the other, rather that 

some go one way, and some go another. Suppose that 

the second expert makes a statement that he is 99% 

confident that A will work, i.e., that the parameter p is 

0.99. His assessment of core damage frequency 

therefore is f.(a + d.0), or 10-' with 99% probability, 

or it is f.(a + a.1), or approximately 10' with 1% 

probability. This is a very different result from that of

expert 1. The expected value of the core damage 

frequency, taken over the two hypotheses, will be the 

same as for expert 1. However, if the results were to 

be used to compare the calculated value with a safety 

goal, for example, the conclusions could be very 

different because of the different representations of 

uncertainty. Case 1 would give a unimodal distribution 

over core damage frequency whereas Case 2 would be 

bimodal and, as a result, the two experts would have 

very different levels of confidence in whether they 

meet the safety goal or not. Thus, making a distinction 

between the two representations is important to the 

interpretation of the results of the analysis.  

It should be noted that, for expert 2's assessment to 

be meaningfully different from expert l's assessment, 

he must use a different approach to assessing his 

probability, i.e., his must not be based on constructing 
a model of the underlying variability.  

In all likelihood, expert 1 would also provide a 

statement of his uncertainty on his estimate for the 

likelihood of event B by constructing a probability 
distribution on the value of the likelihood. It is usually 

claimed that expert 2 should not provide an 

uncertainty about his probability. However, Mosleh & 

Bier'2 have pointed out that there are conditions 
under which it makes sense to do so.  

6 CONCLUSIONS 

When an analyst is trying to represent the impact of a 

variability in initial or boundary conditions that he 

cannot capture because of modelling or resources 

constraints, it has been customary to talk about his 

model of the world as being based on random 

processes, and the model will have parameters that 

characterize the system, or more accurately, the 

ensemble of 'identical' systems. Even if these values 

are assessed subjectively they are parameters of the 

model of the world and characterize aleatory 
uncertainty

There is a significant difference in the impact on the 

results of an analysis between saying that both paths 

through a branch point are possible because of 

underlying variability in the boundary conditions, and 

saying that a branch point represents uncertainty as to 

which of two possibilities is the correct (and only) 

one. It is up to the subject matter expert for the 

particular modelling issue to determine the most 

appropriate way for him to characterize the issue. As 

discussed in Section 4 of this paper, it is clear that he 

must be very careful in formulating the problem and 

defining the event(s) of interest if his assessment is to 

be meaningful. If a PRA contains both types of 

approximations to the characterization of branch 

points, then as discussed in Section 5 of this paper, 

because of the impact on the interpretation of results,
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the distinction between the two cases is important and 

should be maintained.  
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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS 
WASHINTON, D.C. 20W65-001 

June 20, 2000 

The Honorable Richard A. Meserve 
Chairman 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555-0001 

Dear Chairman Meserve: 

SUBJECT: PROPOSED RESOLUTION OF GENERIC SAFETY ISSUE- 173A.  
"SPENT FUEL STORAGE POOL FOR OPERATING FACILITIES" 

During the 4 7 3' meeting of the Advisory Committee on Reactor Safeguards, June 7-9, 2000, we 
met with representatives of the NRC staff to discuss the proposed resolution of Generic Safety 
Issue (GSI)-I73A, "Spent Fuel Storage Pool for Operating Facilities." We also had the benefit of 
the referenced documents.  

Recommendations 

1. The staff should defer closing out GSI- I 73A until the re-evaluation associated with spent 
fuel pool (SFP) accidents for decommissioning plants has been completed.  

2. The staff should develop screening criteria for regulatory analyses that are appropriate for 
SFP accidents at operating reactors.  

Discussion 

The principal concerns of GSI-173A involve the potential for a sustained loss of SFP cooling 
capability and a potential for a substantial loss of SFP coolant inventory.  

The staff had previously developed and implemented a generic spent fuel storage pool action plan 
to resolve concerns related to GSI-173A. This plan included plant-specific evaluations and 
regulatory analyses for safety enhancement backfits for plants that are more vulnerable to the GSI
173A concerns.  

The staff has completed the review and evaluation of design features related to the SFP associated 
with each operating reactor. It found that existing structures, systems, and components related to 
storage of irradiated fuel provide adequate protection of public health and safety. Consequently,
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the staff pursued regulatory analyses for safety enhancement backfits on a plant-specific basis.  

For these regulatory analyses, the staff used screening criteria for the frequency of "uncovery to 

within one foot of the top of fuel" or "loss of cooling for eight hours." 

The screening criteria were: 

10'/yr No action justified 
10-6 /yr to 1 o- /yr Further evaluation needed 

I 0"'/yr Proceed to value-impact evaluation 

With this choice of screening criteria, the staff determined that no further regulatory actions were 
warranted.  

The screening criteria, which constituted the primary basis for the staff's findings, are essentially 

equivalent to the criteria in the Regulatory Analysis Guidelines. The criteria in the Regulatory 

Analysis Guidelines are derived from the prompt fatality quantitative health objective (QHO) of 

the Safety Goal Policy Statement. These are appropriate surrogates for this QHO for reactor 

accident source terms (fission product releases) driven by steam-zircaloy oxidation. As noted in 

our report of April 13, 2000, which is related to SFP accident risk at decommissioning nuclear 
power plants, it is very likely that the source terms for SFP accidents will be significantly 
different from those for operating reactor accidents. The fission product release from spent fuel 

accidents is most likely driven by air oxidation of the zircaloy clad. Under such circumstances, 

there is convincing evidence that there may be substantial release of the ruthenium inventory as 

the volatile oxide, as well as release of significant quantities of "fuel fines" through a 

decrepitation process.  

Such differences in source terms have significant implications. Ruthenium has relatively long 

half-life isotopes, its inventory in spent fuel is substantial, and its biological consequences are 

severe. In connection with decommissioning plants, the staff estimated that prompt fatalities due 

to an SFP fire could increase by as much as two orders of magnitude if the Source term is assumed 

to incluae 100-percent release of ruthenium compared to essentially zero rlease. in addition, the 

societal dose could double and the cancer fatalities could increase four-fold for this estimated 

source term. The consequences of actinide releases associated with either fuel decrepitation or 

matrix-stripping have not yet been evaluated. With emergency response measures, the limiting 

consideration might well no longer be prompt fatalities. The staff should assess the impact of the 

different source term on latent fatalities and land contamination.  

Because of these differences in the source term, the screening criteria used in this application 

appear to be inappropriate as surrogates for the prompt fatality QHO related to SFP accidents at 

operating reactors. A proper surrogate could lead to changes in the conclusions that the staff has 

reached.
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Before closing out GSI-1 73A and developing the Standard Review Plan and regulatory guidance, 

the staff should await the results of the proposed re-evaluation of SFP accidents for 

decommissioning plants and should re-evaluate the regulatory analysis screening criteria for 

application to SFP accidents at operating reactors.  

Sincerely, 

Dana A. Powers 
Chairman 

1. Memorandum dated July 26, 1996, from James M. Taylor, Executive Director for 

Operations, NRC, to NRC Chairman Jackson and Commissoners Rogers and Dicus, 

Subject: Resolution of Spent Fuel Storage Pool Action Plan Issues.  

2. Memorandum dated September 30, 1997, from L. Joseph Callan, Executive Director for 

Operations, NRC, to NRC Chairman Jackson and Commissioners Diaz, Dicus, and 

McGaffigan, Subject: Followup Activities on the Spent Fuel Pool Action Plan.  

3. Office for Analysis and Evaluation of Operational Data, NRC, AEOD/S96-02, 
"Assessment of Spent Fuel Cooling," September 1996.  

4. Report dated April 13, 2000, from Dana A. Powers, Chairman, ACRS, to Richard A.  

Meserve, Chairman, NRC, Subject: Draft Final Technical Study of Spent Fuel Pool 

Accident Risk at Decommissioning Nuclear Power Plants.
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UNITED STATES PDR 
NUCLEAR REGULATORY COMMISSION 

ADVISORY COMMITTEE ON REACTOR SAFEGUARDS 
WASHINOTON, D.C. 2005-0001 

firs April 13,2000 

The Honorable Richard A. Meserve 
Chainran 
U.S. Nudesr Regulatory Commission 
Washington, D.C. 2055W-0001 

Dear Chairman Meserve: 

SUBJECT: DRAFT FINAL TECHNICAL STUDY OF SPENT FUEL POOL ACCIDENT RISK 
AT DECOMMISSIONING NUCLEAR POWER PLANTS 

During the 471st meeting of the Advisry Committee on Reactor Safeguards, Apdi 5-7, 2000, 
we met with repreusntatlves of the NRC staff and discuased the subject document We also 
had lO bendit of the documents referenced, which Include tie availabl staeholder 
comments. This report is in response to the Commisslon's request In the Staff R 
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Consequence Code System (MACCS) code assumptions on plume-related parameters 
in view of the results of expert elicitation.  

2. The technical basis underlying the zirconium-air interactions and the criteria for ignition 
needs to be strengthened. In particular, the potential Impact of zirconium-hydrides In 
high bumup fuel and the susceptibilty of the clad to breakaway oxidation need to be 
addressed.  

3. Uncertainties in the risk assessment need to be quantified and made part of the 
declslonmaking process.  

DISCUSSION 

The staff's condusion that the risk after one year of decay time is sufficiently low that 
emergency planning requirements can be reduced is based partially on the assessed value of 
fuel uncovery frequency (3.4 x 10"/yr) being less than the Regulatory Guide 1.174 large, early 
release frequency (LERF) acceptance value (lxlO4 /yr). This LERF risk-acceptance value was 

derived to be a surrogate for the Safety Goal early fatality quantitative health objectives (08O) 
for ope g reactors. The derivation from the OHO is based, however, on the fission product 
releases that occur under severe accident conditions which are driven by steam oxidation of the 
zircaloy and the fueL These releass Include only insignificant amounts of ruthenum. Under 
air-oxidation conditions of spent fuel fires, significant data Indicate much enhanced releases of 
ruthenium as the very volatile oxide. Indicatlons are that, under air oxidation conditions the 
release fractions of ruthenium may be equivalent to those for Iodine and cesium. In the 
accident at Chemobyl significant releases of ruthenium were observed and attrbuted to the 
interactions of fuel with air.  

These findings have significant Implications. The ruthenium inventory In spent fuel is 
substantial. Ruthenium has a biological effectiveness equivalent to that of odilne-131 and has 
a relatively long half-life. If there are significant releases of ruthenium, the Regulatory Guide 
1.174 LERF value may not be an appropkate surrogate for the prompt fatalty HO. In 
additio, because of the relatively long halfe of ruthenium-10, It Is kely that the early fatality 
0HO would no longer be the controlkng conequec.  

In response to our concerns about the effeMe of substantial ruthenium release, the staff has 
made addtitonl MACCS calculatiofns I which It asumed 100 percent relelas of th ruthenium 
inventory. For a one-yew decay time wfth no evacuaton the prompt fatalities Increased by two 
ordenr of magnitude over thoes In the report which did not Include ruthenium release, the 
societal dose doubled and the cpncer ftalities Increased four-fold.  

Our concern is not just with ruthenium. We are concerned with the appropriateness of the 
entire source term used in the study. There is a known tendency for uranium dioxide in air to 
decrepitate into fine particles. The decroptatlon Is caused by lattice strains produced as the 
dioxide reacts to form UsOs. This decrepitation Is a bane of thermogravimotic studies of sir 
oxidation of uranium dioxide since It can cause fine particles to be entrained In the flowing air of 

the apparatus. This suggests that decrepltating fuel would be readily entrained in vigorous 
natural convection flows produced in an accident at a spent fuel pool. The decrepitation 
process provides a low-temperature. mechanical, release mechanism for even very refractory
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radlonuclides. The staff did consider the possibility that uel fines" could be released from fuel 
with ruptured cladding. It did not, however, believe these fuel fines could escape the plant site.  
Nevertheless, the staff considered the effect of a 6x10 release fraction of fines. This 
minuscule release fraction did not significantly affect the calculated findings. There Is no 
reason to think that such a low release fraction would be encountered with decrepitating fuel.  

Consequences of accidents InvoMng a spent fuel pool were analyzed using the MACCS code.  
The staff has completed an expert opinion elicitation regarding the uncertainties associated with 
many of the critical features of the MACCS code. The findings of this elicitation seem not to 
have been considered In the analyses of the spent fuel pool accident. One of the uncertainties 
In MACCS identified by the experts Is associated with the spread of the radioactive plume from 
a power plant site. The spread expected by the experts is much larger than what is taken as 
the default spread In the MACCS calculations. There is no Indication that the staff took this 
finding into account In preparing the consequence analyses. In addition, the initial plume 
energy assumed In the MACCS calculations. which determines the extent of plume rise, was 
taken to be the same as that of a reactor accident rather than one appropriate for a zirconium 
fire. We suspect, therefore, that the consequences found by the staff tend to overestimate 
prompt fatalities and underestimate land contamination and latent fatailtes just because of the 
narrow plume used In the MACCS calculations and the assumed default plume energy.' 

The staff noeds to review the air oxddatlon fission products release data from Oak Ridge 
National Laboratory and from Canada that found large releases of cesium, toiwlurlum, and 
ruthenAim at temperatures lower than 1000 °C. Based on these release values for rutherniu, 
and incoxporaing uncertainti•s in the MACCS plumo dispersal models, the consequence 
analyses should be redone.  

Based on the results of this reevaluation of the consequences, the staff should determine an 
appropriate LERF for spent fuel fires that properly reflects the prompt fatalty OHO and the 
potential for land contrmination and Iltent fataltes associated with spent fuel pool fires.  

In developing rlsk-acceptancriteria associated with spent fuel fires, the staff should also keep 
in mind much factors as the relatively small number of decommissioning plants to be expected 
at any given time and the shor time at which they ae vulnerable to a spet fuel pool fire.  

We also have dliflcultles with the analysis performed to determin. the time at which the risk of 
zirconium fires becomes negligble. In previous interactions with the staff on thie study, we 
indicated that thr were issues associated with'the formation of zirconium-hydride prscpftats 
in the daddlng of fuel especially when that fuel has been taken to high bumups. Many metal 
hydrides ae sntaneously combustibl In a r. Spontaneous combustion of zirconium-hyMdes 
would render moot the Issue of -4gntn temperature that Is the focus of tho staff analysis of air 
interactions with exposed cladding. The staff ha neglected the Issue of hydrides and 
suggested that uncertainties in the critical defty heat times and the critical temperatures can 
be found by sensitivity analyses. Sensitivty analyses with models laking essential physics and 
chemistry would be of WteS use In determining the real uncertainties.  

The staff analysis of the interaction of air with cladding has relied on relatively geriatric work.  
Much more is known now about air Interactions with cladding. This greater knowledge has 
come In no sinai part from studies being performed as part of a cooperative International
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program (PHEBUS FP) in which NRC Is a partner. Among the findings of this work Is that 
nitrogen from air depleted of oxygen will Interact exothermlcally with zircaloy cladding. The 
reaction of zirconium with nitrogen Is exothermic by about 86,000 calories per mole of zirconium 
reacted. Because the heat required to raise zirconium from room temperature to melting Is only 
about 18,000 calories per mole, the reaction enthalpy with nitrogen Is ample. In air-starved 
conditions, the reaction of air with zirconium produces a duplex film In which the outer layer Is 
zirconium dioxide (ZrO)) and the Inner layer Is the crystalographically different compound 
zirconium niOlre (ZrN). The microscopi strains within this duplex layer can lead to exfoliation 
of the protective oxide layer and reaction rates that deviate from parabolic rates. These 
findings may well explain the well-known tendency for zirconium to undergo breakaway 
oxidation In air whereas no such tendency Is encountered In either steam or In pure oxygen.  
Because of these findings, we do not accept the staff's claim that it has performed "bounding" 
calculations of the heatup of Zircaloy clad fuel even when it neglects heat losses.  

The staff focuses its analysis of the reactions of gases with fuel cladding on a quantity they call 
an ignition temperature.' The claim Is that this is the temperature of self-sustained reaction of 
gas with the clad. Gases will react with the cladding at all temperatures. In fact, at 
temperatures well below the Oconservative Ignition temperature" Identified by the staff, air and 
oxygen wil react with the cladding quite smoothly and at rates sufficient to measure. Date in 
ihose temperature ranges well below the Ignition' temperature form much of the basis for the 
correlations of perabolic reaction rates with temperature. We believe that the staff should look 
for a condition such that the increase with temperature of the heat liberation rate by the reaction 
of gas with the clad exceeds the Increase with temperature of the rate of heat losses by 
radiation and convection. Finding this condition requires that there be high quality analyses of 
he heat losses and that the heat of reaction be properly calculated. Since staff has neglected 
any reaction with nitrogen and did not consider bremakway oxidation (causes for the deviations 
from parabolic reaction rates), It has not made an alproprlatO analysis to find this Ignition 
temperature." 

in fact, the search for the Ignition temperature may be the wrong criterion for the analysis. The 
taff should also be lookirn for the point at which cladding ntpke and fission products can be 

released. Some fraction of the cladding may be ptWued before any exposure of the fuel to air 
occurs. Even discounting this, one stiN erives at much lower temperature criteria for concern 
over the possible releas of -rance.  

There are other flaws In the mat"l interactions analyses performed as part of the study. For 
Instance, in eamining the effects of akuminmW melting, the staff seems to not recognize that 
there is a very exnothrmi Intermetalleo reaction between molten aluminum and stain steel.  
Compu•nd formation In the Al-Zr system suggests a strong intermetaille reaction of molten 
aluminum with fuel cladding as well. The staff focuses on outectic formations when, in fact, 
intermetallio reactions ae more germane to the Issues at hand.  

We are concerned about the conservative treiatmt of seismic Issues. Risk-Informed 
decisionmaking regarding the spent fuel pool fire issues should use realistic analysis, including 
w uncertainty assessmenot 

Because the accident analysis is dominated by sequences Involving human errors and seismic 
events which involve large uncertainties, the absence of an uncertainty analysis of the
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frequencies of accidents is unacceptable. The study Is inadequate until there Is a defensible 
uncertainty analysis.  

The risk posed by fuel unoovery in spent fuel pools for decommissioning plants may indeed be 

low, however, the technical shorcokings of this study are significant and sufficient for us to 
recommend that rulemaking be put on hold until the inadequacies discussed herein are 
addressed by the stuff.  
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Dana A. Powers 
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TABLE VI 3-1 INITIAL ACTIVITY OF RADIONUCLIDES IN THE NUCLEAR REACTOR CORE AT THE 
TIME OF THE HYPOTHETICAL ACCIDENT

Radioactive Inventory 
No. Radionuclide Source (curies x 108) Half-Life (days)

1 
2 
3 
4 
5 
6 
7 
a 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

45 
46 
47 
48 
49 
50 
51 
52 

53 
54

Cobalt-58 
Cobalt-60 
Krypt3on-85 
Krypton-85m 
Krypton-87 
Krypton-88 
Rubidium-86 
Strontiun-89 
Strontium-90 
Strontium-91 
Yttrium-90 
Yttrium-91 
Zirconiumt-95 
Zirconium-97 
Niabium-95 
Molybdenuim-99 
Teclnetii-99s 
Ruthenium- 103 
ruthenduor-105 

Ruthenium-106 
Rbhodim-105 
Tellurium-127 
Telluriuw-127= 
Tellurium-129 
Tellurium-129m 
Tellurium-131m 
Tellurium-132 
Anti ny-127 
Antimony-129 
Iodine-131 
Iodine-132 
Iodine-133 
Iodine-134 
Iodine-135 
Xenon-133 
Xenon-135 
Cesium-134 
Cesium-136 
Cesium-137 
Barium-140 
Lanthanum-140 
Cerium-141 
Cerium--143 
Cerium-144 
Praseodyium--143 
Neodynium- 147 
Neptunivo-239 
Pludonium-238 
Plutbonium-2 39 
Plutonium-240 
Plutonium-241 
Americium-241 
Curiim-242 
Curium-244

0.0078 
0.0029 
0.0056 
0.24 
0.47 
0.68 
0.00026 
0.94 
0.037 
1.1 
0.039 
1.2 
1.5 
1.5 
1.5 
1.6 
1.4 
1.1 
0.72 
0.25 
0.49 
0.059 
0.011 
0.31 
0.053 
0.13 
1.2 
0.061 
0.33 
0.85 
1.2 
1.7 
1.9 
1.5 
1.7 
0.34 
0.075 
0.030 
0.047 
1.6 
1.6 
1.5 
1.3 
0.85 
1.3 
0.60 

16.4 
0.00057 
0.00021 
0. 00021 
0.034 
0.000017 
0.0050 
0.00023

3-3

I

71.0 
1,920 
3,950 

0.183 
0.0528 
0.117 

18.7 
52.1 

11,030 
0.403 
2.67 

59.0 
65.2 

0.71 
35.0 

2.8 
0.25 

39.5 
0.185 

366 
1.50 
0.391 

109 
0.048 
0.340 
1.25 
3.25 
3.88 
0.179 
8.05 
0.0958 
0.875 
0.0366 
0.280 
5.28 
0.384 

750 
13.0 

11,000 
12.8 
1.67 

32.3 
1.38 

284 
13.7 
11.1 
2.35 

32,500 
8.9 x 106 

2.4 x 106 

5,350 5 
1.5 x 10 

163 
6,630
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Date Published: April 1982 
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Washington, D.C. 205



significant thermal shock to the reactor vessel wall during this event has not 
been ruled out.  

1.3.2 Human Factors Considerations 

The NRC Task Force conducted a human factors review of the Control Room and 
Technical Support Center designs, a review of personnel responses, and a review 
of the procedures as they supported the steam generator tube rupture event.  
The review also included a comparison of the procedures with the Westinghouse 
Owners' Group guidelines. These reviews were accomplished through interviews 
with plant personnel, examination of the Control Room, the Technical Support 
Center, the procedures as they compared with human factors -guidelines, and 
partial walk-throughs of the event with operators.  

The Control Room and Technical Support enter physical facilities were, satis
factory to support the activities required to mitigate the consequences of 
this steam generator tube rupture event. In addition, the response of the 
licensee's plant staff to the event was good.  

In general, based on the training and experience of the plant staff, the 
applicable procedures were adequate for coping with the event. Problems with 
the procedures are identified.  

1.3.3 Radiological Consequences 

The NRC Task Force estimated the curies available for release from the reactor 
coolant system, the amount of activity transferred to the faulted steam gener
ator, and the activity released to the environment as a function of time. Both 
airborne and liquid releases were estimated. Airborne release figures were 

=then converted to projected offsite dose figures using conservative dispersion 
models based on existing weather conditions.  

On- and offsite radionuclide release and exposure measuring devices were read 
and results analyzed. Risk to the public and licensee personnel were then 
estimated.
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Most of the radionuclides released from Ginna were released during the first 

3 hours of the event. During this period the wind was blowing toward the 

southeast. Snow and the moist cold air caused a large fraction of the radio

iodines- and particulates released from Ginna to deposit on the Ginna site, 

rather than to remain airborne beyond the site boundary. The Task Force 

estimated that airborne releases to an owner-controlled, unrestricted area 

exceeded the limits in 10 CFR 20. Other offsite releases were estimated to be 

less than 25% of the limit for unrestricted areas. All releases would result 

in doses which were significantly less than the 10 CFR 100 guidelines.  

Potential health impacts from the estimated doses and predicted exposures were 

insignificant compared with the natural incidence of cancer fatalities and 

genetic abnormalities.  

1.3.4 Institutional Response 

Various organizations, including the licensee, State and local governments, 

NRC, and other Federal agencies responded to the event at Ginna.  

The licensee had primary responsibility for resolving the conditions that 

existed at the plant. Prescribed initial notifications by the licensee to the 

State, local counties, and NRC were completed very early in the event, and 

interactions throughout the event were maintained among all the participants.  

The Nuclear Regulatory Coumission, using the resources of the Senior Resident 

Inspector, the Region I Base and Site Teams, and the Headquarters Executive and 

Analytical Teams, monitored the licensee's actions in response to the event to 

assure that these actions were correct and appropriate.  

The State of New York and Wayne and Monroe Counties were promptly notified by 

the licensee. They responded by activating their Emergency Operations Centers 

and sending representatives to the site. Monroe County also fielded offsite 

radiological monitoring teams and reported results back to the Emergency 

Operations Center throughout the day. Twice during the first day of the event,

1-7
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EXECUTIVE SUMMARY 

This is an executive suamary of the Important conclusions of 
the report. This summary is Ln the foirm-o? listings of the 
mote important findings. Since there ate important excep
tions and nuances difficult to "portray in such a summary.  
the reader is strongly urged i, read both the individual 
chapters tor mote detailed findings and supporting rationale.' 
and the appendixes foe a fuller understanding of the techni
cal bases.  

What Is VUA?

PRA Is an analysis that: (1) identifies and delineates the 
combinations of events that. if-they occur. will lead to a 
severe accident (i.e.. seven core damage-or core melt) or 
any other undesired event; (2k estimates the frequency of 
occurrence for each combination; and (3) estimates the con
sequences. As practiced in the field of nuclear--ower.. PAs 
focus on core-melt accidents. -since they pose the greatest 
potential risk to the public'. The PRA integrates into a 
uniform methodology the relevant infbrmation about i'ant 
design, operating pcacticeao.- operating history, component 
reliability. human actions the physical progression of core
"melt accidents, and potential eaviconmental and health 
effects, usually in as realistic a manner as possible.  

What Is The State of DevelonMAentof PRA? 

* Qualitative systems analysis (logic modeling) fot inter
nal accident initiators has reached a relatively high 
level of development. where, development is defined as the 
degree of confidence that changes In the state of knowl
edge will not result in substantial changes in the major 
insights drawn from PRAs. 7aerefore. a celatively high 
degree of confidence can be placed In the qualitative 
Insights drawn with regard to dominant accident sequences 
from Internal events and their more important cont-tibu
toes. One area where improvement ts needed is the model
ing of common-cause failures.  

Q Qualitatsve systems analysis for external accident ini
tiators (seismic, fire. flood) has reached a medium level 
of development. which means tba& a fair degree of confi
dence can be placed In the qualitative insights drawn 
with regard to dominant accident sequencas from external 
events and their more important contributors. Again. the 
modeling of common-cause failures needs to be improved 
for all initiatocs.



* Advances have been made in the modeling of human petf•o
mante. and the likelhood of operator errors generally can 
be quantified to ocde*r-of-magnitude precision, particu
larly those errora which arise from failure to follow 
written procedures. However, the quantification of 
errors of misdiagnosis and potential recovery actions to 
terminate an accident sequence has substantial uncer
tainty and needs improvement.  

* The data base is fairly good for events of high fre
quency.* but poor for events of low frequency, such as 
failures of very reliable systecs (e.g.. the reactor pro
tection system), the occurrence of high-magnitude seismic 
events, or the occurrence of common-cause failures. This 
means that internally initiated accidents normally caa be 
quantified with a fair degree of confidence, but normally 
one has only poor confidence in the quantification of 
externally initiated accidents because the results tend 
to be dominated by low-frequency initiators. It is not 
likely that the data base fot low-frequency eventf 'Will 
improve appreciably in the neat future.  

* Estimates 9f source terms are cuprrently made with poor 
confidence, principally because of lsck of knowledge 
regarding the phenomena of core-melt progression, radio
nuclide transport inside the reactor coolant- system and 
the containment, and containment performance. Extensive 
research is under way which should result in substantially 
improving the state of knowledge of the phenomenology of 
core melt, radionuclide transport. and the resultant con
tainment loadings and response. However. uncertainties 
vll likely remain quite large.  

0 The calculation of consequences, given a source term 
and the meteorology, can be performed with reasonably 
high confidence. However. there is still a stochastic 
uncertainty associated with the actual meteorology at the 
time of a major radiological Eeiease, which means that 
the actual consequences as t-I fcttog of location away
from the site cannot be predicted with much precision 
prior to an accident. Also, the actual behavior of the 
affected population during emergency actions (sheltering.  
evacuation) is not well understood.  

*As used herein, high-frequency events are those which are 
often observed in plant operatien. Low-frequency events are 
those rarely observed, having a return frequency less than 
once in 1000 reactor-years.

TA M



What Are The Principal Conclusioni Regardina Uncertainties? 

Uncertainties 16 estimating core-melt frequency due to 
internal initiators are generally reported to be an order 
of magnitude or less above aud below the best estimate.  
However, these estimates may not include tLe effects of 
modeling assumptions.  

* Uncertainties in estimating core-melt frequency due to 
external initiators currently are generally about a fac
tor of 10 to 30 above and Ojelow the best estimate.  

* Uncertaintiet in estimates of the source teom presently 
are-very large but have not been sell analyzed in PRAs.  

* Uncertainties in mean early fatalities, given a large 
source term, could range from about a factor of S above 
the best istimate to nearly zero, in large pact due to 
assumptions made about emergency actions taken.* including 
evacuation.  

* Uncertainties in mean population dose. given a source 
term, would lie within a factor of 3 or 4 of the best 
estimate, while uncertainttis in estimates of latent 
cancer deaths could be approximately a factor of 10 above 
and below the best estimate.  

* There is some question whether the statistical tech
niqaes employed taiPRAs have been implemented properly.  
pacticularly In assigning probability distributions to 
pataneters based onl limited data.  

Completeness does not seem to be the principal limita
tion when examining the general insights gained from a 
PRA on dominant sequences, since the data base is large 
enough so that a rare and unusual type of faLlure likely 
would not affect ihe conclusions regarding dominant 
sequences. Howevei, from time to time some issues (e.g..  
pressurized thermal shock) will warrant regulatory atten
tion even though they had not previously been considered 
important from either a probabilistic or a deterministic 
perspective.  

Design and construction errors should already be part 
of the data base for higher- fequency events and thus 
would be inherently Included in a PEA. However, such 
errors for low-frequency events probably would not be in 
the data base. It is unclear what uncertainties this 
would Imply for the PEA estimates.
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SPRs could be made nore reproducible from one analyst 
to tha next by specifying the data. modeling. suctess/ 
failure assumptions, and phenomenology to be used. How
ever, even under such circumstances, difCe.onces of a 
factor of 3 or more between analysts in estimates of 
cote-melt frequency would not be surprising.  

* One method for propagating data uncertainties (the 
Bayesian approach) is reasonably well developed.  
Approaches based on classical statistict need to be 
explored.. Nore work needs to be done on propagating 
knowledge uncertainties (e.g.. phenomena), and uncertainty 
and sensitivity analyses need to be more widely used and 
better organized and displayed to* assure that users of 
PRA information are better informed as to the important 
uncertainties.  

To What Extent Have PRA Result.s sen Validated? 

* The frequency estimated for severe core-damage acci
dents is usually. low (on the orde' of once in 10.000 
reactor-yearse). It Is not possible to validate the 
results directly because sufficient data does not exist.  
Therefore. It is necessary to attempt to validate as many 
of the constituent pacts of the PEA as possible.  

• Plant-specific design or operational features can have 
an important influence on dominant accident sequences: 
therefore, a generic validation of-results is difficult.  

* Estimates of accidfnt-initiator frequency are reason
ably well validated by plant data for those events which 
occ"" relatively often.  

0 To some extent. failure-rate estimates have been vali
dated, particularly for active components.  

0 Some validation of computer codes has occurred, mainly 
through benchmark comparisons. Much remains to be accor
plished in this area.  

0 The validation level of a PRA is not thorough or 
detailed: however, this level of validation is usually 
not much worse than the degree of validation achieved by 
alternative analytical tools.  

Does Operatina Uxoetience Reasonably Conform To The Results 
of PR~s? 

* Transient information and failure data are used as input 
to the PRAs. Transient information is reasonably roli
able: however, the data base for equipment and human fail
ures needs improvement.



*The Initial results of the accident precursor program 
being conducted by the Office of Nuclear Regulatory 
Research. NRC. indicate a fair degree of agreement (order 
of magnitude) with PRA results relative to the estimated 
likelihood of core melt as well as to the mejoc accident 
contributors.  

Can Generic Insights Be Drawn From PRAst 

0 Genetc insights can be drawn from PRA with regard to 
aspects of design and opecations important tothe dominant 
accident sequences. However. plant-specific features 
could be of significant liportance to the estimation of 
core-melt frequency or risk.  

* The degree to which generic insights can be celted upon 
in regulation depends on the regulatory use and the spe
cific safety issue under consideration.  

What Ate T~e Nator Insiohta That Have Been Drawn From Present 

Note: Only qlobal insights are provided below. The ceader 
is referred to Chapter 3 and Appendix B for more detailed 
insights.  

0 The process of performing PRA studies yields extremely 
valuable engineering and operational insights regarding 
the integrated safety performance of nuclear power plants.  

* The estimated frequency of come melt is higher than had 
been thought prior to performing the Reactor Safety Study: 
however. most core melts ace not expected to result In 
large offsite radiological consequences.  

* The range of core-malt frequency point estimates in 
U.S. PRAs published to date covers about two orders of 
magnitude (about 10-s to 10-0 per reactor-year).  
it Is extremely difficult to pinpoint generic reasons for 
the difference.  

& The specific features of dominant accident sequences 
and the estimates of risk vary significantly from plant 
to plant, even though plants meet all applicable NRC 
regulatory requirements.  

* Estimates of early fatalities and injuries ace very 
sensitive to source-tern magnitudes, and a major factor 
in the estimate of source-term magnitude is the timing of 
containment failure (early or late compared to core melt).  
With large source terms, they are sen3itive to emergency 
response assumptions, but this dependence decreases in 
importance itf source terms are reduced.
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Estimates of latent cancer fatzlities are sensitive to 
aourc*-ter4 magnitudes, but site-to-site differences are 
relatively small for a given Souxce term.  

E Estimated onsito economic losses resulting from a core
melt accident are generally much larger than estimated 
offulte economic losses.  

* Generally, airborne radiological pathways are much more 
important to risk than liquid pathways.  

* Accidents beyond the design basis (such as thos.e caused 
by earthquakes more severe than the safe-shutdown earth
quake) are the principal conitributors to public risk.  

0 Small LOCas and transients ate usually dominant contri
butors to estimated core-melt frequency and risk. while 
large LOCAs usually are not.  

0 Dominant contributors to risk are-dot necessarily the 
same accident sequences as the dominant contributors to 

Score-melt frequency.': 

"0 Human interactions, including test and maintenance con
Siderations. are extremely important contributors to the 
safety of plants.  

• Common-cause (dependent) failuces.-are important contri
butors to estimates o• core-melt frequency and plant risk.  

* Earthquakes, internal fires, and floods seen to play an 
important role in es imates of core-melt frequeri-y and 
plant risk, although ;this tentative conclusion aprears to 
be highly plant specilic.  

0 The failure of long-term decay heat removal is a major 
functional contributor to estimated core-melt frequency.  

0 The reliability of systes.components. and human 
actions important to safety must be maintained during 
operation. Degradation In their reliability can sharply 
increase risk or the likelihood of core melt.  

What IS The Usefulness of PRA In The Regulation of Nuclear 
Pover Plants? 

- PRA results are useful, provided that more weight is 
given co the qualititive and relative insights regarding 
design and operations. rather than the precise absolute 
magnitude of the nuiabers generated.

.i
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I It must be remembeced that most of the uncertainties 
associated with an issue ace inheaent to the issue itself 
rather than artifacts of the PeA analysis. The PRA does 
tend to identify and highlight these uncertainties. how
ever.  

* PEA results have useful application tn the fetciotiza
tion of regulatory activities. development of generic 
regulatory positions on potential safety issues. and the 
assessment of plant-specific Issues.-- The degree of use
fulness depends on the regulatory application as well as 
the nature of the specific issue. and the reader is 
referred to Chapter .2 for more detail and specific exam
plea.  

PEAs are'not very useful.fromna quantitative standpoint 
for some issues. However. PEAs can s'ill provide useful 
regulatory insights even .for these issues. ror example.  
the risk from sabotage Is difficult to quantify due to 
uncertainty in the frequency oC attempted acts and the 
nature of and likelihood of succeos for sabotage attempts: 
however. PRA methods can still piovide good qualitative 
insights with cegard to Important (vital) plant areas and 
weaknesses.  

* The need for plant-specific PRAs depends on the Intended 
application. Most regulatory uses would not be dependent 
on the availability of a plant-specific PRA.  

0 The basic attributes of a PRA ace not highly compatible 
with a safety-goal structure that would require strict 
numerical compliance on the basis of the quantitative 
best estimates of a PEA. Howeve,. there could be useful 
application if the structuce were less strict or the 
goals were set so conservatively that there would be 
little regulatory concern if the actual value substan
tially exceeded those goals.  

0 The results of a PEA should only be one consideration in 
regulatory decisions. i.e.. they should not replace other 
conventionsl considerations. When assessing the weight 
to be given to PEAs In a decision, one should consider: 

- The scope and deeth of the PRA (i.e.. does the nature 
of the PRA reascnably match the needs of the decision): 

- The degree of realism embodied in the PEA: 

- The results of peer reviews. wtich could add to or sub
tract from the credibility of the PEA results; 

- Tha credibility of qualitative Insights obtained from 
the study:
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Apoendix C

CA. Mechanisms for PWR Reactor Vessel Depretsurbzation Prior to Vessel Breach 

The previous section addressed the range of the.-modynamit- Iads to a PWR containment acccmpanying 

penetration of the reactor pressure vessel lower head by molten core debris and subsequent ejection of 

material into the containment atmosphere. These loads can present a ulficam challenge to containment 

integrity if penetration of the reactor vessel occurs at sufficiendy high vessel pressure. For the three PWRs 

examined in this study, however a subsantial fraction of the severe accident progressions that started with 

the reactor vessel it high presure depresuized before vessel breach. That is, many .! the acc4"ent 

sceanaos important to risk result n--by one means or another-a breach in the reactor coolant system 

(RCS) pressre boundary of sufficient size ro reduce reactor vesel pressure below approximately 200 psi 

before reactor vessel lower head failure. An outcome ot this result is that the uncertaibies in 

hih-pressure melt eiction loads are observed to have a relatively small ",pact on tOh overall 

uncertainties &n reactor risk. This observation is a substantial change in results from those of preliminary 
analyses pubtished in draft form in February 1987..  

Unlike the BWRs ex-mined in this study, the PWRs do not have a system specifici ly designed to 

manually depresnwaze the reactor vessel. Feed-and-bleed operations can effect limited drpessurizatioi if 

dite necessary systems am operable. Many of J' accidernt sequences leading to core darnage in the three 

PWis examined in this study. however, include combinations of failures that render feed-and-blhd 

operations unavailable. This section addresses the other means by which the reactor vessel presse may 

be reduced to levels below which high-presscre mek ejectin lads do not threaten contamment bpigity: 

* Temperature-induced failure of steam generator tubes.  

• Temperature-induced failure of primary coolant hot leg piping or the pressurizer surge line.  

* Failure of reactor coolant pump sels.  

* Stuck-open power-operated relief valves (PORVs). and 

* Manual (operator) actions to depressurize the RCS.  

"The estimated frequency of eazh al these events and their influence on reactor vessel pressure was 
inco-porated in the accident progression analysis for the Surry. Sequoyah. and Zion plantb. Manual 
depressuriztion was found to be ineffective for most PWR accident sequences because of limitations in 

the apprpriate emergency procedures and the need for ac power to operate relief valv. This mechanism 
is, therefore. not discussed further. The manner in which the other hypothetical events were considered.  
the means of quantifying their likelihood, and ilusintions of the impact they have on the results are 
discussed in the foilowing sections.  

C.6. I issue Deflmitlon 

The general issue is the frequency with which PWR sew.re a"cident Frogressw'ons involve a breach in the 

RCS premsre boundary of sufficient size to reducc the reactor vessel pressure below approximately 200 
psia. The mechanisms for depressurizmng the reactor vessel that are considered in the present analysis are 
those laed in ite introduction abov,. The first two mechanisms involve temperature-iraduce4 (i.e.. creep 

rupture) failues of RCS piping. In both cases, the heat source for such failures is lot gases transported 
from the core via natural circulation or exiting the RCS through the PORV. The natural reirculation pattern 
may involve an entire RCS coolant loop if water in the loop seals has :leared. If the loop seals have not 
cleared, a countercurrent natul circulation flow pattern may be established within the hot leg piping.  
transportng superheated gases and radionuclides from the core region o. the reactor vessel to the steam 

generators. Effective cooling of the steam generator tubes is not available in many of the accident 
sequences considered in this analysis because of depletion of secondary coolant inventory earlier in the 

accident. Decay heat fr9m radionuclides deposited in the 5team generator i.alet plenum and inside :he 

tubes may also contribute to local tube heating. In either case, natural circulation flow (if established) may 

be interrupted by the frequent cycling of the pressunzer PORV or b) the accumulauon (and stratification) 

of hydrogen in the reactor vessel upper pl(nurn and hot legs. The specific parameter tn be quantified is 

the frequency with which creep rupture of hot leg piping or steam generator tubes result, from the transfer 

of h•eat horn the core (via gas circulation) to RCS structures. The temperature-induced failu;es of interest 

here are firmted to those that occur before reactor vessel failure.
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Degradation and failure of reactor coolant pump seals may Mao result from overheating. In this case..  

overheating results from the loss of seal cooling water flow or los of heat removal from the seil cooling 

ater system- A number of potential 'seal Rates have been identified in reactor colant pump 

performance studies, which result in a range of plausible leak rates from the reactor coolant system. The 

parameters to be quantified are the frequency of pump seal LOCAs. the relative likelihood of various leak 

rates that result from these failures, and the resulting value of reactor vessel pressure at the time of vessel 

breach.  

The fourth mechanism considered in this analysis, stuck-open FORV(s). may result following the repeated 

cycling (opening and reseating) of the PORVs during the course of an accident. Such events have been 

observed (with relatively low frequency) during transient events in which plant conditions never exceed 

design basis conditions. PORVs have also been tested for their reliability to close after repeated cycles at 

design basis conditions. This issue considers the effect of beyond design basis ronditions on the frequency 

wvith which PORVs fail to close after several cycles.  

C.6,2 Technical Bases for Issue Quantficiatlon 

Two of the four mechanisms. temperature-incluced hot log failure and steam generator tube ruptures. were 

presented to a panel of experienced severe accident analysts. Each panelist was asked to provide a 

probability distribution representing his estimate of the frequency of each event. Ther Judgmemn were to 

be based on cutrent information, made available to each of the panelists, and their ownt professional 

experience. The panelists participating were: 

Vernon Denny-Science Applications International Corp., 

.obert Lutz-WestingitousS Eleti Corp., and 
Robert Wright-U.S. Nuclear Regulatory Commission.  

The individual distributions prepared b'" these panelists were then combined (i.e., an aggregate 

distribution was generated by averaging those of the three panelists) to develop a singe) distribution for 

application in the PRA. The methods used to aggrepte individual panelis' distributions are described in 

Reference C.6.1.  

The frequency of reactor coolant pump seal failures was addressed by an expert panel In support of the 

systems analysis for the PFWRS (Ref. C.6.2). This panel's Judgpiens were adopted for use in the accident 

progression event tree. Very limited data are available to spoon an asesment of the frequency of 

PORVs sticking open when subjected to javere accident conditions. A broad disrib-Jtion was, therefore.  

assigned to the frequency of stuck-open PORVs. A summary of the technical bases for quantifying the 

frequency of RCS depressurization for each of these four mechansms is given below.  

Frequency of Hot Leg Failure 

A case structure was established to consider a spectrum of plabuibe severe accident conditions for which 

the frequency of hot leg failures needed to be quantified. The case structure was formulated around 

accident sequences that represent a significant contribution to the total core damage frequency. The cases 

considered were: 

(asw 1: A classic TMvLB'" scenario (station blackout). RCS pressure is maintained nea.2500 pim by the 

continuous cycling of the PORV. The secondary side of the steam gene-rtor is at the stem aree valve 

sctpount pressure (approx. 1000 pia) and is depleted of coolant inventory. Reacovr colamt pump seal 

cooling is maintaiwid at the notinal flow rate.  

Case 2: Station!blackout sequence durinlwhichreactr pumpcoolant seals fail, yielding a leak rate equivalent 

to a 0-5-inch-diameter break in each coolant loop. The man generator secondery coolant inventory is 

depleted and the atwiliary feedwater system is unavailable.  

Case 3: Same as Case 2 except the steam generators maintain an effective RCS heat sink with auswiliary 

feedwater operating.  

'Reactor Safety Study (WASH-14001 Dottteclature ior accideat sequ.esc delUnestlos. The alphabetical cbarsacten repre

sent compeund faklurti of plant equpment leading to the Iwo of plant mWaey functions. The characters TMLB' epresent a 

transient initlatilg event, Lost of decay beat removal. and loes 0f &B electrical power.
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The technical baw used by tUe panelists for characterizing the frequency of temperature-,nduced hot leg 
failures for each Lase were dominated by caLmulakom performed with various sev:re aLcident analysis 
computer codes and by several different orpniations. Thoew cited by the panelists in weir elicitations 
(Ref. C.6.1) included TRAC/MBLPROO calcultions of TMLB' scenarios in Surry (Ref. C.6.3), 
RELAPS/SCDAP calculations of simila accident scenaris (Ref. C.6.4). CORMLTIPSAAC calculations 
for Surry and Zion (Refs. C.6.5 and C.6.6). mad MAAP calculations performed in support of the RI',ghals 
Unit 3 PRA (Ref. C.6.7) and the Seabrook PSA (Refa. C.6.8 and C.6.9). Rinl•haa Unit 3 is 3 three-loop 
plant with an NSSS similar to that of Surry; Seabrook is a four-loop plant with an N'ESS similar to those of 
Sequoyah and Zion.  

Only two specific references were cited by the panelists elrding experimental data or other physica; 
evidence of natural circwation vn•d its effect on heoting RCS strctures. Than were the natural circulation 
exerimenu sponsored by EPIU (Re:. C.6. G) ad the resuka of post-accident examinations of the Three 
Nhl. dmid Unit 2 cmre debris and RCS wucumw (Ref. C.6.11). Information from neither of these 
sources is believed to have significandy icihuenced the panelist' fudnenus on this bsae.  

T Be l septt diamrrblon for the frequency of tempewa"u-iduced hot !tg failures are shown in Figurn 
C. 6.1 for Cases I and 2 outtined above. 71w probability that Case 3 would remult in an Induced hot leg 
fairkne was Jdpd to be essentially sero. The dibatsion shown in PIgure C.6. w are displayed in the form 
of a cumuladve distronutim Rnction (CDP); that is, the curve dIays the probability that the frequency 
of an Induced bht lg failure b not greter than a particula ,als. Tb. likelihood u. an induced hot leg 
failure. given a station blackout accident disting which the reactor vessl psesue mmains high (i.e.. no 
reactor coolant pump nail LCAs. mack-open PORVs. etc.). is shown to be relatively higb: the median 
frequency b geater than 95 percent. In contrast, lower reactor vessel preesrcu in Case 2 (with an early 
pump seal LOCA) make an induced hot leg fahure unlikely. there is an 83 percent chance that a hc* leg 
failure will not oca .  

Frequency of Induced Stein Geme*atm Tube Rvptures 

Essentially the same information (resuks of severad computer code calculations) were used to characterize 
induced steam Ienerator tabe rupture (SOTR) frequency. All three pnelists agreed that the likelihood of 
an induced SOal is quite low. M three ponelsa noted that temperature-induced tube ruptures are 
driven by the san phiencena that drive tempsrature-kiduced hot ks failu (manual circulation flow of 
hot gass frn the reactor vemel); therefore, the hrquency distributions are correlated. Two of the 
panelists believed that the bfruency of SOTr is very muall because of the aasumption that the hot leg 
would fad first, and neither of thei distr omibu for frequency of induced SOTi exceeded a value of 
0.0005. The ggrete adstribudw (shown in Fig. C.6.2) is dominated by a site) panelist, whosa 
distribution was strongly inlntaceid by condsdsrtlea of pee-existing flaws in steam generator tubes, 
remaltir4 mn the asmnpn-.n that SCrO mltg occur before hot leg failure.  

Frequency of Induced Reactor Coolant Pump Seal LOCAs 

The frequency of pump seal LOCAs of vwrous amzes (corresponding to various pump seal states) was 
considered by a panel of expert as a system analysis issue. Degradation mechanisms for reactor cuolant 
pumps are h4hly plant- (or pump-) specific and can be quite complicated. Details of the analyses leading 
to the characterization of the various pump seal states and the corresponding spectum of possible leak 
rates are not provided here but are avaiWlale in the documentation of the expert panel elicitauons (Ref.  
C.6.2). An indication of the potential Importance of modeling psimp seal LOCA(s. however, can be found 
by examining the accident pruressions for which the reactor vessel pressure remains at or near the system 
uetpoint (e.g.. station blackouts with no other breach in the RCS pressure boundary). In the Surry 
analysis. applreuately 71 percent of these accident proesaions result in a failure of the seals in at least 
one reactor coolant pumup. Of theas, roughly one-third are estinated to result In a large enough leak rate 
to depressurize the reactor vessel to less than approximately 200 psia prior to reactor vessel breach; 
another third result in leak rates unall enough to preclude any significant depressurization. In the 
remaining one-third of the cases, the reactor vessel is at intermediate pressure (200-600 psia) at the time 
of vessel breach (Ref. C.6.12).
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Frequency of Stuck-Open POMV1 

This issue w~s also addressed in the "froit-end* analysis as an uncenainty ;sue (Ref. C.6.2). The RCS 

conditioms under which PORVs will cycle after the onset of core damage, however, are expected to be 

significanty, more severe than those for which the valves were designed and more severe than the 

conditions under which PORV pe:fomimce has been tested. In lieu of spr;cific analyses. test data, or 

operating experience, an estinate of frequency with which a PORV will stick open and an estimate for the 

resulting RCS pressure were generated as follows: 

The valve is expected to cycle between 10 to 50 times during core degradation and prior to vessel 

breach. Extrapolation of the distributions for the frequency of PORV falure-to-close from the 

front-end clicitations indicates an overall failure rate (for 10 to 50 demands) in the neighborhood of 

0.t to 1.0. A uniform distribution from zero to 1.0 am. therefoie. used in the Surry and Sequoyah 

analyses.  

TRAC/MELPROO and Source Term Code Package (STCP) usnalyses were reviwed to characterize 

the rate at which a stuck-open PORV could depressurze the r.eactor vessel (Ref. C.6.12). The results 

of this review resulted in an estimate that there is an So parcemt probability that the reactor vessel 

pressure at the time ot vessel breach il be leas than 200 psia; in the remaining 20 percent of the 

cases. the vessel pressure will be as intermediate levels (200-600 Pula).  

C.6.3 Treatment In PF.A and Results 

The probability distributions for this issue were kinplemesnted in the PWI. accident progression crv. trees.  

These trees (one for each plant) provide a umucured approach for evoauating the various ways in which a 

severe accident can progress. Including important aspects of RCS thermal-hydraulic response. core meln 

behavior, and containment loads and performance. The accident progression event tree for each plant is a 

key element in the assessment of unceitalities in risk; it considers the possibility that a part•l lar accident 

sequence may proceed along any one of save.' alernative pathways (i.e.. alternative combinations of 

vents in the severe accident progression). The probability distributions for individual and combinations of 

events within the tree provide the nr.4s that determine the relative ike*Uhood of various modes of 

containmrnt failure.  

For the ae of reactor vesszl depressuwlz•don. probabili.y distributions for each of the mechanisms 

discussed above were incorporated in the accident progression event tree to determine reactor vessel 

pressure prior to vtssel breach. As Indicated in Section C.S. the cortainmert loads accompanying vessel 

breach strongly depend on reactor vesel pressure. The lWad at vessel breach assigned to a partcuar 

accident progression. therefore, depends on the outcome of questions in the tree regarding reactor vessel 

depressurizaaton. Selected resuls ftrnm the accident progression event tree analysis are sum•manzed below.  

The pressure history (as determined by the Story accident progression event tree) for slow tation 

blackout accident sequences* is sunmmrised imt Table C.6.1. This table shows the fraction of slow station 

blackout accident progressions for which the RCS pressure is at the PORV setpoint at high. intermediate.  

mad low levels at the time the core uncovers and the tme of reactor vessel breach.  

A substantial fraction of the slow blAckout accident progreasions that start out with the RCS pressure at tv.e 

PORV setpolnt pressure are depressuriezd by one (or more) of the mechanisms described in Reference 

C.6.1 and resu•t in a low pressure by the time of vessel breach.  

A sensitivity study was performed to ewxar'ne the effect of neajecting temperature-induced hot leg failure 

Ard steam getterator tube ruptures on the observemd results. Table C.6.2 summarizes the result of this 

study (presented in an identical format as Table C.6.1).  

The results for pressure when the core uncovers are not affected by the change since temperature-induced 

hot leg failure asid steam generator tube ruptures can only occur after the onset of core damage. Th* 

rtinination of the possibility of these failures does affeet the frac•ion of accident progressions Uivolving 

reactor vessel breach at high pressurc. The occurrence of high.-pressure melt ejection is observed to 

roughly double in frequency.  

*Slow slalton blackout accident teuances contri~Lits more than oae. halt of ilie meanr total core damage frequency fir Surry 

noe remalll tidicated lot itils Ipomp of iccidtit sequences are not generaliy applicable to other Surry accldent oqilencos or 

otheT plants 
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Table C,..I Surry reactor vessel pressure at lim? of core 
uncovery and aM vessel breich.  

Fracticn of Slow Blackout 
Accident Progressions With 
Pressure-P at the Time of.  

RCS Pressure Core Reactor 
(pSl&) Uncovery Veosel breach 

2500 0.54 0.0b 
1000-1400 0.13 0,10 
200-600 0.33 0.19 
<200 0.0 0.65 

Table C-6.2 Surry reactot" vw.el pr-.,ure of time of core 
uncovery and at vesiei breac (sensitivity study 
wftkout luduwad bo: log falltre, and steam ran
rator tiabe ruo-Urea).

Core 
Uncover

RCS Pressure 
(psiia) 

2500 
!000- 1400 
200-600 
<200

0.54 
0.13 
0.33 
0.0

Fraction of flow Blackout 
Accidet Progressons With 
Preiourn-P at the Time of: 

Reactor 
I Vessel Breach

0.25 
0.10 
0.19 
0.46

The incre.st in acctkent progressions resultsig in vesiel brcr~ch a' high pressure is not observ,.d to 

significanJty affect the likelihood of early conrainment failure, however. Table C.6.3 shows the ftraction of 
slow blackout ac-'z-ent propessions that remalu in varioui mock-s of contaInment failure (including no 

failure) for the Surry base case analysis "nd for the sensitivity analysis in which induced hot leg failures 
and steam penirator tube riptures were elinuiated.  

The insignificant change in results is largely attribiable to . t rrergth of the Sur•y containment and its 
ability to withsUnd loads as high as those estimated to acco-npan, high-pressure melt ejection with a 

relatively Kia, probability (refer to Section C.5).  

Qualitatively si•i•lar reaalu are observed for Sequoyah. Elimiration of the xxentLiJ for early reactor vessel 
depressurtation by induced hot leg failure o stearo generttor tube rupture (via a senstivitv analysis) ha! a 

noticeable, but not dramatic, influence on the likelihoxi ,f high-pressure melk ejection. Table C.6.4 

shows the fractun of Sequoyah accident mrogressions (fcr two important types of core melt accidenu) that 

results ui high-pressure i&,--t eiection" for the base case analyss and tne s5C.uvtLy analysis. In adjacent 

columrs of this tab.e are the tracuo, s u; .Lr , thisit high-presaute nielt election occun and results in 

containment failure by overpressuwizAtion.  

"The values shown ocJy &,;count for c€ass in which hI&-)--p-urt melt e*j'.kn OCciLts in a cavity that It•0s ndeeply flooded 

Caoms In which ihe cavity Is deeply nooded do no, usually sene"rae lo" is asrflcknmil lare i :o threaten containment ilsegulii
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Table C.6.3 Fractiu:t of Surry slow blackout accident 
progressions that results lin various modes of 
containment fail.,re (mean values).  

Fraction of Slow Blackout 
Accident Progressions Resulting in 
Conta~nment Failire Mode X 

Containment BSa Case Sensltis ity 

Failure Mode Analysis Analysis 

Structural Rupture 0 01 0.01 

Leak 0.01 0.01 

Basemat Meitthrough 0.07 0.06 

Containment Bypass < 0.01 0.0 

No Failure* 0.91 0.92 

'Included is this category c.t accijeni peogrentoes In w'hich core damage is e~ntitle 
In-vtesiel, thus preventias reactor :ethel 3breach MaW couiament failure. For Suuy.  
thes cases comprse approximately 60-C percent of the No Failurt" acessAos.  

Table C.6.4 Fraction of Sequoyah accident progressions that results in HPME and contai,.mcnt 
overpressure failure.  

Fraction Resulting In Fraction of Columns (A) 
HFME Without Cases in Which- Containment 

a Flooded Cavity Ovcrpressure Failure Occurs 

(A) (A) 

Type of Core Base Case Sensitivity Base Case Sensitivity 

Damage Accident Analysis Analysis Analysis Analysis 

LOCA 0.11 0.11 0.16 0.16 

Station Blackout 0.16 0.21 0.20 0.21 

As might be expected. no change is observed lor the LOCA accident scenarios. Negligible changes are 

also observed for station blackout scenarios.  
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3. INTERNAL EVENT LEVEL 2 PRA FOR FULL POWER OPERATIONS 

This chapter provides attributes for performing a Level 2 probabilistic risk assessment (PRA) of a plant operating 

at full power. A Level 2 PRA evaluates contahiment response to severe accidents and determines the magnitude 

and timing of the radionuclide release from containment. Consequently, those PRA applications that deal with 

containment performance obviously need a Level 2 analysis as described in this chapter. A Level 2 analysis is also 

needed if the application requires that a numerical value for the frequency of a particular release be determined.  

Finally, if a particular PRA application requires estimates of offsite consequences and integrated risk, as, for 

example, in the calculation of the U.S. Nuclear Regulatory Commission (NRC) Safety Goal Quantitative Health 

Objectives (QHOs), then a Level 2 PRA coupled with a Level 3 PRA is needed. Accidents initiated by internal 

events including internal fires and floods are addressed in the following section. Accidents initiated by various = 

external events are addressed in Chapter 5.  

The primary objective of the Level 2 portion of a PRA is to characterize the potential for, and the magnitude and 

timing of, a release of radioactive material to the environment given the occurrence of an accident that results in 

sufficient damage to the core and causes the release of radioactive material from the fuel. To satisfy this objective.  

a quality Level 2 PRA is comprised of three major parts: 

A quality Level I PRA, which provides information regarding the accident sequences to be examined and 

their frequency. The attributes for performing the analyses associated with this aspect of a PRA are 

described in Chapter 2 and are not discussed further here.  

A structured and comprehensive evaluation of containment performance in response to the accident 

sequences identified from the Level I analysis.  

A quantitativecharacterizationofradiologicalrelease to the environment that would result from accident 

sequences which breach the containment pressure boundary.  

A detailed description of the attributes for conductingthe technical analyses associated with each part is provided 

below.  

The current state of knowledge regarding many aspects of severe accident progression and (albeit to a lesser 

extent) the state of knowledge regarding containment performance limits is imprecise. Therefore, an assessment 

of containment performance should be performed in a manner that explicitly considers uncertainties in the 

knowledge of severe accident behavior, the resulting challenges to containment integrity, and the capacity of the 

containmentto withstand various challenges. The potential for a release to the environment is typically expressed 

in terms of the conditional probability of containment failure (or bypass) for the spectrum of accident sequences 

(determined from Level I PRA analysis) that proceed to core damage.  

In addition to estimating the probability of a release to the environment, the Level 2 portion of a PRA should 

characterizethe resulting radiological release to the environment in terms of the magnitude of the core inventory 

that is released, timing of the release, and other attributes important to an assessment of offsite accident 

consequences. This information provides (1) a quantitative scale with which the relative severity of various 

accident sequences can be ranked and (2) represents the 'source term' for a quantitative evaluation of offsite 

consequences (i.e., health effects, property damage, etc.) which are estimated in the Level 3 portion of a PRA.
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5 External Event PRA for Full Power Operation

One important aspect of a seismic event is that all parts of the plant are excited at the same time. This means that 
there may be significant correlation between component failures, and hence, the redundancy of safety systems 
could be compromised. The correlation could be introduced by common location, orientation, and/or vibration 
frequency. This type of "common cause" failure representsa unique risk to the plant that is reflected in a seismic 
PRA.  

An additional consideration in the performance of a seismic PRA is the formation of both a well-organized 
walkdown team and a peer review team with combined experience in both system analysis and fragility evaluation.  
Ideally, the peer review should be conducted by individuals who are not associated with the initial evaluation to 
ensure ideally both technical quality control and technical quality assurance of the PRA results and documentation 

Identification of Structures, Systems, and Components to be Included in the Seismic Analysis 

The systems, structures and components (SSCs) modeled in the internal events PRA, internal fire PRA (Section 
2.3), and internal flood PRA (Section 2.2) can be used in the identification of potential seismic induced initiating 
events, component failure modes, and accident scenarios. They provide the starting point for the identification 
of SSCs to be included in the seismic analysis. In addition, a review of the fire and flood analyses'can help 
identify the potential for seismic-induced fires and floods. For example, failure of a heat exchanger or tank could 
lead to a flood that impacts other components. Similarly, rupture of an oil storage tank can cause a fire.  

During the plant familiarization in preparation for performing a seismic PRA, plant documentation regarding 
equipment layout, design, and construction of the SSCs identified in the internal events PRA are typically 
reviewed. During this process, additional SSCs may be identified. During the plant walkdown, visual inspection 
of the equipment layout, component installation, and anchoring should identify SSCs whose failure could impact 
the risk of the plant. The plant walkdownis critical to identify as-designed, as-built, and as-operated seismic weak 
links in plants. Information is gathered to determine the significant failure modes of the SSCs and if the failure 
of an SSC would impact other equipment needed to mitigate the accident. For example, failure of a structure could 
cause failure of equipment nearby due to failing debris. More detailed attributes for a walkdown can be found in 
Sections 5 and 8 of the Electric Power Research Institute (EPRI) Seismic Margins Methodology (Ref. 5.4).  

Initiating Events Analysis 

Seismic-induced initiating events typically include transients, loss-of-offsite power (LOOP), and loss-of-coolant 
accidents (LOCAs). The postulated collapse of a major structure, such as the reactor building or turbine building, 
can be considered as an additional initiating event or as a basic cause for an initiating event that has been already 
identified in the internal events PRA. As mentioned previously, seismically induced fire and flood events can also 
be potentially identified. It is possible to have multiple initiating events for a given seismic event This can be 
treated approximately by choosing the initiator with the worst impact from the standpoint of core damage 
probability and consideringadditional failures that are seismically induced. A systematic evaluation of the SSCs 
is performed to identify the causes of potential initiating events. In a manner similar to the way initiating events 
are grouped for an internal events PRA, the seismic failures can be grouped based on their impact on the plant.  
The results of the evaluation should produce a list of failures for each initiating event. The identified failures are 
then used to guide the quantification of the frequencies of the initiating events.  

Hazard Analysis
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5 External Event PRA for Full Power Operation

In the 1980s, the methodologies for performingseismic hazard analysis were developed for the Eastern-U.S. sites 

by Lawrence Livermore National Laboratory (LLNL) (Ref. 5.5) and EPRI (Ref. 5.6). However, theseismic hazard 

curves by these two methodologies were significantly different for many of the eastern sites. As a result of the 

1993 revision of the LLNL hazard curves (Ref. 5.7), either approach is currently considered to be acceptable. In 

1993, an effort was also initiated to develop a method to produce more consistent seismic hazard curves (jointly 

supported by the NRC, EPRI, and the U.S. Department of Energy [DOE]). This recent development in seismic 

hazard analysis could also be used for future seismic PRAs. In the seismic hazard evaluation, site-specific soil 

conditions should be incorporated into the site-specific hazard curves to provide a true site-specific hazard 

evaluation. The potential for soil liquefaction should also be considered in a site-specific evaluation.  

To quantify both the seismic hazard and component fragilities, a ground motion parameter needs to be selected.  

Traditionally, the peak ground acceleration or zero-period spectral acceleration has been used to represent the 

intensity of the earthquake hazard, which tends to introduce a significant uncertainty in the lower frequency range.  

To mitigate this problem, the average spectral acceleration is recommended for use since it expresses the ground 

motion intensity in terms of average response spectral values over the significant frequency range of interest for 

most structures and equipment (e.g., 5 Hz to 15 Hz). If an upper bound cutoff to ground motion at less than 1.5 g 

peak ground acceleration is assumed, sensitivity studies should be conducted to determine whether the use of this 
cutoff affects the delineation and ranking of seismic sequences.  

Fragility Analysis 

The fragility of a component or structure is defined as the conditional probability of failure given a value of the 

ground motion parameter. All the potential failure modes, both structural and functional, need to be examined to 

quantify the fragility value of a component. The sources of information that can be used in a fragility evaluation 

include the plant-specific design and test data, available experimental results, experience in past earthquakes (e.g., 
for offsite power loss), and generic fragility values from past studies.  

Generic fragility parameters can be used in the initial screening of components and structures. However, the 

appropriateness of the generic fragility parameters has to be verified during the plant walkdown as well as by 

reviewing the documentation on component and structure fragilities. The high-confidence-and-low-probability 
(HCLPF) value can be used to screen components and structures without quantification of the seismic fault trees 

or event trees. Screening using a specified g-level for components and structure can be used to eliminate 
components with higher HCLPFs from further consideration in the PRA. However, if tie core damage frequency 

(CDF) results indicate significant importance of components at the specified g-level, then components screened 
at this level should be added to the model and the results recalculated.  

In the final PRA model, all components and structures that appear in the dominant accident cutsets should have 

site-specific fragility parameters that are derived based on plant-specific information, such as anchoring and 

installationof the component or structure. The methodologies for fragility analysis are discussed in a number of 

references, for example, NUREG/CR-2300 and EPRI NP-6041. It is desirable to incorporate the results of the 

latest available test data into the analysis and to also include aging effects in the component and structure fragility 

evaluation.  

Seismic Model Development and Quantification
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5 External Event PRA for Full Power Operation
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Appendix 1 Thermal Hydraulics

1. Spent Fuel Heatup Analyses 

Spent fuel heatup analyses model the decay power and configuration of the fuel to characterize 
the thermal hydraulic phenomena that will occur in the SFP and the building following a postulated 
loss of water accident. This appendix reviews the existing studies on spent fuel heatup and 
zirconium oxidation, the temperature criteria used in the analyses, and how it applies to 
decommissioned plants.  

1.1 Spent Fuel Failure Criteria 

Several different fuel failure criteria have been used in previously NRC-sponsored SFP accident 
studies. Benjamin, et. al used the onset of runaway fuel clad oxidation as the fuel failure criterion 

in NUREG/CR-0649 [Ref. 11. This criterion was criticized because clad rupture can occur at a 

relatively low temperature causing a gap release. The consequences of gap release can be 
significant if the radioactive iodine has not yet decayed to insignificant amounts. SHARP 
calculations [Ref. 2] used the onset of clad swelling as an acceptance criterion for prevention of 

fuel failure. The onset of clad swelling leading to gap release occurs at approximately 565 °C, 
which corresponds to the temperature for 10-hour creep rupture time [Ref. 3]. A cladding 
temperature of 570 0C is used as a thermal limit under accident conditions for licensing of spent 
fuel dry storage casks.  

The most severe fuel damage would be caused by rapid, runaway zirconium oxidation. This would 

lead to significant fission product release even after the gap activity has become insignificant. The 

onset of rapid oxidation may occur as low as 800 0C [Ref. 41. Runaway oxidation can raise clad 

and fuel temperatures to approximately 2000 °C which corresponds to the melting temperature of 
zirconium. The release of fission products trapped in the fuel can occur at fuel temperatures of 
approximately 1400-1500 0C. Runaway oxidation starting in a high-powered channel could also 
propagate through radiative and convective heat transfer to lower power assemblies because of 
the large heat reaction in zirconium oxidation.  

There are several other temperature thresholds that may be of concern in SFP accidents. The 
melting temperature of aluminum, which is a constituent in BORAL poison plates in some types of 

the spent fuel storage racks, is approximately 640 0C. No evidence was found that boron carbide 

would dissolve in the aluminum forming a eutectic mixture that liquefies at a temperature below the 

melting point of aluminum. However, if it is possible for a molten material to leak from the stainless 
steel spent fuel storage rack case, melting and relocation of the aluminum in the boron carbide
aluminum composite may cause flow blockages that increase hydraulic resistance. No realistic 

evaluation of melting and relocation of aluminum or aluminum/boron carbide eutectic has been 
performed.  

Another concern is the structural integrity of the fuel racks at high temperatures. Several eutectic 
mixtures known from reactor severe accident research [Ref. 5] may be important in SFP accidents.  
As previously stated, the formation of an eutectic mixture allows liquification and loss of structural 

integrity for a mixture of materials at a lower temperature than the melting point of any of the 

component materials. Steel and zirconium form an eutectic mixture at approximately 935 °C. Steel
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and boron carbide form a eutectic mixture at approximately 1150 °C. The steel racks may not be 
able to maintain structural integrity because of the sustained loads at high temperatures. Loss of 
rack integrity may affect the propagation of a zirconium fire.  

If the gap radioactivity inventory is significant, then the spent fuel cladding temperature must be 
kept below 565 °C. If the consequences of aluminum/boron carbide relocation are acceptable, then 
800 °C is a reasonable deterministic acceptance temperature, if uncertainties are less than the 
margin to 800 0C, and the effects of higher temperatures on the material are modeled. Otherwise, 
the temperature must be lower than the aluminum melting point (640 0C) or the aluminum/boron 
carbide eutectic melting point.  

1.2 Evaluation of Existing Spent Fuel Heatup Analyses 

In the 1980's, severe accidents in operating reactor SFPs were evaluated to assess the 
significance of the results of some laboratory studies on the possibility of self-sustaining zirconium 
oxidation and fire propagation between assemblies in an air-cooled environment, and also to 
assess the impact of the increase in the use of high density spent fuel storage racks on severe 
accidents in spent fuel pools. This issue was identified as Generic Safety Issue (GI) 82. Sandia 
National Laboratory (SNL) and Brookhaven National Laboratory (BNL) used the SFUEL and 
SFUEL1W computer codes to calculate spent fuel heatup in these studies. While decommissioned 
plants were not addressed in the study, many of the insights gained from these studies are 
applicable to decommissioned plants.  

More recently, BNL developed a new computer code, SHARP, that was intended to provide a 
simplified analysis method to model plant-specific spent fuel configurations for spent fuel heatup 
calculations at decommissioned plants. Some of this work was built on the assumption used by 
SNL and BNL in their studies in support of GI 82.  

1.2.1 SFUEL Series Based Analyses 

Extensive work on the phenomena of zirconium oxidation in air for a SFP configuration was 
performed by SNL and BNL in support of GI 82. SNL investigated the heatup of spent fuel, the 
potential for self-sustaining zirconium oxidation, and the propagation to adjacent assemblies 
[Ref. 1, 6]. SNL used SFUEL and SFUEL1W computer codes to analyze the thermal-hydraulic 
phenomena, assuming complete drainage of the SFP water. In NUREG/CR-4982 [Ref. 4], BNL 
extended the SNL studies on the phenomenology of zirconium-air oxidation and its propagation in 
spent fuel assemblies. The SFUEL series of codes includes all modes of heat transfer, including 
radiation. However, radiation heat transfer may have been underestimated due to the assumed 
fuel bundle arrangement.  

In NUREG/CR-0649, SNL concluded that decay heat and configuration are important parameters.  
SNL found that key configuration variables are the baseplate hole size, downcomer width, and the 
availability of open spaces for airflow. They also found that building ventilation is an important 
configuration variable.  

The draft SNL report investigated the potential for oxidation propagation to adjacent assemblies.  
If decay heat is sufficient to raise the clad temperature in a fuel assembly to within approximately 
one hundred degrees of the point of runaway oxidation, then the radiative heat from an adjacent
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assembly that reached the onset of rapid oxidation could raise the temperature of the first assembly 
to the runaway oxidation temperature. The report also 
discusses small-scale experiments involving clad temperatures greater than 1000 °C. SNL 
hypothesized that molten zirconium material would slump or relocate towards the bottom of the 
racks and consequently would not be involved in the oxidation reaction. NUREG/CR-4982 did not 
allow oxidation to occur at temperatures higher than 2100 °C to account for the zirconium melting 
and relocation. Otherwise, temperatures reached as high as 3500 °C. It was felt that not cutting 
off the oxidation overstated the propagation of a zirconium fire because of the fourth power 
temperature dependence of the radiation heat flux. The SFUEL series of codes did not model 
melting and relocation of materials.  

In NUREG/CR-4982, BNL reviewed the SFUEL code and compared it to the SNL small-scale 
experiments and concluded that SFUEL was a valuable tool for assessing the likelihood of self
sustaining clad oxidation for a variety of spent fuel configurations in a drained pool. SNL reported 
the following critical decay times in NUREG/CR-0649 based on having no runaway oxidation.  
Critical decay time is defined as the length of time after shutdown when the most recently 
discharged fuel temperature will not exceed the chosen fuel failure criteria when cooled by air only.  

700 daysPWR, 6 kW/MTU decay power per assembly, high density rack, 
10.25* pitch, 5" orifice, 1-inch from storage wall 

280 daysPWR, same as above except for 1 foot from storage wall 

180 daysBWR, 14 kW/MTU decay power per assembly, cylindrical baskets, 
8.5" pitch, 1.5* orifice 

unknownBWR, high-density rack, SFUEL1W code was limited to computation of 
BWR low-density racks.  

High-density racks with a 5-inch orifice are the most representative of current storage practices.  
A critical decay time for high-density BWR racks was not provided due to code limitations. Low
density and cylindrical storage rack configurations are no longer representative of spent fuel 
storage. All currently operating and recently shutdown plants have some high-density racks in the 
pool. For an assembly in a high-density PWR rack with a 5-inch orifice, a decay power below 6 
kW/MTU did not result in runaway zirconium oxidation. All of these estimates were based on 
perfect ventilation (i.e., unlimited, ambient-temperature air) and bumup rates of 33 GWD/MTU.  
Currently, some PWRs are permitted to bum up to 62 GWD/MTU and some BWRs to 
60 GWD/MTU. For fuel burnup of 60 GWD/MTU, the staff estimates the decay time for a bundle 
to reach 6 kW/MTU will increase from 2 years to approximately 3 years. Therefore, the staff 
expects the difference between critical decay times for PWRs and BWRs to decrease and that the 
BWR critical decay time for current burnups and rack designs would now be longer than the SNL 
estimate for high-density PWR racks. The SNL calculations also do not appear to have included 
grid spacer loss coefficients, which can have a significant effect since the resistance of the grid 
spacers is greater than the resistance of a 5-inch orifice. There is no mixing between the rising air 

leaving the fuel racks, and the relatively cooler air moving down into the pool. Including the grid 
spacer resistance, accounting for mixing and limiting the building ventilation flow to rated 
conditions, will result in the critical decay power to be less than 6 kW/MTU. The SNL calculations 
may have understated the effective radiation heat transfer heat sink due to the assumed fuel 
geometry in the calculations. A more realistic fuel configuration pattern in the SFP would give a
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better estimate of the radiation heat sink and raise the critical decay power needed for significant 
oxidation.  
While the studies in support of GSI 82 provided useful insights to air-cooled spent fuel assemblies, 
it is the opinion of the staff that they do not provide an adequate basis for exemptions. The studies 
were not meant to establish exemption criteria and lack sufficient information for all the parameters 
that could affect the decay time. Additionally, the reports are based on burnup values at that time.  
Since burnup values have increased, the results may not be directly applicable to today's spent 
fuel.  

The general conclusions and the phenomena described in the studies assist in assessing issues 
for decommissioned plants. However, the calculated decay time values do not represent current 
plant operational and storage practices.  

1.2.2 SHARP Based Analyses 

In NUREG/CR-6451 [Ref. 7], BNL investigated spent fuel heatup that could lead to a zirconium fire 
at permanently shutdown plants. BNL developed a new computer code, SHARP (Spent Fuel 
Heatup Analytical Response Program), to calculate critical decay times to preclude zirconium 
oxidation for spent fuel. The code was intended to study thermal hydraulic characteristics and to 
calculate spent fuel heatup up to temperatures of approximately 600 °C. SHARP is limited to low 
temperatures since it lacks models for radiation heat transfer, zirconium oxidation, and materials 
melting and relocating. SHARP also lacks modeling for grid spacer losses and neglects mixing 
between the rising hot air and the falling cooler air in the SFP. BNL reported the following generic 
critical decay times using the SHARP code.  

17 months for a PWR, high density rack, 60 GWD/MTU burnup; 10.4" pitch; 5n orifice 
7 months for a BWR, high density rack, 40 GWD/MTU burnup; 6.25m pitch; 4" orifice 

The above decay times are based on a maximum cladding temperature of 565 °C. The parameters 
listed with the critical decay times are generally representative of operating practices. Current fuel 
bumups in some plants, however, have increased to values higher than those used by BNL and 
perfect ventilation was assumed, which could lead to an underestimation of the critical decay times.  

The SHARP code was not significantly benchmarked, validated or verified. The critical decay times 
above are shorter than those calculated in NUREG/CR-0649 and NUREG/CR-4982, particularly 
when the lower cladding temperature used for fuel failure and the higher decay heats used in the 
earlier analyses are taken into account. This appears to be driven in part, by the fact that the 
decay heat at a given burnup in the SHARP calculations is significantly lower than what is used in 
the SFUEL calculations. The staff has identified several areas that require code modifications, 
which will increase the calculated critical decay times. It is not adequate for use as technical bases 
by licensees without further code modifications and verification. NUREG/CR-6541 was intended 
as an assessment to steer rulemaking activities. The report was neither intended nor structured 
to provide a basis for exemptions. The staff does not rely on this study for heatup analysis 
information due to the code that the decay time conclusions were based upon.  

1.3 Heatup Calculation Uncertainties and Sensitivities 

The phenomenology needed to model spent fuel heatup is dependent on the chosen cladding 
temperature success criterion and the assumed accident scenario. Many assumptions and
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modeling deficiencies exist in the current calculations. The staff reviewed the models to assess 
the impact of those modeling assumptions. Some of these uncertainties for the SFUEL series 
codes are further discussed in NUREG/CR-4982. For cases of flow mixing, decay heat, bundle 
flow resistance and other severe accident phenomena, additional information is provided here.  

Calculations performed to date assume that the building, fuel, and rack geometry remain Intact.  
This would not be a valid assumption if a seismic event or a cask drop damaged some of the fuel 
racks or the building. Rack integrity may not be a good assumption after the onset of significant 
zirconium oxidation due to fuel failure criteria issues discussed in Section 1.1. The building may 
also be hot enough to ignite other materials. Assuming that the racks remain intact is the most 
optimistic assumption that can be made about the rack geometry. Any damage to the racks or the 
building could significantly reduce the coolability of the fuel.  

Previous SFUEL, SFUEL1W, and SHARP calculations, used in the resolution of GI 82 and 
decommissioning studies, used a perfect ventilation assumption. With the perfect ventilation 
assumption an unlimited amount of fresh, ambient-temperature air is available. This assumption 
would be valid if the building failed early in the event or if large portions of the walls and ceilings 
were open. If the building does not fail, the spent fuel building ventilation flow rate would dictate 
the airflow available. Mixing between the rising hot air and the descending cooler air in the spent 
fuel pool is not modeled in the codes.  

The spent fuel building ventilation flow rate is important in determining the overall building energy 
balance. Airflow through the building is an important heat removal mechanism. Most of the air 
would recirculate in the building and the air drawn under the racks would be higher than ambient 
temperature and, therefore, less heat removal would occur. Airflow also provides a source of 
oxygen for zirconium oxidation. Sensitivity studies have shown that heatup rates increase with 
decreasing ventilation flow, but that very low ventilation rates limit the rate of oxidation. Other 
oxidation reactions (fires) that occur in the building will also deplete available oxygen in the building.  
Zirconium-Nitrogen reaction modeling is not included in the SFUEL code and may have an impact 
on zero and low ventilation cases. GSI 82 studies concluded that the perfect ventilation 
assumption was more conservative than no ventilation because the oxidation reaction became 
oxygen starved with no ventilation. These studies did not consider the failure modes of the building 
under high temperature scenarios. Intermediate ventilation rate results were not studied and give 
longer critical decay times than the perfect ventilation case.  

A key fuel heat removal mechanism is buoyancy-driven natural circulation. The calculated airflow 
and peak temperatures are very sensitive to flow resistances in the storage racks, fuel bundles and 
downcomer. The downcomer flow resistance is determined by the spacing between the fuel racks 
and the wall of the SFP. The storage rack resistance is determined by the orif ice size at the bottom 
entrance to the fuel bundle. Smaller inlet orifices have higher flow resistance. As shown by SFUEL 
and SHARP calculations, changes in the rack-wall spacing and the orifice size over the range of 
designs can shift critical decay times by more than a year. The fuel bundle flow resistance is 
determined by the rod spacing, the grid spacers, intermediate flow mixers and the upper and lower 
tie plates. SFUEL and SHARP calculations have neglected the losses from the grid spacers, 
intermediate flow mixers and the tie plates. These flow resistances will be higher than those from 
the rack inlet orifice in some cases. Therefore, inclusion of this additional flow resistance may 
significantly extend the critical decay time for some cases. NUREG/CR-4982 concluded that the 
largest source of uncertainty was due to the natural circulation flow rates.
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The downcomer and bundle inlet air temperatures and mass flow rates are important in determining 
the peak cladding temperature. The extent of flow mixing will determine the air temperatures at 
the downcomer and bundle inlet. The SFUEL and SHARP calculations assume a well-mixed 
building air space. The downcomer inlet temperature is set equal to the building temperature. This 
assumption neglects the mixing that occurs between the hot air rising from the bundles and the 
cooler air descending down the SFP wall. Computational fluid dynamics calculations performed 
by the NRC using the FLUENT code and Pacific Northwest National Laboratory using the 
TEMPEST code indicates that the well-mixed building is not a good assumption. The mixing that 
occurs between the cool air flowing down into the pool and the hot air flowing up out of the fuel 
bundles can significantly increase peak cladding temperatures. Even using different turbulent 
mixing models can affect the peak temperatures by approximately 100 °C. The calculations 
indicate that fully 3-dimensional calculations may be needed to accurately predict the mixing 
because unrealistic flow topologies in 2-dimensional approximations may overstate the mixing. The 
calculations also indicate that the quasi-steady state assumptions for conditions above the fuel rack 
may not be appropriate. Time varying temperature fluctuations on the order of 100 °C have been 
observed in 3D calculations.  

Radiation heat transfer is important in spent fuel pool heatup calculations. Radiation heat transfer 
can affect both the onset of a zirconium fire and the propagation of a fire. Both the SFP loading 
pattern and the geometry of the fuel racks can affect the radiation heat transfer between adjacent 
bundles. Simple gray body calculations show that at clad temperatures of 800 °C, a temperature 
difference of 100 0C between adjacent bundles would cause the radiation heat flux to exceed the 
critical decay power of 6 kW/MTU. Therefore, the temperature difference that could be maintained 
between adjacent bundles is highly constrained by the low decay heat levels. SFUEL calculations 
performed by SNL and BNL included radiation heat transfer, but the radiation heat transfer was 
underpredicted since the spent fuel placement is two-dimensional and the hottest elements are in 
the middle of the pool with cooler elements placed progressively toward the pool walls. Heat 
transfer between hotter and cooler assemblies has the potential to be significantly higher if the fuel 
bundles were intermixed in a realistic loading pattern.  

At temperatures below 800 °C, the SFP heat source is dominated by the spent fuel decay heat.  
SNL and BNL found that, for high-density PWR racks, that 6 kW/MTU was the critical decay heat 
level for a zirconium fire to occur in configurations resembling current fuel storage practices. At 
the fuel burnups used in the calculations, this critical decay heat level was reached after two years.  
Decay heat calculations in NUREG/CR-5625 [Ref. 8] were performed to be the basis for calculating 
fuel assembly decay heat inputs for dry cask storage analyses. These decay heat calculations are 
consistent with the decay heat used in SFUEL calculations. Extrapolation of the decay heat 
calculations from NUREG/CR-5625 to current bumups indicate that approximately 3 years will be 
needed to reach a decay heat of 6 kW/MTU. The extrapolation has been confirmed to provide a 
reasonable decay heat approximation by performing ORIGEN calculations that extend to higher 
bumup. The critical decay heat may actually be as low as 3kW/MTU when in-bundle peaking 
effects, higher density rack configurations and rated build ventilation flows are taken into account.  

Several licensees have proposed using the current Standard Review Plan (NUREG-0800) Branch 
Technical Position ASB 9-2 decay heat model for SFP heatup calculations. Using ASB 9-2 decay 
heat with a "k factor" of 0.1 produces non-conservative decay heat values in the range of 1 to 4 
years after shutdown. ASB 9-2 explicitly states that it is good for times less than 10,000,000 
seconds (- 116 days). The basis of ASB 9-2 is the 1971 ANS draft decay heat standard. The 
standard gives "k factors" to use beyond 10,000,000 seconds. The staff has found that a "k factor
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of 0.2N will produce conservative decay heat values compared to ORIGEN calculations for the 
range of 1 to 4 years after shutdown.  

1.4 Zirconium Oxidation Temperature 

At temperatures below the onset of self-sustaining oxidation, decay heat of the fuel dominates the 
heat source. When zirconium reaches temperatures where air oxidation is significant, the heat 
source is dominated by oxidation. The energy of the reaction is 262 kcal per mole of zirconium.  
In air, the oxidation rate and the energy of the reaction is higher than zirconium-steam oxidation.  
Much less data exists for zirconium-air oxidation than for zirconium-steam oxidation. A large 
amount of data exists for zirconium-steam oxidation because of the large amount of research 
performed under the ECCS research program [Ref. 9). If all of the zirconium in a full 17x1 7 PWR 
fuel bundle fully oxidizes in air over the period of an hour, the average power from the oxidation is 
0.3 MW. The critical decay heat as determined with SFUEL is approximately 2.7 kW for the 
bundle. The oxidation power source would amount to approximately 60 MW if the whole core was 
burning. A 20,000 cubic feet per minute (CFM) airflow rate is needed to support that reaction rate 
based on 1 00-percent oxygen utilization. The SFUEL oxidation rate was modeled using several 
parabolic rate equations based on available data. SFUEL had limited verification against SNL 
experiments that studied the potential of zirconium fire propagation. BNL determined that although 
they could not find a basis for rejecting the oxidation rate model used in SFUEL, uncertainties in 
oxidation of zirconium in air could change the critical decay heat by up to 25-percent. It was found 
that the onset of runaway zirconium oxidation could occur at temperatures as low as 800 0C.  

Different alloys of zirconium had oxidation rates that vary by as much as a factor of four.  
Apparently it was found that oxidation in air was worse than oxidation in pure oxygen. This 
suggests that the nitrogen concentration can have a significant impact on the oxidation rate. Since 
the relative concentration of oxygen and nitrogen varies as oxygen is consumed this causes 
additional uncertainty in the oxidation rate. The oxidation was cut off at 2100 0C in the BNL 
calculations in support of GI 82. This was done to simulate zirconium clad relocation when the 
melting point of zirconium was reached. If the oxidation was not cut off, temperatures could reach 
as high as 3500 0C. It was felt the propagation to adjacent bundles was overpredicted if no cutoff 
temperature is used due to the fourth power dependence of temperature on the radiation heat 
fluxes.  

The combustion literature cited in the June 1999 draft report shows that there is a large range in 
the temperature for zirconium ignition in air. Evidence cited from the literature states that bulk 
zirconium cannot ignite at temperatures lower than 1300-1600 0C. It is known from the extensive 
emergency core cooling system (ECCS) and severe accident research programs that zirconium
steam runaway oxidation occurs at temperatures below 1300 0C. Since oxidation in air occurs 
more rapidly than oxidation in steam, temperatures in this range are not credible for the onset of 
runaway oxidation in air. Correlations listed [Ref. 101 give ignition temperatures for small zirconium 
samples in the range of runaway oxidation computed by the SFUEL series codes when the 
geometry factors calculated from zirconium cladding are input into the correlations. Only one 
reference [Ref. 11] appears to be applicable to zirconium oxidation in sustained heating of fuel 
rods. In the referenced test, sections of zirconium tubing were oxidized at temperatures of 700 0C, 

800 0C and 900 0C for 1 hour. The average oxidation rate tripled for each 100 0C increase in
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temperature. This is consistent with the change in oxidation rates predicted by the parabolic rate 
equations examined in NUREG/CR-4982. The zirconium combustion literature reviewed for ignition 
temperature did not discount or provide alternate oxidation rates that should be used in the SFUEL 
calculations.  

As discussed earlier, current operating plants bum fuel to higher levels than used in the 
evaluations. The BNL and SNL studies in support of GI 82 represented operating practices of the 
1980's with bumup level around 33 GWD/MTU. In NUREG/CR-6451, BNL used burnup values of 
40 and 60 GWD/MTU for BWRs and PWRs, respectively. While these values are closer to current 
operating practices, they still underestimate peak burnup values. Additionally, the decay heat at 
the same burnup level used in the SHARP analyses is significantly lower than that used in the 
SFUEL analyses. Given that burnup is an important parameter for determining the critical decay 
time, this is a significant change. The increase in burnup level will increase the critical decay time 
needed to ensure that air-cooling is sufficient to maintain the zirconium cladding below the 
oxidation temperature.  

The BNL and SNL studies in support of GI 82 represented storage practices of the 1980's when 
plants were starting to convert to high-density storage racks. The studies did not address high 
density BWR racks, and the high-density PWR racks in the reports were not as dense as the 
designs used by many plants today. The higher density racking currently used will decrease the 
airflow available for heat removal. Therefore, lower decay heat values are needed to ensure that 
air-cooling is sufficient to maintain the zirconium clad below the oxidation temperature.  

1.5 Estimated Heatup Time of Uncovered Spent Fuel 

The staff recognized that the decay time necessary to ensure that air cooling was adequate to 
remain below the temperature of self-sustaining zirconium oxidation was a conservative criteria for 
the reduction in emergency preparedness criteria. Using the fact that the decay heat of the fuel 
is reducing with time, credit could be given, if quantified, for the increasing length of time for the 
accident to progress after all water is lost from the SFP. The staff sought to quantify the decay 
time since final shutdown such that the heatup time of the fuel after uncovery was adequate for 
effective protective measures using local emergency response.  

The heatup time of the fuel depends on the amount of decay heat in the fuel, and the amount of 
heat removal available for the fuel. The amount of decay heat is dependent on the bumup. The 
amount of heat removal is dependent on several variables, as discussed above, that are difficult 
to represent generically without making a number of assumptions that may be difficult to confirm 
on a plant and event specific basis.  

For the calculations, the staff used a decay heat per assembly and divided it equally among the 
pins. It assumed a 9X9 assembly for the BWRs and a 17x17 assembly for the PWRs. Decay 

heats were computed using an extrapolation of the decay power tables in NUREG/CR-5625 
[Ref. 8]. The decay heat in NUREG/CR-5625 is based on ORIGEN calculations. The tables for 
the decay heat extend to burnups of 50 GWD/MTU for PWRs and 45 GWD/MTU for BWRs. The 

staff recognizes that the decay heat is only valid for values up to the maximum values in the tables, 
but staff ORIGEN calculations of the decay power, with respect to burnup for values in the table, 
indicate that extrapolation provides a reasonable and slightly conservative estimate of the decay 

heat for bumup values beyond the limits of the tables. Current peak bundle average burnups are 

approximately 50 GWD/MTU for BWRs and 55 GWD/MTU for PWRs. The BWR decay heat was
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calculated using a specific power of 26.2 MW/MTU. The PWR decay heat was calculated using 
a specific power of 37.5 MW/MTU. Both the PWR and BWR decay heats were calculated for a 
bumup of 60 GWD/MTU and include an uncertainty factor of 6 percent.  

The staff has also considered a scenario with a rapid partial draindown to a level at or below the 

top of active fuel with a slow boiloff of water after the draindown. This could occur if a large breech 
occured in the liner at or below the top of active fuel. Section 5.1 of NUREG/CR-0649 analyzes 
the partial draindown problem. For the worst case draindown and a lower bound approximation 
for heat transfer to the water and the building the heatup time slightly less than the heatup time for 
the corresponding air cooled case. More accurate modeling could extend the heatup time to be 
comparable to or longer than the air cooled case.  

Calculations, assuming an instant draindown of the pool and air-cooling, only show a heatup time 

to fission product release of 10 to 15 hours at 1 year after shutdown. The worst case partial 

draindown could release fission products in 5 to 10 hours at 1 year after shutdown.  

1.6 Critical Decay Times to Reach Sufficient Air Cooling 

Based on the above discussion, the staff concludes the following with respect to critical decay 

times. Calculations using the SFUEL code in support of GI-82 have determined a critical specific 
decay heat of 6 kW/MTU is needed for the onset of runaway zirconium oxidation. The 6 kW/MTU 
estimate calculated using SFUEL in a high-density storage rack configuration is reasonable and 
is based on the best calculations to date. However, this estimate is based on perfect ventilation 
conditions in the building and lower density rack configurations than exist today.  

For high bumup PWR and BWR fuel, the staff estimates it will take approximately 3 years to reach 

the critical decay heat level cited in NUREG/CR-4982. Better modeling of flow mixing and 
accounting for the grid spacer and tie plate flow resistance could reduce the critical decay power 

level and increase the critical decay time beyond 3 years, but this may be counterbalanced by 
increased radiation heat transfer from realistic fuel bundle loading. Other assumptions, such as 

imperfect ventilation, could extend the critical decay time for the onset of a zirconium fire by 1 to 

2 years. The critical decay heat may actually be as low as 3 kW/MTU when peak to average rod 
bundle peaking effects and higher density rack configurations are taken into account. Accounting 
for imperfect ventilation and higher density spent fuel storage in the racks, the staff estimates it will 

take approximately 4 to 5 years to reach a decay heat of 3 kW/MTU for current plant fuel bumups.  
Plant-specific calculations using fuel decay heat based on the actual plant operating history and 

spent fuel configurations could yield significantly shorter critical decay times. Calculations 
performed using checkerboard fuel loadings indicate that the critical decay time can be reduced 
by one year or more if the highest power fuel is interspersed with low powered fuel or empty rack 
spaces.  

1.7 Fire Propagation 

The staff has not performed a sufficient amount of research to fully understand and predict the 

propagation of zirconium fires in a spent fuel pool. Based on the limited amount of work performed 

to date, the propagation is probably limited to less than 2 full cores at a time of 1 year after 

shutdown. This estimate is based on lowering the GI 82 estimate of the 6KW/MTU fire threshold 

to 3KW/MTU to account for building ventilation effects. The actual propagation will probably be 

dependent on the actual fuel loading configuration in the spent fuel pool. A long term experimental
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and analytical research program would be required to reliably predict the propagation of a 

zirconium fire in a spent fuel pool.  

1.8 Guidelines for Spent Fuel Pool Heatup Analysis 

Ucensees must use an appropriate evaluation model for any site specific spent fuel pool heatup 
calculations. An evaluation model includes one or more computer programs and other information 
necessary for application of the calculation framework to a specific transient or accident, such as 

mathematical models used, assumptions included in the programs, a procedure for treating the 

program input and output information, specification of those portions of the analysis not included 
in the computer programs, values of parameters and other information necessary to specify the 

calculation procedure.  

The code(s) should be validated and documentation of the modeling, verification, validation and 

use of the computer programs should be maintained to document the adequacy of the computer 

program. Finally, the code should be developed and maintained under a Quality Assurance 
program that meets the requirements of 10 CFR Part 50, Appendix B.  

Depending on the margins available, sensitivity or uncertainty analysis should be performed (and 

documented) to confirm that the combined code and application uncertainty is less than the design 

margin for the safety parameter of interest in the calculation.  

Spent fuel pool heatup analyses should consider decay heat removal from both the fuel racks and 
the building. An accurate determination of fuel cladding temperatures in the spent fuel pool 

requires fluid flow and heat transfer analyses. The primary components of a heatup anlaysis are 

described in the paragraphs that follow.  

The spent fuel pool heat source is determined by the decay heat in the spent fuel. The analysis 

should use methods that are appropriate for the fuel burnup and decay time. The lowest possible 

decay heat input can only be achieved by accurately tracking the burnup history of individual spent 

fuel pool bundles. The method for calulating the spent fuel pool decay heat including its uncertainty 
should be justified.  

The fluid conditions immediately above the spent fuel racks are determined by the heat removal 

from the spent fuel racks to the outside of the building. This is primarily determined by the building 

ventilation flow rate. Heat transfer through the walls can also be important at low ventilation rates.  

Heat removal from the top of the fuel racks to the bulk building atmosphere is primarily determined 

by buoyancy driven flows. Radiation heat transfer can also be significant. A steady state solution 

may not exist for the problem being analyzed. Time dependent variations must be considered in 

the analysis if time averaging is used in order to use a steady state approximation. Spatial 

variations must also be considered if spatial averaging is performed to simplify the analysis. The 

choice of a turbulence model must be justified and its impact on the overall calculation uncertainty 

must be evaluated.  

Heat removal from the spent fuel pool racks is governed by the fluid conditions immediately above 

the fuel racks and buoyancy driven natural circulation in the racks. The heat removal rates are 

determined by the balance between buoyancy driving forces and the flow resistance of the 

downflow area and the fuel racks. Downflow in low powered spent fuel bundles should be 

considered and accounted for. This can be very important in densely packed spent fuel pools with
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little downcomer area available for downflow. Calculations should use wall friction factors and 
additive loss coefficients (including those due to orifices and grid spacers) that are appropriate for 
both the flow regime and the geometry.  

The staffs experience suggests conduction, convection and radiation heat transfer can all be 
important in spent fuel pool rack heatup calculations. Neglect of any heat transfer mode should 
be justified. Convective heat transfer coefficients should be appropriate for both the flow regime 
and the geometry.  

Certain phenomena will occur as peak temperatures increase and should be considered for in the 
analysis. Experimental data has shown that clad ballooning will occur if cladding temperatures 
exceed temperatures of approximately 560 °C for longer than 10 hours. The temperature threshold 
will be lower for longer thermal loading times. If clad ballooning is expected additional flow losses 
may occur. Many spent fuel pool racks use BORAL plates for criticality control. Aluminum melts 
at approximately 640 °C. Heat transfer calculations within the rack should predict the temperature 
of any aluminum in the rack. If the temperature of any aluminum in the racks is predicted to 
exceed its melting temperature the consequences of the melting and relocation must be analyzed.  
Possible consequences of aluminum melting and relocation include flow blockages and criticality.  
Zirconium oxidation in air can have a significant effect on heatup calculations at temperatures 
above 600 °C. Zirconium oxidation must be modeled using and appropriate reaction kinetics model 
that is supported by experimental data.  

The licensee must integrate all pieces of the analysis to determine if runaway zirconium oxidation 
will occur. The impact of uncertainties on the predicted temperatures must be evaluated and 
compared to the margin available in the calculation. The propagation of uncertainties through each 
part of the analysis must be properly treated.  
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Abstract 
A large, performance based, knowledge and-eperience in the field of nuclear fuel behaviour is available for nominal operation conditions. The database is continuously completed and precursor assembly irradiations are performed for Stesting of new materials and innovative designs. This procedure produces data and arguments to extend licencing limits in the permanent research for economic competitiveness. A similar effort must be devoted to the establishment of a database for fuel behaviour under off-normal and accident conditions. In particular, special attention must be given to the so-called design-basis-accident (DBA) conditions. Safety criteria are formulated for these situations and must be respected without consideration of the occurrence probability and the risk associated to the accident situation. The introduction of MOX fuel into the cores of Uight water reactors and the steadily increasing goal burnup of the fuel call for research work, both experimental and analytical, in the field of fuel response to DBA conditions. In 1992, a sigS nifica t programme step, CABRI REP-Na, has been launched by the French Nuclear Safety and Protection Institute (IPSN) in the field of the reactivity initiated accident (RIA). After performing the nine experiments of the initial test , matrix it can be concluded that important new findings have been evidenced. High burnup clad corrosion and the associated degradation of the mechanical properties of the ZIRCALOY4 clad is one of the key phenomena of the fuel 

Sbehaviour under accident conditions. Equally important is the evidence that transient, dynamic fission gas effects resulting from the close to adiabatic heating introduces a new explosive loading mechanism which may lead to clad I, rupture under RIA conditions, especially in -the.case of heterogeneous MOX fuel. © 1999 Elsevier Science B.V. All 
rigbts reserved.

t, 1. latroduction 

The optimized use of nuclear fuel in pressurised water 
reactors (PWRs), and particularly the economic aspects 
of the reactor core management, entice the nuclear in

~ dustry to change significant parameters of the nuclear 
reactor operating mode. Relying on very encouraging 

~ experience feedback concerning fuel behaviour under 
normal operating conditions, Electriciti de France 

S {(EDF), the French electrical energy utility, has intro

> Corresponding author. Tel.: +33-4 42 25 70 35; fax: +33-4 
42 25 76 76; e-mail: schmitz@ipsncad.ipsn.fr.

duced: the increase of the U02 fuel discharge burnup 
(from 33 000 to 47 000 MWd/t by mean assembly), the 
load follow operation (power variations according to the 
electrical grid requirements), as well as a new fuel, the 
MOX (mixture of uranium and plutonium oxides).  

However, a study of the fuel behaviour under design 
basis accident conditions was not conducted for the in
creased discharge burnups. This particularly relates to 
the reactivity initiated accident (RIA) for which the 
postulated initiator is the ejection of a control rod 
bundle. For this accident, the main safety criteria cur
rently in effect and intended to prevent accidental fuel 
dispersion, limit the energy injected during the acciden
tal transient condition to 230 cail/g for fresh fuel and 200 
cal/g for irradiated fuel.

00 2 2-3 115/99/3 - see front matter © 1999 Elsevier Science B.V. All rights reserved.  
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The EDF plan to request a new authorisation for 

burnup increase from 47 000 to 52 000 MWd/t (mega

wattday per ton of fuel) has led the safety authority to 

ask EDF to perform research on the behaviour of PWR 

fuel at high burnup in order to reassess the criteria and 

to evaluate the impact of the new reactor core man

agements. The IPSN (French Nuclear Safety and Pro

tection Institute) was interested in participating to this 

programme.  
The IPSN Department for Safety Research (DRS) 

was entrusted with this research programme through co

operative IPSNIEDF action, considering its competence 
as well as its unique experimental facilities.  

Z. Purpose of the tests 

The postulated initiator of the PWR design basis 
reactivity accident is the ejection of a control rod bundle 
under the effect of the system pressure following a con
trol rod housing rupture. The reactor's hot standby 

(280°C, 155 bar) was defined as an aggravating situation 

for this accident. The ejection of the control rods would 
lead to a temporary supercriticality and to a transient 
increase of the nuclear power in a group of fuel assem
blies in the vicinity of the ejected bundle.  

The danger associated to the reactivity accident 
power excursion resides in the rupture of the fuel rod 
cladding, followed by fuel dispersion that could finally 

lead to a steam explosion, the scattering of radioactive 
material and/or the loss of part of the reactor's core 
cooling possibility.  

The CABRI REP-Na programme intends to study 
the early phase of the physical phenomena and the key 
mechanisms of the RIA transient. It mainly concerns the 
changes of the fuel (fissile material and cladding) in

duced by irradiation up to high burnup. Abrupt fuel 

overheating produces a mechanical interaction (Pellet 
clad mechanical interaction, PCMI) which reaches its 

maximum level in the near adiabatic phase, before the 

cladding temperature increases by thermal conduction.  

In a second phase, the cladding rapidly overheats and 

approaches the conditions to reach the critical heat flux 
(departure from nucleate boiling, DNB).  

Three complementary parts characterize the IPSN 
research RIA programme for high burnup fuel: 

"* Global experiments in the sodium test loop of the 
CABRI reactor, 

"* Development of the transient thermo-mechanical fuel 

behaviour code SCANAIR, 
"* Measurement of specific high burnup properties for 

use in SCANAIR.  
The characteristics of the sodium coolant allow to 

study the early PCMI phase of the transient sequence of 

events, i.e., the PCMI loading phase. As already men

tioned, the evaluation of the failure risk during this early

phase represented the major objective at the time when 
the programme was launched. From the beginning it 

was clear that this approach would not solve all the 

aspects of the high burnup issue, in particular, the fail

ure risk related to DNB and post failure phenomena in 

the pressurized water environment.  
The development of the SCANAIR code aimed at 

both, preparation and interpretation of REP-Na ex
periments and transposition to the reactor case.  

Finally, three major separate effect programs have 

been adopted in order to understand the integral test 
results from the CABRI REP test program: 

PROMETRA: an out-of-pile test program to mea
sure mechanical properties of high burnup cladding 
under transient temperature and loading condi
tions.  
PATRICIA: the determination of the cladding to 
water heat transfer correlation during rapid power 
transients.  
SILENE: quantification of the kinetics of fission 
gas behaviour in the fuel during rapid power tran
sients.  

The data from these separate effect test programs are 
used to improve the modelling of the physical phe

nomena in the SCANAIR code. SCANAIR will then be 
validated against the REP-Na integral test data before 

being used for evaluating rapid reactivity transients in 
power reactors.  

3. Test matrix 

At the beginning of the programme, the fuel rod 

burnup and the transient energy deposition were the 
only parameters of the test matrix. Soon, through 

experiment feedback, other important parameters 
were identified such as the amplitude and the fine 
structure of corrosion as well as the energy injection 

kinetics (width of the power-pulse). Finally, nine tests, 
six U02 tests and three MOX tests (Table 1) were 
programmed.  

4. Fuel evolution under reactor operation 

The power operation of the fuel inside the reactor 

leads to important cladding and fissile pellet modifica
tions.  

Firstly, the cladding is submitted to a creep induced 

plastic strain under the effect of the PWR primary sys

tem pressure, 155 bar, and is plated against the fuel. This 

process of fuel/cladding 'gap closure' is actually ended 

around the middle of the second cycle (-1.5 years, 
-20 000 MWd/t).  

Henceforth, the fuel is in direct contact with its 

cladding and any rapid fuel expansion, with kinetics

b
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Table I 
CABRI REP-Na test matrix and main results 

Test (carried out) Tested rod 

Na-I (11/93) EDF Grav5c, span 5, 4.5% U5, 64 
GWd/t

Na-2 (6-94) 

Na-3 ' (10/94) 

Na-4 (7/95) 

Na-5 (5/95) 

Na-6 (3/96) 

Na-7 (2/97) 

Na-9 " (4/97) 

Na-8 (7/97)

BR3, 6.85% U5, 33 GWd/t 9.5 

EDF, 4.5% U5, 53 GWd/t 9.5 

EDF Grav5c, span 5, 4.5% U5, 62 75 
GWd/t 
EDF Grav5c, span 2, 4.5% U5, 64 9.5 
GWd/t 
EDF MOX, 3c, span 5, 47 GWd/t -35 

EDF MOX, 4c, span 5, 55 GWd/t -40 

EDF MOX, 2c, span 5, 28 GWj/t -40 

Gray 5c, span 5, 4.5% U5, 60 GWd/t 75

Pulse (ms) Energy at pulse end (cal/g) Corrosion (g.) 

9.5 110 (at 0.4 s) (460 J/g) 80, important initial spall
ing

211 (at 0.4 s) (882 J/g) 

120 (at 0.4 s) (502 Jig) 

97 (at 1.2 s) (404 Jig) 

105 (at 0.4 s) (439 J/g) 

165 (at 1.2 s) (690 J/g) 

175 (at 1.2 s) (732 J/g) 

228 (at 1.2 s) (953 J/g) 

106 (at 1.2 s) (443 J/g)

4 

40 

80, no initial spalling 

20 

40 , 

50 

<20 

130, cladding presenting 
spalling

RIM (hi) Results and remarks
RIM (ýL) Results and remarks 
200 Brittle failure at H= 30 cal/g, 

Hmax = 115 cal/g; fuel dispersion: 6 g 
including particles other than RIM, 
sodium pressure peaks 

- No rupture, AO/O (max): 3.5% average 
value, FGR/5.54% 

100 No rupture, AO/O (max): 2% max, 
FGR/l 3.7% 

200 No rupture, transient spalling, AO/O 
(max): 0.40 average value, FGR/8.3% 

200 No rupture. •/40 (max): 1% max, 
FGR/15.1% 

- No rupture, AO/O (max): 3.2% max, 

FGR/21.6% 
- Rupture at 120 cal/g, pressure peaks, 

examination currently carried out 
- No rupture, examination currently car

ried out 
200 Rupture at 83 cal/g (or lower b) gas 

blow-out, no fuel dispersion, examina
tion currently carried out

"Improved cladding i.e. low tin.  
Pertinence of signals at 45 cal/g to be investigated by post-test examinations.
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exceeding the creep velocity of the clad material pro

duces a strong mechanical interaction.  

During the whole irradiation cycle, a corrosion pro

cess in the reactor forms a layer of zirconium oxide 

(ZrO2) on the cladding external surface and introduces 

into the metal an important amount of hydrogen, pro

portional to the zirconia thickness. At high burnup 

(>50 000 MWd/t), it is possible to reach or even pass, 

for Zircaloy4 cladding, a zirconia thickness of 100 pm 

and -800 ppm of hydrogen (Fig. 1).  

An aggravating aspect of corrosion is produced when 

the oxide layer 'spalls' locally. The absence of oxide then 

produces a cold point towards which the hydrogen mi

grates and an accumulation of hydrides is formed at the 

cladding's surface (blister). The presence of a blister can 

lead locally to the total loss of the cladding's ductility 
(Fig. 2).  

At very high burnup (-60 000 MWd/t) a very high 

degree of spalling was observed on certain assemblies 

fitted with standard, unimproved cladding. The new 

cladding materials, now introduced in the EDF plants, 

should not spall at this level of burnup; however, the 

precise mechanism of this phenomenon is not yet un
derstood.  

The fuel pellets are subject to a deep transformation 
under irradiation: cracking, accumulation of fission 

products and swelling. Among the fission products, the 

gaseous elements (Xe and Kr), retained under the form 

of nanometric bubbles on intra-, or inter-granular sites

I

s-1 

Fig. I Metallographic cut of the REP-Na4 rod cladding after CABRI test. The hydride plates are revealed by etching. The upper dark 

layer represents the ZrO, oxide layer with a thickness of about 80 pm (left). Large transient spalling occurred under this test (right).
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in the fuel, play a predominant role during fuel rapid 
overheating. At 60 000 MWd/t their STP volume is 

equivalent to about 1.6 cM3/g, 16 times the volume of the 

fuel. Increased under rapid overheating, this gaseous 

volume presents considerable swelling, fragmentation 

and dispersion potentials.  

Beyond about 45 000 MWdlt a peripheral zone is 

created at the fuel surface through a neutronic effect.  

The characteristics of this zone are a high plutonium 

content generating a very high local burnup rate, a 

submicronic grain size as well as very important porosity 

(-20%). This width of the rim-zone is in the range of 200 

pm. This structure formation is called 'rim effect' and 

represents a phenomenon characterizing highly irradi

ated fuel. Fundamental studies are currently being per

formed and aim at the clarification of the rim effect, in 

particular, the subdivision of the fuel grains into sub

micronic fragments.  
The MOXfuel shows specific differences compared to 

the classical U0 2 fuel. The MOX fissile material is plu

tonium. During the preparation of the MOX following 

the MIMAS procedure, a mother blend of uranium/ 

plutonium mixed oxide is added to natural or depleted 

uranium oxide. Pelletizing and sintering of this powder 

mixture create an heterogeneous final product, with 

mixed oxide (UPu)02 agglomerates or clusters imbed

ded in the matrix of natural U0 2 . During reactor irra

diation, the fission occurs in the clusters which reach 

very high burnup rates compared to the nominal mean
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Fig. 2. The hydrogen migration towards a cold point of the cladding aggravates its embrittlement under irradiation in the reactor. The 

pre-existing cracking of the hydride phase can represent an incipient rod failure location under reactivity transient conditions. The 

photograph shows one of the REP-Nal cladding blisters which are most probably the cause of the multiple ruptures during the test.

burnup (matrix average plus clusters). The structure and 

composition of the irradiated MOX dusters can be 

compared to those of the U0 2 fuel RIM, however, with 

a four to five times higher volume fraction.  

5. Test results and phenomenological understanding 

The main results currently available are presented in 

Table 1. The cladding rupture observed in the REP

Nal, Na7 and Na8 tests are remarkable and spectacular 

and contribute to the understanding of the failure mode 

and to the formulation of a failure criterion. The non

failure tests have produced valuable quantitative and 

qualitative results, for the understanding of physical 

mechanisms, and therefore for the development and 

validation of the SCANAIR code.  

5. 1. Mechanism and mode of rupture 

In the first test of the matrix, the REP-Nal test, a 

very early cladding rupture was recorded. This unex

pected result was followed by a detailed metallographic 

examination programme and a series of calculations to

identify the rupture conditions as well as its character
istics in order to conclude on the failure's cause and 

mechanism. The rupture aspect (Fig. 3) shows a purely 

brittle-fracture and the CABRI reactor measurements 

locate it at an instant which is described by the 

SCANAIR code calculation as a state where the RIM 

zone alone exceeds the nominal operating conditions.  

Details of the metallographic cuts show the presence of 

hydride accumulations (blisters) in the cladding. It is, 

therefore, possible to conclude that the rupture origi

nated from a mechanical interaction due to the RIM 

effect, assisted by cladding embrittlement due to the 

presence of hydride (hydride assisted PCMI failure). It 

was demonstrated through the satisfactory rod behav

iour during other U0 2 REP-Na matrix tests, that in case 

of moderate clad corrosion, the rod sustains PCMI 

charging even at a burnup greater than 60 000 MWd/t 

(REP-Na4, REP-Na5).  
A second cladding rupture was observed in the REP

Na7 test, MOX test at 55 000 MWd/t. Examination of 

the tested rod is still to be carried out. However, a 

rupture mechanism such as during REP-Nal appears 

unlikely, given the absence of spalling of the oxide layer.  

The sound cladding condition leads to the conclusion

; .  
fVt e-

upper dark 
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Fig. 3. Metallographic section (X4) of the REP-Nal rod after test. The brittle aspect of the ruptures (perpendicular cracking) and the 

fuel fragmentation constitute outstanding facts of this observation. The numbers indicate locations of detailed examination: (1) RIM

structure, (2) fragmented fuel, (3) intact cladding.

that the rupture mechanism is dominated by the con
tribution of fission gas to transient fuel swelling that 
could, in the case of MOX, be more important than for 
the U0 2 (also in discussion in Section 7). An examina
tion programme of REP-Na 7 has been formulated with 
the aim to identify the rupture mechanism.  

The cause and conditions of the rupture observed 
during the REP-Na8 test are currently the subject of 
investigations.

5.2. Cladding plastic strain

The fuel thermal expansion and the transient swelling 
are the two main factors contributing to cladding 
loading and cladding rupture occurs if the ultimate yield 
strength and the cladding's plastic strain capability are 
exceeded. In the CABRI tests without rupture, cladding 
strain is measured by profilometry. These examination 
results constitute valuable data for validation of the 
thermo-mechanical model of the SCANAIR code.  
Fig. 4 shows the REP-Na2 profilometry.

5.3. Fission gas driven fuel fragmentation

In all the CABRI REP-Na tests with significant 
plastic strain, a large fuel fragmentation zone is ob-

Dimt (mm)

noO 9a D 

Aslal positon (mm. I rodbm

Fig. 4. REP-Na2 diametral straining over the length of the test 
rod. The shape of the curve traces the the axial power distri

bution in CABRI. The fine structure demonstrates each fuel 
pellets strain (hour glass type). This type of result provides 

precious elements for the SCANAIR code validation.

served (Fig. 5). This fragmentation results from fuel 
grain decohesion under the effect of the fission gas 
fraction accumulated in micro bubbles in the inter
granular zones. The bursting of the gas bubbles under 
the effect of fast transient heating leads to instantaneous 
increase of the fuel/clad contact pressure (PCMI) at high 
burnup when the fuel/clad gap is closed and also rep

resents the driving force for grain separation. During the 
cooling process, when the cladding's permanent strain

(1) 
b-I 0 

J�mm -Thm�
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Fig. 5. Metallographic section of the REP-Na2 rod after 
0 C.ABRI testing. The grain decohesion and the loss of a large 

number of grains during preparation of the metallography 
demornstrate the fuel fragmentation. The fission gases accu
mulated in the fuel grain boundaries are the driving force of the 
transient fragmentation.  

offers to the fuel an additional free volume, the grain

boundaries can open, producing the structure which is 
observed by ceramographic examination. This phe
nomenon of gas driven fuel expansion is a characteristic 
of the high burnup and can contribute, during cladding 
rupture, to the associated dispersion of fuel through the 
dynamics of the pressure relieve. The dispersion poten

tial and its consequences are amplified in the RIM and 

in the MOX clusters due to the high local gas concen
0 tration and by the potential of emission of plutonium 

rich and submicronic particles.  

5. 4. Fission gas release 

The fraction of fission gas, released during the test, is 

given in the results column of Table 1. Gases in inter

granular sites alone are released in the very short RIA 
transient time. The activation of diffusion mechanisms 

releasing intragranular gases (majority fraction) only
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takes place for very high energy deposition (-200 cal/g).  
The amounts of released gas are significant, they in
crease the internal pressure of the rods not ruptured 

during the accident's first phase. The risk of creep-in
duced late rupture increases if the internal pressure ex

ceeds the system's pressure. The release measurement 
results allow for validation of the gas behaviour models 
and to quantify the thermal and mechanical effects of the 

fission gas during the RIA transient [1].  

5.5. Transient spalling 

In several, highly corroded, REP-Na tests, a transient 
spalling of the oxide layer has been observed. In the very 

short RIA transient time, an important part of the oxide 
layer is detached from the cladding's metallic surface. In 

the case of an accident, this phenomenon introduces, 
even in the absence of cladding rupture, an important 
amount of debris into the reactor's coolant channels in a 
very short time and createa iisk of flow reduction and 

clogging. In addition, the cladding/water heat transfer 
could be reduced in the crucial phase of the accidental 
scenario when the fuel approaches critical thermal flux 

conditions and spalling oxide tiles influence the cooling 
conditions.  

6. National and international co-operation 

In this programme [2], the IPSN co-operates with 
several partners. EDF and FRAMATOME's active 
participation provides a stimulating complementarity 
[3]. The services and assessments issued from numerous 
laboratories of the CEAIDRN (neutronics, fuel codes, 
support tests, radiometallurgy) are essential to the pro

gramme's progress [4]. JAERI (Japan) is the senior in
ternational partner. In its NSRR test reactor, JAERI 
has been conducting RIA tests for many years and has 

also been observing high burnup cladding ruptures 

strongly associated to the cladding's corrosion level.  
Other observations (FGR, Al0/) confirm and complete 

the REP-Na programme results [5]. NSI-KI (Kurchatov 
Institute, Russia) is a contractual partner and transmits, 
in the scope of the contract, its theoretical as well as 
experimental know-how (RIA programme in the IGR 

reactor in Kazakhstan) [6]. US-NRC has signed a co
operation agreement in June 1995 enabling it to access 
the CABRI REP-Na programme results as well as the 

support tests. Frequent and fruitful discussions, within 

the scope of this agreement, include American specialists 

from research and industry (ANL, INEL, BNL, PNL 

and EPRI) [7,81. OECD-NEA has finally become the 

meeting ground for contacts with numerous other 

countries. The 'CSNI Specialist Meeting' in Cadarache, 

in September 1995 assembled more than 125 experts 

from 15 countries and this conference's proceedings {9]
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provide a very complete view of the problematic of the 
light water reactor reactivity accident.  

7. Discussion, conclusion ean perspectives 

Fig. 6 shows the RIA test database in terms of either 
maximum or failure enthalpy as a function of burnup of 
the test rods and underlines the contribution of the 
CABRI tests in the high burnup range.  

This compilation, established by US-NRC, presents a 
large number of tests that should be sufficient to under
stand and validate the calculation codes. The following 
list indicates briefly the major non-prototypical condi
tions of the tests compared to RIA conditions in a PWR: 
"* CABRI: sodium coolant, low pressure: sodium cool

ing properties keep the clad temperatures low and 
low internal pressurm mitigates the transient dynamic 
gas effect.  

"* NSRR: capsule tests, low pressure, low temperature, 
narrow pulse (-5 ms): the cladding remains during a 
significant time period below the brittle to ductile 
transition-temperature, the radial fuel temperature 
profile is anomalously peaking and critical heat-flux 
conditions are inadequately simulated.  

"* IGR: capsule test without instrumentation, low pres
sure, very wide pulse (>500 ms), low temperature, im
precise energy deposition: the radial fuel temperature 
profile is too flat.

max fuel enthalpy or failure enthalpy (cal/g)
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Fig. 6. A large number of experimental simulations of reactivity accidents has been carried out by several countries (US, Japan, Russia 
and France). The CABRI contribution includes all tests with burnup rates superior to 50 000 MWd/t as well as all of the irradiated 
MOX tests. The variety of results underlines the need to perform tests in realistic, representative conditions.
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* CDC/PBF: fuel not representative of the PWRs, 
most tests carried out in capsule, low temperature, 
low pressure: low fission gas retention and fuel re
structuring (central hole formation) due to high pow
er level during pre-irradiation.  
The main drawback of this representation (Fig. 6) is 

the fact that it does not allow to fully assess the influence 
of clad corrosion and/or pulse width which are clearly 
identified as the high burnup key parameters. Never
theless, examination of the data in Table I and Fig. 6 
suggest that the fuel failure enthalpy is reduced signifi
cantly with fuel burnup. In addition, the REP-Nai test 
underlines the unacceptable performance when oxide 
spalling and blisters are present in the cladding, i.e., a 
power excursion of low amplitude can result in fuel rod 
rupture. The original safety criteria of 230 (fresh fuel) 
and 200 (irradiated fuel) cal/g, presently being used, do 
not appear to be applicable to high burnup fuel.  

It is suggested that the reduction in failure enthalpy 
with burnup, both for UO2 and MOX, is due to the 
formation of very high burnup regions in each fuel type, 
i.e., the RIM structure in U0 2 and the clusters high in 
Pu (fissile material) in MOX. These very high burnup 
regions result in high concentrations of intergranular 
fission gas which produces fuel swelling during the 
transient and acts as an additional loading mechanism 
on the cladding. In the case of the MOX fuel, the high 
Pu clusters act similar to the RIM at high burnup with 
approximately five times the volume fraction of material

I
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Fig. 7. The CABRI REP-Na tests were defined to study the 

PCMI phase of the accident phenomenology. Under sodium 

cooling conditions, the cladding temperatures remain compar

atively low, as shown by the SCANAIR calculations. Under 

pressurized water cooling conditions, the departure from nu

cleate boiling leads to rapid clad overheating with risk of clad 

rupture by ballooning, as a consequence of the increase of the 

internal pressure by transient release of fission gas.

as the RIM in U0 2 . This results in significantly higher 

loading for MOX rods than the U0 2 rods and increased 

failure potential at similar burnups and energy deposi

tion levels as evidenced by the REP-Na7 test result, i.e., 

low failure threshold without hydride blisters.  

It is further suggested that the increase in FGR and 

resulting high pressures with burnup observed in Ta

ble I may result in rod ballooning and rupture for rods 

that reach critical heat flux (CHF) during an RLIA in 

PWR. This is not evident from RIA tests to date because 

they have all been tested in either sodium coolant or 

under low temperature and low pressure conditions 

where CHF is not easily achieved.  

The study of this phenomenology requires PWR 

representative conditions. The sodium channel condi

tions, in the current CABRI facility, do not allow to 

reach this representativeness of the reactor situation.  

The diagram presented in Fig. 7 shows the cladding 

temperature evolution calculated by SCANAIR under 

sodium and pressurized water conditions for compari-

son. Only the phase I of the phenomenology could be 
studied by the REP-Na tests. The study of phase 2 re

quires experimental conditions which are representative 

of PWR conditions.  

The installation into the CABRI facility of a pres

surized water loop will enable the study of the whole 

spectrum of the accidental phenomenology (phases 1 

and 2). The design and engineering work for this im

portant transformation of the Cabri facility has been in 

progress for several years. The final decisions for this 

work should made in 1999 and the first experiment of a 

programme with international co-operation is expected 

to be performed at the end of year 2003. This pro

gramme will provide, for the future fuel design, the ex

perimental database for the assessment and updating of 

the burnup dependent safety criteria for the design basis 

reactivity accident.  

Acknowledgements 

The authors acknowledge gratefully the direct or 

indirect contributions from two major actors of the RIA 

research, Ralph MEYER from NRC (USA) and Toyo 

FUKETA from JAERI (Japan).  

References 

[(] D.R. Olander, RIA-related issues concerning fission gas in 

irradiated PWR fuel, Visiting Scientist Report, IPSN 

internal document, Cadarache, Rept. 04, 1997.  

[2] J. Papin, M. Balourdet, F. Lemoine, F. Lamare, J.M.  

Frizonnet, F. Schmitz, French studies on high-burnup fuel 

transient behaviour under RIA conditions, in: Reactivity

Initiated Accidents (special issue) Nuclear Safety 37 (4) 
(1996).  

[31 S. Stelletta, N. Waeckel, Fuel failure risk assessment under 

rod ejection accident in PWRs using the RIA simulation 

tests database. The French utility position, in: 1997 Inter

national Topical Meeting on LWR Fuel Performance, 

Portland-Oregon, 2-6 March 1997.  

[41 D. Lespiaux, J. Noirot, P. Menut, Post test examinations of 

high burnup PWR fuel submitted to RIA transients in the 

cabri facility, in: 1997 International Topical Meeting on 

LWR Fuel Performance, Portland-Oregon, 2-6 March 
1997.  

[51 T. Fuketa, F. Nagase, K. Ishijima, T. Fujishiro, NSRR/RIA 
experiments with high-burnup fuels, in: Reactivity-Initiated 

Accidents (special issue), Nucl. Safety 37 (4) (1996).  

[6] V. Asmolov, L. Yegorova, The Russian RIA research 

programme: motivation, definition, execution and results, 

in: Reactivity-Initiated Accidents (special issue), Nucl.  

Safety 37 (4) (1996).  

[7] R.O. Meyer, R.K. McCardell, H.M_ Chung, D.J. Diamond, 

H.H Scott, A regulatory assessment of test data for 

reactivity-initiated accidents, in: Reactivity-Initiated Acci

dents (special issue), Nucl. Safety 37 (4) (1996).
Ln, Russia 
irradiated



64

I.'.; 

I,: 

I.  

14 

ri 

A 

I-I 

I 
Al 

Al 
"1 

I JI

[91 Transient Behaviour of High-Burnup Fuel, Proceedings of 
the CSNI Specialist Meeting, Cadarache, France, 12-14 

September 1995, NEAJCSNI/R(95)22 - OCDE/GD(96) 197.

F Schmitz. J. Papin / Journal of Nuclear Materials 270 (1999) 55-64

[81 R.O. Montgomery, Y.R. Rashid, 0. Ozer, R.L. Yang, 
Assessment of RIA simulation experiments on intermediate 

and high-burnup test rods, in: Reactivity-Initiated Acci

dents (special issue), Nucl. Safety 37 (4), 1996.

Ii

i


