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1. INTRODUCTION

Standardized and supposedly very conservative parameter values an'l
assumptions are applied when estimating radiological consequences of postu-
lated accidents during the licensing process of nuclear power plants. More
comprehensive and realistic consequence predictions are, however, absolute-
ly necessary for many purposes.

This study compares some methods available for estimating radioactivity
release from LWR plants after a loss of coolant accident (LOCA), which is
commonly considered as design basis accident (DBA) for LWR plants.

First, some aspects of the standardized guideline-based and more real-
istic approaches are discussed and examples are given of situations where
best-estimate analyses are of prime importance.

Then, numerical examples are presented and discussed. On one hand,,
typical present guideline parameter values and assumptions are compared
with estimates which seem achievable in the foreseeable future. On the
other hand, the guideline approach is compared with more realistic ones:
the famous U.S. Reactor Safety study or Rasmussen study and our own
analyses of the Loviisa WWER-Mo PWR plant.

Comparisons of this kind can, for example, provide guidance in focusing
research and analysis efforts on those stages in the fission product
release and transport process where the chances are best for reducing the
uncertainties and conservâtiveness in the present guidelines. They also
help in evaluating the relative value of various plant safety systems.

2. NEEDS ANE MOTIVES FOR REALISTIC CONSEQUENCE ANALYSES

A specific type of LOCA, initiated by an instantaneous guillotine type
break of the largest primary system pipe, usually called the design basis
accident (DK'\), has obtained an exceptionally important position in the
Iicensin3 procedure of LWR's. This postulated accident has a decisive
influence on jaant siting and the design of the various plant safety
systems, such a:-, the emergency core cooling systems (ECCS), residual heat
removal systems (RHRS), and containment systems.

The thermal-hydraulic and radio.logical analysis of LOCA is based in
most countries moi-e or less on the regulations and guidelines applied in
the U.S.A. The definition of the DBA and basic requirements for analyzing
it in the safety analysis reports are given in the Code of Federal Regula-



tions (10 CFR 50, App.K). The fundamental requirement is that the ECCS be
designed to meet such effectiveness and reliability criteria that severe
core damage, especially core melting, is precluded.

Basic guidelines for evaluating the radiological consequences of a
LOCA are given in two Regulatory Guides of the U.S. Nuclear Regulatory
Commission (U.S. NRC) [1,2]. The assumption of source release, that is,
the amount of activity released from the primary circuit to the contain-
ment, is actually in conflict with the above mentioned DBA definition: the
postulated source release of 100$ for noble gases and 25$ for iodines
(calculated from whole core activity inventories) is possible only if the
ECCS performance is severely degraded! In fact, two estimates of plant
release are sometimes presented in the safety analysis reports: maximum
hypothetical accident or MHA-release, based on the guideline assumptions,
and DBA-release, based on more mechanistic plant dependent calculations.
The DBA-release is calculated conservatively, too, but it is, in any case,
much lower than the MHA-release. In practice, most plants meet dose limits
with the MHA-release, which implies little need for more sophisticated
analyses. If problems arise, double containment can be employed, for
instance.

Besides being highly conservative, the guideline approach is standard-
ized and deterministic. In the present state, this approach appears jus-
tified in the process of licensing individual plants because, for example,

- little experience from the performance of safety systems is available
so far,

- a certain quality level and uniformity is guaranteed, and
- the regulatory process is greatly facilitated.
More flexible, comprehensive, and realistic consequence analyses are,

however, absolutely necessary, for example,
-• to show that there are needs for and, also, possibilities of improve-

ment in the guidelines,
- to direct experimental research and analytical development to such

topics that the results obtained can in the best possible way increase our
confidence in the present routine safety analyses (by quantifying margins
of conservativeness), give basis for better safety system designs, and also
indicate possibilities of cost reductions,

- to allow meaningful comparisons and cost-benefit analyses of differ-
ent plant and system designs, plant sites, etc., and

- to accomplish a reali^*ic view of the safety of nuclear energy pro-
duction as compared with non-nuclear alternatives.

As evidenced by the numerical examples and discussion in Chapter 3,
significant refinements seem possible in the present guidelines. It is
probable, however, that changes significantly lowering conservativeness can
be introduced only slowly.

Acceptance of less conservative assumptions also presupposes improved
confidence in the reliability and effectiveness of the safety systems.
This is being established by theoretical reliability analyses, a large
number of separated effects tests, a few integral systems tests, usually
in small scale, and by accumulating operating experience. Better system
performance is usually sought by increasing system complexity. This
approach has, however, considerably increased pip-1: cost and complicated
plant operation. Alternatively, one could rely more on passive systems.
The feasibility of passive ECC and containment systems able to pi event
with high probability significant core damage, especially core melting,
and severe containment failure should be assessed. Such systems would
perhaps remove the need for a MHA-type source release assumption and could
substantiate the assumption tha.t the most severe LOCA modes do not need
more attention. Lower plant costs might alf.o be feasible. Undoubtedly,
it will not be easy to implement this scheme, because a lot of technical
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development and verification work is necessary. Probably, the passive
systems must be simple and cheap enough to allow their introduction as a
redundance to conventional active systems, which, however, could
be significantly simpler than those in the present plant designs.

3. UNCERTAINTY ESTIMATES AND COMPARISONS

Table I compares typical present and future estimate guideline-based
approaches to estimating radioactivity release from a PWR plant during the
design basis LOCA with two more realistic ones. Many items in the table
are relevant to BWR plants too.

Column A reflects present guideline parameter values and assumptions
recommended by safety authorities [1,2,3]. Column B tries to guess how
the guidelines might be revised on the basis of the recent and near future
research efforts and available operating experience. Columns ST and LT
give an estimate of the corresponding potential improvement in dose reduc-
tion factor (DRF) for short term and long term activity release, respec-
tively. Columns B, ST, and LT are partly based on an analysis by Carbiener
and Ritzman from the year 1971 [ h]. By the way, one can see that guideline
values have changed very little during the past 5 years.

It should be borne in mind that in Table I some of the items and, hence,
the corresponding DRF improvements are interrelated. This means that a
straightforward multiplication to obtain total potential improvement is
not justified.

Colums C and D list assumptions and partial results of more detailed
and realistic analyses. Column C repeats results of the U.S. Reactor
Safety Study [ 5]• Column D is based on our own extensive analyses of the
Loviisa WWER-HUO PWR plant, reported in Refs. [6...9]. Two features of
this plant,

- it has an ice condenser containment, and
- it does not employ prepressurized fuel pins,

must be pointed out because they ha\_ significant effect on the numerical
values given in Table I. Fig. 1 sketches the way the LOCA was modelled
and also indicates computer codes we are using now.

Activity release from the reactor core, items 1-2 and 6-7 in Table I,
attracted our special attention because it is strongly plant dependent and.
seems to be associated with large uncertainties, thus offering plenty of
potential for reducing conservâtiveness.

Next, the items in Table I, corresponding to the various phases of the
fission product release and transport process inside the plant, are tli*-
cussed. Reference is also made to sources [3...5], which include plenty of
relevant data and discussion for most of the items.

Radioactivity inventory in the reactor core, though not included in
Table I, is the starting point of the release analysis. Computer codes of
varying sophistication exist for detailed inventory calculations. Yet,
even simple formulas can usually give satisfactory accuracy. An error of
5-10$ is small compared with errors introduced in other stages of the
release process. Inventories of some nuclides having long half life or
significantly different yields for 235u and 239pu depend strongly on the
moment the accident occurs.

Gap release fraction (items 1 and 6), the fraction of core activity
inventory released to fuel rod voids (fuel^clad gap, axial plenum, etc.)
during the reactor operation prior to the accident, is one of the most
complicated items. As mentioned above, the release fractions recommended
in Regulatory Guides [1,2] are so high that they cannot represent the gap
release in the above defined sense, but include a large extra release
during the accident thermal transient. Several studies, our own in Ref.
[6] for example, indicate that in order to reach 50-100% release of noble
gases and volatile fission products, very high temperatures, probably



leading to local fuel melting, must be maintained in the core for a period
of several minutes. This type of LOCA does not correspond to the defini-
tion of DBA!

Realistic assessment of the gap release requires extensive calculations
because the irradiation history of the whole reactor core must be simu-
lated. The release of fission products from the UO2 fuel matrix is
extremely sensitive to temperature, which, again, is strongly dependent on
fuel properties and irradiation conditions. Development of thermal models
for irradiated fuel has proved very difficult, and running of even strongly
simplified thermal fuel models takes considerable computer time. Further-
more, fuel temperature has inevitably a considerable random component.

Correlations or models for fission product release from fuel are also
associated with large error bands. This is, in fact, largely due to uncer-
tainties in measurements of fuel temperature and irradiation conditions in
fission product release experiments.

There is, in any case, a lot of evidence available, obtained from a
large number of commercial fuel rods irradiated in power reactors for
instance, indicating that the gap ' elease is in the present power reactors
of the order of a few percent for short and medium lived nuclides. Calcu-
lations for the Loviisa reactor, with many pessimistic assumptions, predict
that the gap release of the important noble gas and iodine nuclides is less
than one percent.

It is evident that the thermal transient the fuel pins are exposed to
during a design basis LOCA is so mild that no significant release due to
high temperature will take place during the transient. It is possible,
however, that a burst or transient release due to cracking and temperature
redistribution in the fuel pellets is experienced. There are widely dif-
fering opinions about this phenomenon. Gome claim that the burst release
fraction might be about as large as the gap release fraction. There are
research programmes under way which can soon help in reducing this uncei—
tainty.

Gap escape fraction (items 2 and 7) accounts for the facts that not all
pins puncture during the accident and that chemically active nuclides can
be partly retained within the failed rods. This factor offers tremendous
potential for reducing release estimates. This is one reason why we have
devoted considerable attention to this topic during the past few years
[8,9]- Another natural reason for our interest is that this work is
closely related to the thermal-hydraulic analysis of LOCA, which is now in
the focus of LWR safety research.

Our analyses of the Loviisa reactor, based on preliminary thermal-
hydraulic data, indicate that a few percent or less of pins puncture.
Because pins having relatively highest gap activities tend to puncture
first, a gap escape fraction of « 0.1 results. We feel that this value is
still very conservative. Very limited fuel damage has been calculated for
modern Western PWR's with prepressurized fuel pins, too. It appears that
modern BWE's exhibit so mild a DBA that actually no fuel failures are
expected, Generally, the LWR LOCA research being carried out and planned
in the U.S., the Federal Republic of Germany, and elsewhere seems to pro-
duce results that can in a few years greatly reduce uncertainties in energy
sources, core thermal-hydraulics and fuel behaviour [10], and, hence,
provide basis for much more realistic predictive analyses.

Retention of chemically active fission products, such as iodines and
cesiums, may be important. Iodine appears to be released quite completely
from U02-zircaloy fuel pins if exposed to a temperature of 900...1000°C
for a longer time. Yet, the duration of the high temperature period during
the DBA is predicted to last one minute at most. Experimental results in
this field are very few and conclusions vary. More research efforts seem
to be justified, though the potential for reducing conservativeness in
guidelines is not very large.



Primary system escape fraction (item 8) may be difficult to reduce.
The feasibility of incorporating fission product transport experiments into
large scale systems experiments should be assessed.

Fast plateout of chemically active fission products on surfaces (item
9) combines several passive removal processes effective in the reactor
containment during the initial phases of the LOCA. These processes are
explicitly modelled, in varying detail, in sophisticated computer codes pre-
dicting the behaviour of radioactivity in the containment. The BWB guide
[2] gives no explicit credit for iodine retention in the suppression pool,
which, however, is at present a well verified removal process.

Chemical composition of iodine in the containment atmosphere (item 10)
probably continues to be an important source of uncertainty. The distri-
bution between elemental and particulate forms is not very important
because both are removed effectively by most removal processes. The forma-
tion of organic forms is important. Unfortunately, it Is difficult to pre-
dict because, for example, the availability of materials promoting the
formation of organic compounds is partly random.

Partition of elemental iodine into water (item 11) is now a well veri-
fied phenomenon, which has significant importaii^e for long term release.
Too little attention has been paid to the assessment of the long term and
very long term consequences of LOCA, including final recovery after the
accident.

Spray removal rate for elemental iodine (item 12) is very high with th<3
alkaline solutions employed at most PWR plants and, hence, further improve-
ment in the removal rate cannot increase much the dose reduction factor.
The situation is different in the case of BWR plants employing pure water
sprays.

Fast spray removal is, however, decisive in the important special case
where a failure in containment isolation leads to very rapid leakage.

RecircuJation filter removal (item 13) is important for long term
release if the organic iodide fraction is large because it is the only well
verified way for effective removal of organic iodides so far. Assumptions
about filter efficiency are often very pessimistic due to uncertainties in
containment mixing and filter performance under the severe accident condi-
tions.

Containment leakage (items '4 and ^k) is one of the most difficult
items. The present guideline assumptions are probably highly conservative.
Containment leakage rates measured in tightness tests are even several
decades lower than design values. Test leakage values cannot, however, be
used as such in release analyses because, for example, very few data exist
on the relation between leakage under test and real accident conditions -
and what exists is partly controversial. Furthermore, the normal frequen-
cy of leak tests cannot perhaps assure high reliability of the measured
values. Convenient tracer methods - in plants where the primary contain-
ment leakage can be collected - might allow more frequent tightness checks.

Secondary building mixing (items 5 and 15) can have an important effect
on the short term release. Tracer tests at individual plants might be use-
ful in finding reasonable mixing efficiencies. Because of the random dis-
tribution of primary containment leakage paths, high mixing factors cannot
probably be accepted.

Offgas filter removal efficiencies (item 16) accepted in safety evalua-
tions are often quite pessimistic. Convenient methods for field testing of
filters are essential to assure reliable filter performance.

Several further aspects should be discussed when comparing standardized
analyses based on guideline assumptions with more mechanistic and realistic
ones. For instance, which nuclidas should be considered? The comprehen-
sive analysis carried out as a part of the U.S. Reactor Safety Study [5] is
most useful in this respect. It appears that in addition to iodines and



noble gases cesium is important in the case of the DBA. In the case of
core melting accidents several other nuclides have to be considered.

h. CONCLUSIONS

It appears thai, estimates for radioactivity release from LWR plants
after the design basis LOCA as calculated on the basis of the present
standardized and deterministic guideline assumptions are even several
orders of magnitude larger than those predicted by more realistic methods.
Research programmes under way now in various countries probably provide
data that can significantly reduce uncertainties in our understanding of
the LOCA and, hence, should allow some relaxation of conservativeness in
the guidelines.

The guideline-based, deterministic and standardized analysis of LOCA
and its radiological consequences appears to be justified in the process of
licensing individual nuclear power plants. Yet, more comprehensive and
realistic analyses are absolutely necessary, for example, to provide a view
of the margins of conservativeness and to indicate prime weaknesses in the
standardized analyses, to direct research into the most important items,
and to enable meaningful comparisons between different site, plant type,
and system design alternatives.

ACKNOWLEDGEMENTS

This study has made use of the work of several members of the staff
in the Nuclear Engineering Laboratory of the Technical Research Centre of
Finland. The author also gratefully acknowledges Heikki Reijonen,
Savolainen, and Seppo Vuori for their review of this paper.

REFERENCES

[1] Assumptions used for evaluating the potential radiological conse-
quences of a loss of coolant accident for pressurized water reactors.
U.S. Nuclear Regulatory Commission Regulatory Guide 1.1* Rev.2,(197^).

[2] Assumptions used for evaluating the potential radiological conse-
quences of a loss of coolant accident for boiling water reactors.
U.S. Nuclear Regulatory Commission Regulatory Guide 1.3 Rev.2,(197*0.

[3l POSTMA, A.K., PASEDAG, W.F., A Review of Mathematical Models for Pre-
dicting Spray Removal of Fission Products in Reactor Containment
Vessels. USAEC Rep. WASH-1329(1974).

ih] CARBIENER, W.A., Ritzman, R.L., An Evaluation of the Applicability of
Existing Data to the Analytical Description of a Nuclear Reactor
Accident. Battelle Columbus Lab. Rep. BMI-1917Í1971)•

[5] App.V, Quantitative results of accident sequences; App.VI, Calculation
of reactor accident consequences; App.VII, Release of Radioactivity in
reactor accidents; and App. VIII, Physical processes in reactor melt-
down accidents of Reactor Safety Study, An Assessment of Accident
Risks in U.S. Commercial Nuclear Power Plants. USNRC Rep. VIASH-iUOO
(NUREG-75/0110(1975).

[6] MATTILA, L., OLLIKKALA, H.,"Release of fission products from the core
of a pressurized water reactor under loss-of-coolant accident condi-
tions", Le confinement de la radioactivité dans l'utilization de
l'énergie nucléaire (Proc. 7 t h Int. Conf., Versailles, 1971*), Société
Française de Radioprotection,(I97U).

[7] ARO, I., MATTILA, L., "Fission product behaviour in LWR containments
under LOCA conditions", Nuclear Energy Maturity (Proc. European Nucl.
Conf., Paris, 1975, Progress in Nuclear Energy Series) J5, Pergamon
Press, Oxford and New York (1976)559.



[8] MATÏTLA, L., "Fission product release from a PWR core under LOCA
conditions", ibid. 5^3.

[9] MATTILA, L., SAIRANEN, R., STENGÂRD, J.-0., Probabilistic models for
fuel rod puncturing in an LWP. core during a LOCA. Nucl. Ergn. Des.
36(1976)239.

[10] Fourth Water Reactor Safety Research Information Meeting (Preprints,
Gaithersburg, Md., 1976} U.S. Nuclear Regulatory Commission (1976).

PREACCIDENT PHASES

CORE NORMAL OPERA-
TING CONDITIONS
PHYSICS CODES

CORE FP INVENTORY

CINDER

FP RELEASE FROM
FUEL DURING
NORMAL OPERATION
GAPCON.ACCREL-N

1
FP ACCUMULATION TO
FUEL ROD VOIDS

ACCREL-N

CLADDING FAILURES
DURING NORMAL
OPERATION

FP RELEASE FROM
LEAKING FUEL RODS
"(TRIKON)

FUEL CLADDING

I ACCIDENT PHASES

C LOCA INITIATION j

COOLANT EXPULSION
FROM PRIMARY
CIRCUIT
RELAP-4

EMERGENCY COOLANT
INJECTION INTO
CORE
RELAP-4

CORE THERMAL
TRANSIENT
TOODEE.MOXV. NURLOCI
FP RELEASE FROM
FUEL DURING
TRANSIENT.
ACCSEL-A

CLAD RUPTURING
DURING TRANSIENT

ACCREL- A,BURST. MCRFl

FP RELEASE FROM
FAILED FUEL RODS

ACCREl-A.BURST

4-

FP AND CORROSION
PRODUCT ACCUMULA -
TION IN COOLANT
TTRIKONT

FP TRANSPORT FROM
PRIMARY CIRCUIT
TO CONTAINMENT

PRIMARY_ C[RCUIT_PRESSURE _B0UNDARY_
T

CONTAINMENT SHELLS

FP BEHAVIOUR IN
CONTAINMENT

MIRA . CORRAL

T
(FP RELEASE TO EMVIRONMENTJ

Fig .1 . Fission product behaviour during a IOCA



TABLE I. A COMPARISON BETWEEN PRESENT GUIDELINE, ESTIMATED FUTURE GUIDELINE, AND TOO MORE REALISTIC APPROACHES
TO ESTIMATING FISSION PRODUCT RELEASE FROM A LWR PLANT DURING THE DESIGN BASIS LOCA

(1)
(2)
(3)
(U)

(5)

co (6)

(7)
(3)
(9)
(10)

(11)
(12)

(13)
(1U)

(15)
(16)

Item

Case

Gap release fraction
Gap escape fraction
Primary system escape fraction
Leakage from containment

Secondary building mixing

Gap release fraction
Gap escape fraction
Primary system escape fraction
Fast plateout on surfaces
Chemical form in containment
elemental/particulate/organic
Partition of I2 into watp •
Spray removal rate for .̂  (h~1)
(alkaline solution)
Recirculation filter removal
Leakage from containment

Secondary building mixing
Offgas filter removal

Guideline parameters
and assumpti

Typical
at present

A

1.0
1.0
1.0

Design 2k h,
then 1/2 design

None

0.5
1.0
1.0
0.5

91/5A

None

8

Pessimistic
Design 2k h,
then 1/2 design

None
Pessimistic

ons

Future
estimate

B

Approximate improvement
in dose reduction factor

2 h

ST

NOBLE GASES

0.1
0.3
Same
?

0.25

10
3
1

Great

«10

IODINES

0.1
0.2

f»Same
_ fc)

9Î4 /5ï/1

Significant
15

Better
1

0.25
Better

5
5

««1
œ 1
pa 1

ftj 1

<2

1-?
Great

«10
1-3

1 month

LT

10
3
1

potential

«1

5
5

Pa 1

pa 1

1-3

5-10
pa 1

Significant
potential

w 1

1-3

More realistic analyses

WASH-1U00
(PWR)

C

0.03
1.0a)
1.0

Pressure
dependent

- a )

0.05
0.33a)

1.0
_ e)

?/?/0.i+

Significant
Very large

Significant

Pressure
dependent

_<i)

—

Our analyses
of WWER-UUo PWR

D

0.003

1.0
Design0)

0.25

0.01
0.1b)
1.0
_e)

91/5A

_c)_n
Significant
Designc)

0.25
Realistic

a) all pins assumed to lose tightness
b) 2...5% of pins are predicted to fail; these contain up +.0 10$ of gap activity
c) only short term analyses carried out so far
d) no secondary containment in reference PWR; react.or building delay modelled in BWR analyses
e) described more mechanistically in the activity removal model
f) spray remo^il is not very important in the Loviisa ice condenser containment as there is no spraying

in the lower containment
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