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ABSTRACT

This study is related to the hydrogen management strategy of the Loviisa ice-condenser containments.
A synthetic survey is conducted of the various parts of the subject by using compact "back-of-the-
envelope" analysis methods. The analysed cases are consistent with the principal hydrogen
management approaches proposed by the utility (IVO).

The study begins by introduction of the Loviisa plant features and various severe accident types.
Hydrogen generation characteristics are analysed mainly for the core degradation phase, but the
hydrogen sources from molten fuel-coolant interactions and reflooding of a degraded core are
discussed, as well. The hydrogen generation and release rates are compared with the overall gas
convection and mixing conditions in order to estimate hydrogen concentrations in the containment.
The natural convection currents are examined also from the scaling point of view, concerning the
scaled-down VICTORIA tests of IVO. Finally, the potential for large deflagration loadings or local
detonations is examined for the Loviisa containments.

The study is concluded by preliminary subjective judgments about the most critical factors of the
Loviisa hydrogen problematics and about any issues that may require additional confirmative research
(see the conclusions in Chapter 8).
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TIIVISTELMÄ

Tämä tutkimus liittyy Loviisan suojarakennusten vedynhallintaan. Tutkimuksessa kartoitetaan
ongelman eri osa-alueita käyttämällä hyväksi pelkistettyjä laskentamalleja. Analysoidut tapaukset
ovat yhtäpitäviä voimayhtiön (IVO) esittämien periaatesuunnitelmien kanssa.

Tutkimus alkaa Loviisan laitosten pääpiirteiden ja erilaisten vakavien onnettomuustyyppien esittelyllä.
Vedyn kehitystä analysoidaan lähinnä sydämen sulamisvaiheelle, mutta myös sydänsula-vesi
-vuorovaikutusten ja vaurioituneen sydämen uudelleenkastelun vaikutusta vetytuottoon tarkastellaan.
Vedyn kehittymis- ja vapautumisarvioita verrataan suojarakennuksen keskimääräisiin virtaus- ja
sekoittumisolosuhteisiin, minkä perusteella hahmotellaan vedyn jakautumista ja pitoisuuksia
suojarakennuksessa. Suojarakennuksen virtausolosuhteiden skaalautumista IVO:n VICTORIA-
pienoismallissa tutkitaan. Lopuksi arvioidaan suurien vetypalojen tai paikallisten räjähdysten
mahdollisuutta Loviisan suojarakennuksissa.

Tutkimuksessa päädytään alustaviin arvioihin tärkeimmistä Loviisan vetyongelman osatekijöistä
sekä niistä ongelma-alueista, jotka saattavat vaatia varmistavaa lisätutkimusta (ks. luvun 8
johtopäätökset).
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ABBREVIATIONS

Abbreviations used frequently in this report are listed below.

AFW Auxiliary FeedWater system
BWR Boiling Water Reactor
CDF Core Damage Frequency
ECCS Emergency Core Cooling System

EOP Emergency Operating Procedure
ESF Engineered Safety Feature

FCIs Molten Fuel-Coolant Interactions (core melt-water interactions)
FSAR Final Safety Analysis Report
FW FeedWater system
ISLOCA Interfacing-Systems LOCA
IVO Imatran Voima Oy power company
LOCA Loss Of Coolant Accident
LWR Light Water Reactor
NCG Non-Condensible Gas
PORV Power Operated Relief Valve
PSA Probabilistic Safety Assessment
PWR Pressurized Water Reactor
RCS Reactor Coolant System

RCP Reactor Coolant Pump
RHR Residual Heat Removal

ROAAM Risk Oriented Accident Analysis Methodology
RPV Reactor Pressure Vessel
SAM Severe Accident Management
SGTR Steam Generator Tube Rupture
SRV Safety Relief Valve
SS Stainless Steel

STUK SäteilyTUrvaKeskus (Finnish Centre for Radiation and Nuclear Safety)
TH Low-pressure ECCS of Loviisa
TJ High-pressure ECCS of Loviisa

TK Coolant makeup and boron control system of Loviisa
TMI-2 Three Mile Island Unit 2
TQ Containment spray system of Loviisa

USAEC U.S. Atomic Energy Commission (now USNRC)
USNRC U.S. Nuclear Regulatory Commission

VVER-440 Soviet-design PWR
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FOREWORD

The present work was funded by the Finnish Centre for Radiation and Nuclear Safety (STUK; letter
34/410/94; 23.12.1994) and performed under the supervision of inspector Timo Karjunen (STUK).

The main intention is to refine some of the previous ideas of synthesizing hydrogen-related severe
accident phenomena and to focus the analyses now only on the Loviisa PWRs. Various parts of the
hydrogen problematics are considered by conducting first-order evaluations of the phenomena
considered most critical.

The prediction methods applied certainly cannot substitute for focused experiments nor mechanistic
analyses, however the integral principles involved could, perhaps more readily, be fused into closed-
form solutions. In this context, the sensitivity of the mitigation strategies effectiveness to uncertainties
in accident conditions and phenomena is of particular interest. It is the integral picture of the severe
accident hydrogen behaviour we are exploring here.

Finally, the report is written mainly for experts of the subject and a fast glance at it can hardly do full
justice. It is recommended that anyone who is really interested in the results read the report carefully.
The general conclusions — our current judgments — can be found in Chapter 8.

Timo Okkonen
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1 INTRODUCTION

Our knowledge of severe reactor accidents have
been changing, often step-wise, during the deca-
des of light water reactor (LWR) design and ope-
ration. The progress has followed a route typical
for any new engineering field, where arising ex-
perience increases our understanding of what is
possible and necessary in the context of techno-
logical risks and their minimization. In addition,
whereas the first decades of LWR design were
dominated by technical development in normal
reactor operation and analysis of anticipated tran-
sients and hypothetical accidents, more time has
since been dedicated for investigation of more
remote events. After the core meltdown accident
at Three Mile Island (TMI-2), the assessment and
management of the so-called severe accidents
have been inspired by the facts that it is credible
to reduce severe accident consequences by effi-
cient containment functioning and that this is re-
quired by the public, as well. The ground for this
work was created by the LWR engineering pio-
neers, who visioned the finite possibility of ra-
dioactive releases from a damaged reactor core,
the potentially large consequences of such an
event, and the evident need for containment of
such releases.

Together with operating experience, the proba-
bilistic safety assessments (PSAs) have given us
views about the various types of accidents that
might lead to significant degradation of the reac-
tor core (loss of fuel rod integrity). As what comes
to the quantification of accident frequencies, the
safety merit of severe accident mitigation has
been evaluated to be relatively low when com-
pared to the prevention of core damages (and sub-
sequent radioactive releases from the reactor

core) with highly reliable safety systems and
operator actions. In fact, whereas the core dama-
ge frequency (CDF) has typically been estima-
ted to vary from once in million to once in ten
thousands reactor years, the likelihood of signi-
ficant radioactive releases into the environment
is estimated to be about one tenth of the above
values. This factor is determined by several plant-
specific features related to containment functio-
ning and severe accident phenomena, and it shall
exceed ten for any new plant designs. It would,
anyway, be careless to use the frequency estima-
tes as an argument against research and design
of severe accident management (SAM)1. Name-
ly, the strongest counterargument is that the con-
tainment offers an additional safety-in-depth
measure, which could also filter out part of the
uncertainties (unknown factors) associated with
the CDF estimates. This is true especially if the
containment functioning and SAM are mostly in-
dependent of the systems related to prevention
of core damages. The basic reasoning for SAM
development is, of course, exactly the same as
the above-mentioned pioneering visions of the
need for a containment. Furthermore, the design
and phenomena-oriented assessments of contain-
ment functioning have become more potent
through severe accident research.

The progress made in dealing with severe reac-
tor accidents applies particularly well to hydro-
gen phenomena. Fast hydrogen generation from
high-temperature metals exposed to steam was
known essentially from the start of commercial
LWR operation. Steam-induced oxidation of zir-
conium in fuel cladding, which is effected at
metal temperatures above 1000-1200 °C and is

1 In this report, "severe accidents" refer to core meltdown accidents caused by depletion of reactor coolant inventory and
subsequent loss of core cooling. "SAM", on the other hand, refers to both operation actions and any plant systems required
to mitigate the phenomena and consequences of core meltdown accidents. Whenever necessary, differentiation is made
between SAM actions (operator intervention), measures (safety functions) and systems (SAM-dedicated or not).
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strongly exothermic, formed one of the natural
design factors for prevention of fuel overheating
and extensive core damage. Low-level (1 %)
oxidation of zirconium was selected as the de-
sign criterion of the containment hydrogen ma-
nagement systems, which were originally rela-
ted to accidents without core melting and were
designed also to deal with slow hydrogen gene-
ration from water radiolysis and surface corro-
sion. With regard to core meltdown accidents,
already the first major risk study (Reactor Safety
Study, WASH-1400, USNRC, 1975) had identi-
fied the hydrogen-induced, so-called y-mode,
containment failure type, not to mention the dis-
cussions that can be found already in WASH-740
(USAEC, 1957).2 The potential severity of hyd-
rogen-induced threats to the containment integ-
rity were demonstrated by the TMI-2 accident in
1979, in which a large hydrogen deflagration lead
to a pressure spike in the containment. New de-
sign-specific measures were installed in opera-
ting plants and introduced into plants under
construction and design; the modifications in
some operating plants concerned now, for the first
time, severe accidents. The main approaches
adopted were to prevent hydrogen combustion
by deliberate ignition at low hydrogen concent-
rations (some PWR and BWR plants) or contain-
ment inerting (most BWR plants; even for "non-
severe" accidents). In some plants (large-dry
PWR containments), no specific measures were.
considered to be necessary, because large defla-
grations (clearly subsonic flames) could be withs-
tood and strong detonations (supersonic shock
waves) were considered unlikely. The regulato-
ry requirements concerning the new plants, in
particular, were revised, and a generally applied
severe accident criterion became the 75 % oxi-
dation of zirconium in fuel cladding.

The severe accident research efforts, which were
intensified by the TMI-2 accident, have given us
much new information about hydrogen generati-
on, distribution in the containment, and poten-

tial combustion loadings. The information allows
quantification of many previous "mysteries", but
has also demonstrated the complexity of severe
accident phenomena related to the hydrogen
problematics, among others. Depending on the
core meltdown conditions, the hydrogen genera-
tion may be extensive during core degradation.
Additional hydrogen may be produced in melt-
water and melt-concrete interactions, and parti-
cularly large and fast hydrogen generation is ex-
pected if an overheated core is reflooded after
recovery of core cooling systems. The above-
mentioned 75 % cladding oxidation cannot be
considered conservative anymore, and this has,
now, been widely acknowledged and reflected in
regulatory requirements. Further, the absolute
amount of hydrogen generation is not the only
quantity of interest, because the interrelations
between hydrogen release into and behaviour
inside the containment depend on several factors,
not the least on hydrogen release rate and ther-
mal-hydraulic conditions in the containment. The
former can be analysed by core degradation mo-
dels and the latter by containment models, though
the level of modelling detail and accuracy varies
considerably. The predictions are usually instruc-
tive, at most. The ultimate pressure capability has
been estimated for most containment designs,
which allows us to define the acceptable initial
conditions of hydrogen deflagrations causing
quasi-static pressurization and temperature rise.
The factors and limits related to hydrogen de-
tonations, leading to dynamic shock loadings,
have been investigated and the difference bet-
ween deflagration and detonation (hydrogen con-
centration) limits has been found to be smaller
than thought earlier. The containment capability
of withstanding detonation-induced shock waves
and possible missiles varies a great deal, too. Fi-
nally, it is noted that the rich phenomenology of
severe accidents has also inspired development
of new principal methodologies for generating
representative experimental data (e.g. Zuber et
al., 1991) and dealing with phenomenological

For any severe accident phenomcnologist, it is "healthy" to examine the early expert judgments that can be found, e.g., in
Appendix A of WASH-740 (USAEC, 1957) or Appendix VIII of WASH-1400 (USNRC, 1975). Several phenomena affecting
the containment loadings and radioactive fission product transport can, of course, be better evaluated today, yet one cannot
stop admiring the quality of early considerations. In the context of core degradation, for example, it even appears that the
role of uncertainties and complexities admitted in early studies were forgotten during the times of largest mechanistic
enthusiasm, just to be re-appreciated little later.

10
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uncertainties (e.g. Theofanous and Yan, 1991).
The recent applications of these ideas have de-
monstrated that the jungle of distracting details
can be penetrated, and, depending on the safety
margins available, the problem in question the-
reby resolved (the present situation shown ac-
ceptable, or if not, a new solution found).

The present work is related to the on-going de-
velopment of the hydrogen management strate-
gies at the Loviisa plants, where deliberate igni-
tion (installation of glow plugs) was chosen af-
ter the TMI-2 accident. This strategy may still
be basically valid, but the advanced understan-
ding of hydrogen generation and behaviour in the
containment have made it necessary to consider
additional measures and optimization. In additi-
on, some new technical solutions to hydrogen

mitigation have become available. The main ob-
jective of this study is to examine the Loviisa
hydrogen problematics from an integral perspec-
tive, that is, by studying the interplay (combined
sensitivity) of the multitude of phenomena in-
volved. First in Chapter 2, the Loviisa plant fea-
tures are introduced to the extent that is relevant
to severe accident hydrogen behaviour. Potential
severe accident types are examined, from the
hydrogen behaviour point of view, in Chapter 3.
Hydrogen generation and release into the con-
tainment are estimated in Chapter 4, whereas
hydrogen behaviour inside the containment is
studied in Chapter 5. Various hydrogen manage-
ment strategies and the integral safety picture are
explored briefly in Chapters 7 and 8, respective-
ly. The main conclusions of the present study are
summarized in Chapter 8.

11
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2 LOVIISA FEATURES

The Loviisa Units I and 2 are owned and operated by the Imatran Voima Oy
(IVO) power company. They belong to the family of Soviet-design PWRs
(WER-440), but comprise several features that are unique also among WERs.
The main features of these essentially identical units are introduced in this
chapter by focusing on the features related to severe accidents and hydrogen
behaviour in specific.

2.1 Reactor coolant system
(RCS)

Some of the RCS features of Loviisa are shown
and listed in Figure 1.

The VVER-440 primary system comprises se-
veral unique features, such as six circulation loops
and horizontal steam generators. The nominal
operating pressure of the Loviisa primary sys-
tem is about 120 bar and that of the secondary
side about 45 bar. The primary and secondary
water inventories are large, in comparison to the
reactor power (1375 Mwth), which gives a lot of
thermal inertia and makes the reactor quite tran-
quil in transients. The circulation loops are ex-

ceptional in the sense that there are loop seals
also in the hot legs. After the onset of core hea-
tup and degradation, the water remaining in the
loop seals could resist the exposure of steam ge-
nerator tubes to hot gases and heat-generating
fission products, especially if no pressurization
or break-induced flows (forced blow-through)
penetrated the circulation loops and seals.

The VVER-440 core configuration carries some
resemblance to the boiling water reactors, since
the hexagonal fuel assemblies are surrounded by
Zircaloy fuel cans. As an exceptional feature
among LWRs, some of the fuel assemblies are
connected with control assemblies (in series).The
control assemblies are placed above the core du-

RCP

SG

Primary system volume:
• vessel
• pressu rizer
• hot legs
• steam generators
• cold legs
Core thermal power
Secondary side pressure

238 m3 Primary system pressure:
101m3 • pump discharge 124.9 bar
39 m3 »pumpsuction 120.5 bar
17 m3 Primary coolant temperature:
62 m3 • vessel inlet 537 K
19 m3 • vessel outlet 568 K
1375 MW Coolant mass flow rate 8600 kg/s
45 bar Secondary steam flow rate 750 kg/s

Figure 1. Main features and (approximate) nominal operating conditions of the Loviisa RCS.

12
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ring normal power operation, and in a reactor
scram the fuel assemblies fall down below the
core. The total number of fuel assemblies is 313,
of which 286 are "normal" and 37 "followers".
In the periphery of the core, there are 36 dummy
elements, which were installed to lower the neut-
ron flux to the vessel wall. Because the control
and dummy assemblies are mainly steel, they
could melt first and create open melt relocation
paths in a severely degraded core, which has been
considered to increase the potential for gradual
melt relocation into the vessel lower plenum
(Tuomisto and Theofanous, 1991; 1994). The

decay heat generation in the vessel lower ple-
num (of the order of 37/313 =12 % of the total
decay heat) could also affect the core dryout and
degradation characteristics (the influence of cont-
rol assembly design is examined in more detail
in Chapter 4).

To accommodate the fuel followers, the lower
plenum of the VVER-440 reactor pressure ves-
sel (RPV) is designed deeper than in Western
PWR designs. The volumes of the various RPV
sections are shown in Figure 2? If the melt relo-
cating down from the core were efficiently frag-

16.7 —

Elevation
(m)

1 2 . 7 _

10.7.
10.Z.

7.8
7.2

5.4 _

4.3 _

3.5 _

Pressure vessel volume

Number of fuel assemblies
• normal
• followers
Mass of pressure vessel
• vessel
• cover

Vessel internal diameter
Vessel height

l.J mJ

5.9 m3

Active fuel

1.9 m3

18m3
Lower plenur

42 m3

Upper plena

3.5 m3

Bypass

n

2m3

Control
assembl.

0.8 m3

Fuel
followers

0.7 m3

5.7 m3

3.8 m3

Upper downcomer

3.7 m3

Middle downcomer

11.8 m3

Lower downcomer

101 m3 Core materials:
• UO2 fuel 42400 kg

313 »Zr cladding 11800 kg
276 . • Zr cans 5800 kg
37 • Steel (cntrl/dummy ass.) 15000 kg
270000 kg Mass of vessel internals 130000 kg
220000 kg • barrel and pit 60000 kg
50000 kg • upper internals 40000 kg

• lower internals 30000 kg
3.5 m Vessel thickness:
13.6 m • cylindrical part 0.14 m

» elliptical lower head 0.16 m

Figure 2. Schematic topology and (approximate) general features of the Loviisa RPV.

The fuel follower volume may be lower than shown in Figure 2, as the top of the active fuel in followers does not, probably,
reach the bottom level of active fuel in the core. The gap is unclear to us and not instrumental for the analyses of the present
report. Anyway, one can think that part of the small volume below the fuel followers be placed between the fuel follower and
the control assembly volume, which actually extends to the upper plena (upper guide tubes) though not shown in Figure 2.

13
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merited and quenched by the lower plenum coo-
lant (as perhaps promoted by gradual melt relo-
cation), the thermal attacks against the vessel
lower head would be significantly milder than if
no melt-water interactions were presumed. The
deep water pool, on the other hand, could also
lead to enhanced hydrogen generation from the
metallic melt fragmented into water. With res-
pect to the possibility of lower head melt-through,
it is noted that the VVER-440 vessel lower head
has no penetrations, which could be more prone
to a fast melt-induced failure. In Loviisa, the ves-
sel submergence in containment sump water (see
section 2.3) would act to prevent lower head hea-
tup and rupture, both in short and long term.

Following a plant transient, the decay heat gene-
rated in the core could be removed to the secon-
dary side by single-phase natural circulation of
primary coolant. In fact, the heat removal would
have to be accomplished by the secondary, be-
cause at high primary pressure (at the safety re-
lief valve cycling level; see below), only the
small-capacity pumps of the makeup and boron
control system (TK) could inject coolant into the
primary system. Even after tripping pf the reac-
tor coolant pumps (RCPs), the primary pressure
would decline from the normal level; this is, of
course, provided that the reactor scram occurred
normally.4 The secondary feedwater (FW) sys-
tem is backed up by an auxiliary FW system and
a completely independent "emergency" FW sys-
tem, decreasing the likelihood of secondary
dryout due to total loss of on/off-site electricity
supply (station blackout), for example. Should
the secondary anyway dry out, the primary sys-
tem would heat up and pressurize until the safety
relief valves (SRVs) opened up in the pressuri-
zer (two valves; open/close at 137/130 and 141/
135 bar). This would lead to loss of primary coo-
lant inventory and, eventually, to core dryout and
degradation.

In accidents where primary system coolant would
be lost (LOCA; Loss Of Coolant Accident), the
coolant injection and core cooling would be pro-

vided by the emergency core cooling systems
(ECCSs). The high-pressure injection system (TJ)
injects into all primary circulation loops, either
to the RCP suction (three loops) or discharge side
(three loops). The injection ceases at a primary
pressure of about 123 bar. If the primary leakage
were large, the four passive accumulators would
start emptying their contents into the primary
when the pressure dropped below 55 bar; two
accumulators inject into the RPV downcomer and
the other two into the RPV upper plenum. The
low-pressure injection system (TH), on the other
hand, could operate at primary pressure below 7
bar, and it also injects both to the RPV down-
comer and upper plenum. The TJ and TH pumps
take their water first from the large TH tank (900
m3), together with containment spray, and turn
to sump recirculation upon TH tank dryout. The
design basis of the ECCS capacity is the large-
break LOCA, that is, a double-ended guillotine
break of the largest primary circulation pipe. The
TJ and TH pumps are designed with 2 x 2 x 100%
redundancy (one of the two parallel pumps, in
one of the two redundancies, has to work).

In most accident sequences leading to severe core
degradation, the fluids released from the prima-
ry system would flow into the containment. In
this respect, the primary-to-secondary leakages
(steam generator tube or collector rupture) and
interfacing-systems LOCAs (from the high-
pressure RCS to a low-pressure support system)
are exceptional. Such core meltdown sequences
mus be demonstrated to be particularly unlikely,
because the leakages would bypass the contain-
ment. In Loviisa, backfittings that are specifical-
ly related to primary-to-secondary leakages have
recently been installed. These backfittings include
an additional TH tank that is shared by the two
units and increases the coolant inventory avai-
lable for injection (until the leakage has been
stopped). An additional measure that could make
the accident management more robust is the pri-
mary depressurization, which is under design. At
the moment, only a small-capacity PORV (po-
wer operated relief valve) is available. As what

Without gravity-driven control rod insertion, the situation would run into a so-called ATWS (Anticipated Transient Without
Scram) sequence. During the time under fission power generation and natural circulation heat transfer, the primary pressure
would increase until the coolant heatup, voiding and leakage (through SRVs) lead to a fission power level that could be
removed to the secondary. Reactor shutdown, on the other hand, could be accomplished by injection of borated water into
the primary.

14
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comes to hydrogen problematics, the intentional
primary depressurization would, most important-
ly, prevent energetic hydrogen releases, which
could be caused by high-pressure primary sys-
tem rupture after the onset of core degradation.

Only the main RCS features were described abo-
ve. The most likely cause for a core meltdown
accident would be the loss of coolant injection
into the RCS primary or secondary, and so the
detailed features of the engineered safety featu-
res (ESFs), the reactor control systems, or the
emergency operating procedures (EOPs), are not

of acute interest here. The pre-core-damage ac-
cident progression, however, would affect the
core degradation process and the containment
conditions at the time of hydrogen generation,
not to mention the influence of possible ECCS
recovery during core degradation. The various
severe accident types are discussed further in
Chapter 3.

2.2 Ice-condenser containment

The containment features of Loviisa are shown
in Figure 3, which also depicts some SAM sys-

Design pressure
Design under-pressure

Upper compartment:
• upper dome
• lower centre
• segment pit
• annular region
Lower compartment:
• free gas volume
• sump water
Reactor cavity

1.7 bar (abs)
0.035 bar

48200 m3

23900 m 3

17500 m3

2100 m3

4700 m 3

6000 m3

>4000 m 3

<2000 m3

200 m 3

Mass of ice
Free volume

Ice condenser:
•upper plenum
• lower plenum
• ice section
• volume of ice
Lower dead ends:
• RCP room
• Reactor pit
• Others

>840000 kg
60000 m3

2900—4400 m3

1000 m3

600 m3

1300 m3

1500 m3

2700 m3

2200 m3

300 m3

200 m3

Figure 3. Main features of the Loviisa containment.
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terns to be discussed in section 2.3. Figure 4
shows the experimental VICTORIA facility,
which is an essentially complete miniature of the
Loviisa containment (linear scale 1:15).

The Loviisa containment features a large free
volume (« 60000 m3) divided into five main parts:
• Upper compartment consisting of the

upper dome, the lower central region, the
"segment pit" extending down to the lower
compartment floor level, and the narrow
annular between the crane wall and the
steel shell.

• Ice condenser divided into the lower
plenum, the ice section, and the upper
plenum.

• Lower "steam" compartment5 enclosing
the RCS.

• Lower "dead ends" including the so-
called RCP room, the reactor pit, and some
smaller rooms for ventilation equipment,
etc.

• Reactor cavity beneath the vessel.

During normal operation, the containment is kept
at a nearly atmospheric pressure and contains air
of normal composition. The integral leakage is
tested every four years to be below 0.15 %/day
at the design pressure. The original design of the
containment structures and safety systems is
based on a large-break LOCA.

The containment is of a pressure suppression
type, i.e. steam released from the RCS would be
first condensed by the ice. During an accident
phase where a lot of steam would be released into
the lower compartment, most of the non-conden-
sible gases (NCGs) would be pushed into the
upper compartment. The immediate pressure rise,
however, would remain moderate (= 0.25 bar),
because the upper compartment is large. The
whole RCS is located in the lower compartments
(incl. dead ends), and the leak-tightness of the
deck between the upper and lower compartment
would be crucial in case of a large LOCA. Signi-

ficant steam penetration through the ice bed has
not been observed in the tests conducted (Tuo-
misto and Hongisto, 1988).

The containment design pressure is 1.7 bar and
the ultimate pressure capability is estimated to
be somewhat over 3 bar (3.25 bar). The pressure
is carried mainly by the large steel shell, the thick-
ness of which varies between 1.5 and 2.6 cm.
The thin steel shell is vulnerable to negative
pressures, the design under-pressure being 3.5
kPa. Vacuum breakers are provided and they are
located at the dome part. The most limiting case
considered for the vacuum breaker capacity is
the inadvertent start of containment spray, which
could decrease the upper compartment pressure
when spray droplets are being evaporated into
the initially dry air.

The lower compartment floor and the reactor
cavity walls and basemat are made of concrete,
with an internal steel liner ensuring the leak-tight-
ness and forming a continuous steel shell that
encloses the whole containment. This steel shell
is perforated by a large number of penetrations
(instrumentation, electricity supply, steam lines,
coolant injection and recirculation lines, ventila-
tion, etc.) and two access holes (in the upper com-
partment and the reactor cavity). In addition, a
large equipment transit lock penetrates the bot-
tom of the upper compartment "segment pit". The
segment pit extends from the upper compartment
floor level to the lower compartment floor level
and also provides a route for spray water draina-
ge back to the lower compartment sump; see Fi-
gure 4.

The ice condenser consists of two 90° sectors;
see Figure 4. The lower plenum is connected to
the lower containment compartment by doors,
which would require some pressure differential
before they would open for the first time; this is
to prevent too hasty openings (unnecessary ice
melting), though after the first "kick" the lower
ice condenser doors would open with very small

5 In this report, the containment is often thought to consist of three main parts: upper compartment, ice condenser and lower
compartments. In this context, "lower compartments" include the main lower compartment region, the dead ends and the
reactor cavity.
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Figure 4. VICTORIA test facility.
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over-pressures in the lower compartment (and
close with small under-pressure). The steam con-
densed on and ice melted in the ice baskets would
pour (or rain) down to the lower plenum, and the
floor drains would pass the water into the lower
compartment sump; the ice mass is required to
be 840000 kg at minimum. The intermediate-
deck ice condenser doors isolate the ice compart-
ment from the upper plenum. They are positio-
ned horizontally and would thus require a cer-
tain lifting force to open. If the RCS break flows
were large, part of the intermediate-deck doors
are slammed permanently open (half at maximum
because the doors open in pairs against each ot-
her). The top of the ice condenser upper plenum
includes grid-supported blow-off panels (some-
times called upper-deck doors), which would be
expected to get, more or less completely, reloca-
ted by any significant gas flows through the ice
condenser. Needless to say, the functioning of the
ice condenser doors could have a significant in-
fluence on the natural convection patterns in the
containment, especially after the most forceful
RCS blow-down phase, if any, would be over (see
section 2.3). The intermediate-deck doors include
also a small bypass gap in the periphery of the
ice condenser sector; see Figure 3.

After the ice would have been melted by a LOCA,
the steam-induced pressure rise would be cont-
rolled by the containment spray system (TQ),
which injects into the upper compartment. The
spray would start from an increasing containment
pressure and draw its water first from the large
TH tank (together with the ECCS), and turn to
sump recirculation after the TH tank had been
emptied. The containment spray system would
take care of the containment heat removal (sump
cooling), together with the low-pressure ECCS
pumps (TH). The spraying would also condense
small amounts of steam that might bypass or pe-
netrate the ice condenser.

The steel shell of the primary containment, desc-
ribed above, is surrounded by a secondary (outer
annular) compartment, whose cylindrical conc-
rete wall acts as a shield against external attacks
or direct radiation outwards from the containment
atmosphere. The steel roof does not attenuate

much direct radiation, is not leak-tight, and can-
not stand for much pressure difference either.
Indeed, the "sky shine" radiation could cause
some residence limitations at the site (especially
on open ground), if large amounts of noble gases
and other radioactive fission products were re-
leased to the containment atmosphere. The ven-
tilation system of the secondary compartment,
on the other hand, is designed to maintain under-
pressure in relation to both the containment and
the atmosphere, and also to collect and filter out
any leakages from the primary containment. Be-
cause the maximum under-pressure capability of
the steel roof is about the same as that of the pri-
mary steel shell, and the over-pressure capabili-
ty is limited as well, small pressure-equilibra-
ting flap valves have been installed to the venti-
lation-line room (external steel "box" connected
to the secondary compartment by a doorway in
the concrete wall).

There exist also other containment systems not
described above. In this context, it should be re-
called that a perfect isolation of various system
penetrations (connected to the RCS or directly
to the containment atmosphere) is a necessity for
efficient containment functioning in a severe ac-
cident.

2.3 Severe accident management
(SAM)

Some of the Loviisa SAM systems were shown
in Figure 3. The design philosophy of the SAM
strategy has been discussed thoroughly by Tuo-
misto and Theofanous (1991; 1994). This secti-
on describes, in overall, the systems installed and
their potential influence on hydrogen behaviour.
Also the preliminary plans on additional measu-
res are touched upon.

The SAM measures of Loviisa can be summari-
zed as the following:
• Primary system depressurization
• Mitigation of energetic events
• Core melt retention in the vessel
• Containment pressure control
• Reactor cavity protection.
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The main task of primary depressurization in a
severe accident is to prevent core meltdown at
high pressure, which could lead to energetic re-
lease of primary system contents into the con-
tainment (following a melt-induced RPV lower
head failure or hot gas-induced rupture of some
other pressure boundary). Currently, the pressu-
rizer SRVs with spring-loaded pilots take care of
primary pressure control, and the small-capacity
PORV does not allow forced depressurization.
Installation of new power-operated relief valves
is being designed by the utility. As mentioned in
section 2.1, such a modification would be rela-
ted, first of all, to preventive accident manage-
ment (prevention of core damages) but would be
necessary for mitigative SAM (mitigation of core
damage consequences), as well.

Without a risk of a RPV failure at high pressure,
the energetic phenomenon to be mitigated is hyd-
rogen combustion in the containment. In this
context, one needs to prevent whole-containment
deflagrations (high quasi-static pressurization)
and local detonations (shock waves and missile
generation). The strategy under design will, pro-
bably, aim at hydrogen burning primarily in the
lower compartment and the ice condenser by
deliberate ignition, passive catalytic recombina-
tion or some combination of these (Lundström
et ai., 1995). Deliberate ignition belongs already
to the current strategy adopted after the TMI-2
accident, and there are glow plugs in all the com-
partments except for the ice basket section. If the
dual strategy of ignition and recombination were
chosen, one would have to install the recombi-
ners, and also some modifications to the present
glow plug system (redundant electricity supply,
new ignitors, etc.) could be necessary. Air return
to the lower compartment and good hydrogen
mixing are planned to be established with natu-
ral circulation flows driven by the ice condenser
sectors. Experimental and analytical studies are
being performed to examine the effectiveness of
the above-mentioned approaches foreseen as
most potential at the moment (Hongisto et ai.,
1991; 1992; Lundström et ai., 1994; 1995).

Since the RPV would become, passively, submer-
ged in water in most severe accident sequences,
the melt could probably be retained inside the
vessel by external cooling. Experiments and ana-
lyses have been performed to demonstrate high
reliability for in-vessel melt retention (Kymäläi-
nen et al., 1991; 1992; 1993), and an integrated
assessment of the factors involved has been pre-
sented (Theofanous et al., 1994). Plant modifi-
cations, needed to ensure effective coolant-ves-
sel contact, are being designed. The modifica-
tions would include lowering of the lower head
insulation block during the accident, as well as
enhancement of water drainage into the reactor
cavity and steam evacuation from the RPV vici-
nity.

The obvious benefit of the in-vessel melt retenti-
on would be the arrestment of melt progression
and avoiding of the ex-vessel melt-coolant-struc-
ture interactions (steam explosions, fast steam
and hydrogen generation, basemat melt-through,
etc.). In any case, some protective modifications
already have been made to the reactor cavity6;
see Figure 3. A refractory shield has been
constructed in front of the metallic air-lock to
prevent direct melt attacks. The deep side wells
at the cavity basemat have been filled with con-
crete to prevent formation of a definitely non-
coolable (deep) debris bed and a subsequently
fast melt-induced penetration of the containment
basemat; the concrete thickness was particularly
small between the side well and the steel liner
inside the wall (considered as the containment
boundary). Melt penetration into the cavity might
be due to inadequate water-filling of the cavity
(no vessel cooling) or an otherwise unexpected
failure of the RPV lower head. If the cavity were
dry at the time of vessel melt-through, and re-
mained so thereafter, the protective cavity struc-
tures would only delay the basemat melt-through.
On the other hand, if there were water in the ca-
vity, the debris coolability would depend on se-
veral uncertain factors related to the vessel fai-
lure and ex-vessel phenomena. The ex-vessel
steam explosions could be of concern, especial-

The designers of the Loviisa SAM strategy (Tuomisto and Thcofanous; 1991, 1994) have chosen to call the modifications of
the reactor cavity as "an arbitrary measure", because they do not belong to "the scope of the consistent accident management
scheme". How arbitrary the cavity considerations really are, remains to be seen.
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ly if the cavity were completely water-filled. The
significance of the ex-vessel considerations de-
pend, of course, on the reliability that can be de-
monstrated for in-vessel melt retention (Okko-
nen, 1994).

If the decay heat removal from the containment
by internal spraying is inoperable (or avoided for
some reason), the long-term pressure control is
provided by the external spray system located in
the secondary containment compartment (Tuo-
misto et ai., 1994). This approach was selected
after containment venting had been found unsui-
table (Tuomisto, 1987) .7 After the ice condenser
would run out of ice, the steam generated in the
containment would be condensed on the inner
surface of the large steel dome cooled from out-
side. With respect to hydrogen behaviour, the
external spray could affect the steam concentra-
tion and the convection and mixing conditions

in the upper compartment. The activation of the
external spray system could also induce pressu-
re changes in the secondary compartment, and,
therefore, flap valves have been installed to pre-
vent too large pressure differential over the sen-
sitive steel roof (see also section 2.2).

All the SAM measures, requiring specific actions,
will be supported by dedicated severe accident
instrumentation, providing the information for
operators to activate the systems and to survey
their effects (Tuomisto and Theofanous, 1991;
1994; Tuomisto et ai., 1992). The severe acci-
dent instrumentation, under design, will be qua-
lified to the harsh severe accident conditions and
designed to be completely (functionally and po-
wer-wise) independent of normal plant control
systems. Indeed, the primary design principles
of SAM are effectiveness in mitigation and in-
dependence of other systems.

Venting of NCGs, and the subsequent possibility of steam condensation-induced vacuum formation, are not compatible with
the low under-pressure capability of the steel dome. Furthermore, the external spray system does not require equipment
qualified for the harsh containment conditions, nor does it lead to (active) release of radioactive fission products out of the
containment.
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3 SEVERE ACCIDENT TYPES

The type of the accident leading to severe core
degradation can have a major effect on the hyd-
rogen generation and release into the contain-
ment, as well as on the thermal-hydraulic condi-
tions in the containment at the time of hydrogen
release. The purpose of the present chapter is to
identify the accident sequence-related factors that
would influence evaluation of hydrogen proble-
matics.

The hydrogen behaviour depends on the follo-
wing attributes at the onset of core degradation
(pre-core-damage accident progression):
• Containment leak-tightness (intactness, iso-

lation, leakage area and location)
• Primary system integrity (intactness, leakage

area and location, containment bypass)
• Time after shutdown (decay heat generation

rate)
• Primary system conditions (pressure, coolant

inventory)
• Containment conditions (pressure, gas and

sump temperatures, water and ice inventory)
• Status and recoverability of ESFs (ECCS, in-

ternal containment spray)8

• Status and recoverability of electric power
(AC, DC)

• Availability of SAM systems (see section
2.3).

The RCS behaviour forms the main factor of in-
terest with respect to hydrogen release characte-
ristics in Loviisa, inasmuch as the in-vessel melt
retention appears to be demonstratable and other
major (than hydrogen combustion) problems also
could arise if melt entered the reactor cavity. The

containment conditions at the time of hydrogen
generation depend on a number of factors, inclu-
ding the influence of vessel melt-through and ex-
vessel melt-water-concrete interactions, should
the in-vessel melt retention unexpectedly fail.

In the following sections, we will describe some
accident types that are believed to be the most
important ones for severe accident hydrogen
management. We will start by looking at the RCS
behaviour, continue to the containment behaviour,
and, finally, make a first-order synthesis on the
important accident types. It should be noted that
the accident variations are considered from, and
only from, the standpoint of hydrogen behaviour
(not on the basis of Level 1 PSA results, for
instance). A few exceptions and one specific af-
fection to this "rule" are explained further be-
low.

A structurally intact containment would certain-
ly turn out beneficial even i/some leakages (small
isolation problems) or bypasses (primary-to-se-
condary leakage, interfacing-systems LOCA)
occurred but most of the primary releases ente-
red into the containment through intentionally
opened SRVs, for example. Nevertheless, the
hydrogen management strategy cannot be based
on such situations, nor significantly compromi-
sed to cover them (should this even be necessa-
ry). We will, thus, concentrate on accident se-
quences with a leak-tight and efficient contain-
ment at the time of core degradation, and try to
cover other potential variations in hydrogen prob-
lematics.

The engineered safety features (ESFs) include here only the systems not dedicated to SAM. The final hydrogen management
strategy will probably cover all accident types, yet the related features are treated here as SAM systems, because the severe
accident would constitute the largest mitigation challenges.
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Additional "consistency" claims might be made
to remove also the vessel failure sequences from
hydrogen considerations, as the main debris coo-
ling strategy aims at prevention of vessel lower
head melt-through; as mentioned above, the ves-
sel melt-through would also lead to ex-vessel
phenomena (other than hydrogen-related) that
could be especially challenging to the reactor
cavity integrity. Nevertheless, we do not make
such a categorical assumption at this point, but
only note that the more reliable the in-vessel melt
retention is demonstrated to be, the less modifi-
cations to other SAM functions can be justified
by the infuence of ex-vessel melt-coolant-struc-
ture interactions (should this even be necessary).
The best case would, naturally, be if the hydro-
gen management strategy could sustain both in
and ex-vessel accident phases. Indeed, if the in-
vessel hydrogen generation phase of various
scenarios can be managed, the ex-vessel phase is
probably managable, too.

Finally, we will presume that all hydrogen miti-
gation measures would be operable and also ope-
rated in the right manner, this being the require-
ment and motivation for SAM development in
the first place.

3.1 RCS behaviour

We consider the following initiating events:
• station blackout (SBLOUT)
• small-break LOCA (SBLOCA)
• medium-break LOCA (MBLOCA)
• large-break LOCA (LBLOCA)
• primary-to-secondary leakage (PRISEC).

The most relevant accident group are the low-
pressure cases, where the primary system is dep-
ressurized prior to core degdradation either by
intentional depressurization or structural breaks.
The initiating events can be SBLOUT, SBLO-
CA, MBLOCA or LBLOCA. The accident ti-
mings may vary depending on the sequence and
the reason for losing core cooling. Otherwise the
RCS behaves more or less similarly in all these
sequences provided that the pressure relief area
is adequate to keep the pressure down. The ves-
sel coolant is boiled off slowly, which leads to
core dry out and degradation.

The other group — though strived against with
the primary pressure relief function — is formed
by the high-pressure cases, where the primary
system is at elevated pressure when core degra-
dation begins. The initiating event can be
SBLOUT or SBLOCA. Late intentional depressu-
rization or hot gas-induced structural failures can
change the accident progression, but also cause
detrimental hydrogen-related effects whether the
primary system releases (sudden puffs) or the in-
core hydrogen generation (perhaps enhanced by
steam generation and accumulator injection) are
considered. By definition, this "unmanaged" ac-
cident group is outside the SAM scope.

In PRISEC sequences, most primary leakages
may enter the secondary, with no containment
interests. This depends, actually, on the leakage
size and the operator actions invoked. If inten-
tional primary depressurization is effected, most
of the primary fluids may flow into the contain-
ment. Nevertheless, the PRISEC sequences are
also out of the SAM scope, and thus a particular-
ly low likelihood has to be demonstrated for the
group.

In any sequences above, the recovery of core
cooling can lead to reflood of an overheated core
and consequent increase in hydrogen generati-
on. The reflood situations are, together with the
low-pressure cases, of major interest in the hyd-
rogen management considerations. One may
make some claims of their probability, however
principally they will always belong to the realm
of severe accidents. Operators are certainly trying
to recover ECCS all the time during the accident.

3.2 Containment behaviour

All sequences described in section 3.1 may be
different when it comes to the containment be-
haviour. In addition, the containment (SAM or
other) systems may influence the convection pat-
terns and hydrogen behaviour in the containment.
The accident timings and pre-core-damage acci-
dent progression are also essential as they affect
the ice condenser status at the time of most vigo-
rous hydrogen generation.
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In various low-pressure (SBLOUT, SBLOCA,
MBLOCA, LBLOCA) sequences where the
ECCS is not available, the containment condi-
tions are basically similar at the onset of core
degradation and hydrogen generation. There is
probably a lot of ice left, especially if the ice-
condenser doors are not forced open, and large-
scale natural convection currents thereby ef-
fected, a long time before core degradation. The
lower compartment temperature and steam con-
centration depend on the natural convection con-
ditions ("door actions"), while the upper com-
partment is relatively cool.

In low-pressure sequences with a late loss of
ECCS (say, after start of sump recirculation), the
containment conditions may differ from above.
There may be much less or no ice at all left, and
also the upper compartment temperature is raised.
Obviously, the natural circulation patterns of such
"steamy" cases are different from those of the
"icy" cases. If, on the other hand, the contain-
ment spray is functioning (and not, for instance,
intentionally stopped), the containment may be
cooled and the conditions thus quite homogeneo-
us (as lower compartment water is being cooled
and sprayed into the upper containment).

In high-pressure and PRISEC sequences, the heat
input to the containment is lower than in low-
pressure cases. The containment is drier and clo-
ser to the original conditions when core degra-
dation begins.

If the ECCS functions during early accident pha-
ses, or if ECCS is later recovered, the main new
features are related to the containment water in-
ventory and temperature.

3.3 Accident types

We identify the following accident types as most
crucial from the hydrogen management point of
view:
• SBLOUT with no injection into the primary

or secondary system; intentional primary dep-
ressurization prior to core degradation; no
containment spray

• SBLOCA with no ECCS injection; primary
depressurization prior to core degradation; no
containment spray

• MBLOCA or LBLOCA with no ECCS injec-
tion; primary depressurization prior to core
degradation; no containment spray

• SBLOCA, MBLOCA or LBLOCA with
ECCS recirculation failure; low primary
pressure at core degradation; no containment
spray after recirculation failure

• SBLOCA, MBLOCA or LBLOCA with late
ECCS failure; low primary pressure at core
degradation; no containment spray after ECCS
failure

• Any accident above with containment spray
working

• Any accident above with refloodinp of an
overheated core.

In the list above, we have not included high-
pressure cases or PRISEC sequences, as they are
outside the SAM scope (and can challenge con-
tainment function also in other ways than hydro-
gen combustion-wise).

Needless to say, the final assessment of the hyd-
rogen management strategy has to cover all ac-
cident groups of interest.
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HYDROGEN GENERATION AND
RELEASE

After the reactor core starts melting, the phenomena become complex. Consequently,
highly accurate predictions on hydrogen generation during the late-phase core melt
progression are impossible, and the hydrogen management strategy of Loviisa, too, has to
be based on enveloping hydrogen release characteristics. The enveloping, on the other
hand, has to derive from more or less realistic estimates, as the most extreme scenarios
(say, an instant "puff" of all potential hydrogen into the containment) cannot be
sustained. In this chapter, we will try to find some general guidelines based on our current
understanding of severe accident hydrogen generation and release into the containment.

4.1 Core degradation behaviour

The core heatup and degradation behaviour forms
the starting point for any hydrogen considera-
tions. Here, we cannot enter into details of core
degradation behaviour, especially as what comes
to the local behaviour of high-temperature core
solids and fluids. Instead, we will, in the follow-
ing subsections, examine some integral (macro-
scopic) aspects of core degradation affecting the
in-vessel hydrogen generation. Notes are made
regarding the unique features of the Loviisa
VVER-440s and their potential influence on pre/
post-core-damage accident progression in the
primary system. The recovery of core cooling
systems is not considered; see section 4.4 on that.

4.1.1 Large uncertainties

The uncertainties associated with our present
knowledge of late-phase core melt progression
are large (e.g., Hobbins et al., 1991; Kinnersly et
al., 1991). This state of affairs concerns also such
macroscopic process characteristics as the mode
of melt relocation down from the core. The only
demonstration of full-scale core meltdown, that
we have good information about, is the TMI-2
accident. The TMI-2 meltdown, however, was
strongly dependent on the specific pre/post-core-
damage accident progression characteristics and
operator actions, such as slow core coolant boiloff
and later fast reflooding. In addition, the features
of the B&W PWR design may have had a unique
influence, as well.

The main trend indicated by the TMI-2 accident,
and the fuel damage experiments and core deg-
radation analyses performed, is that slow core
coolant boiloff ("wet-core" conditions) promotes
crust and blockage formation in lower, cooler,
parts of the core. A large core melt pool can, con-
sequently, develop in the core, and it can then
relocate, more or less coherently, down into the
vessel lower head. Fast coolant boiloff ("dry-
core" conditions), on the other hand, can more
readily lead to a gradual relocation of core melt.
In this case, the composition of gradually relo-
cating melt can be first mainly metallic (Zr, SS,
etc.), and then more and more oxidic (UO,, ZrO2,
SSOx, etc.) while the core keeps heating up. De-
pending on the vessel and core design, the core
relocation may also occur due to failure of sup-
porting structures, which can be caused by ther-
mal (such as hot gas-induced) cr dynamical load-
ings (such as energetic molten fuel-coolant in-
teractions in the vessel lower head).

4.1.2 Loviisa VVER-440 specialities

In this subsection, we consider some special fea-
tures of the Loviisa V VER-440s and their poten-
tial influence on core dryout and degradation. The
core dryout is explored further in subsection
4.1.3, and various hydrogen generation aspects
in sections 4.2 through 4.5.

It is emphasized that the estimates and judg-
ments made for the influence of Loviisa "speci-
alities" are tentative in nature, and we may have
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to get back to them as more detailed information
(about structural construction, etc.) is available.
We feel it is justified to present also tentative re-
sults, as there are many unique features in Lovii-
sa and their potential significance might, other-
wise, remain completely unexplored.

Core degradation

Most design-specific LWR core meltdown con-
siderations have, naturally, been focused on West-
ern PWRs and BWRs. Some fuel bundle degra-
dation experiments have been conducted with the
VVER-440 fuel configuration, but the main re-
sults from there apply to the local interplay of
fuel rods, can wall, control material and intersti-
tial fluids — with only part of the rods and axial
length of one real assembly modelled. Most code
predictions performed for VVER-440 do not, or
just cannot, consider the influence of special
VVER-440 vessel and core features. This may
constitute a serious problem when the core melt
progression needs to be evaluated and the evalu-
ations somehow depended upon.

Theofanous (1988) was, probably, first to discuss
the influence of Loviisa VVER-440 core design
on late-phase melt progression and relocation. He
considered that the steel-made control and dum-
my assemblies can, by relatively early melting,
create large open pathways in the core, which
allows gradual melt relocation into the vessel
lower head (Tuomisto and Theofanous, 1991;
1994). At present, it is difficult to seriously dis-
pute such judgment, however we will, in the fol-
lowing, introduce a few additional VVER-440
ingredients to be considered further in the con-
text of late-phase core melt progression and re-
location modes. Generally speaking, our conclu-
sion is that the gradual relocation judgment has
not been scrutinized, in enough detail, to be ful-
ly depended upon — not that it really needs to be
depended upon, but to consider the hydrogen
generation for other scenarios, as well.

During core coolant boiloff, the coolant level
declines gradually if no RCS depressurization
(coolant flashing; accumulator injection) or

ECCS injection is effected at this stage. When
the core top dries out, the fuel starts heating up
and the water level keeps on decreasing. By ana-
lysing the core dryout without account of the fuel
followers, the water level is approximately at the
core bottom level when the first core components
start melting. From here onwards, the core be-
haves more or less adiabatically, in particular at
low pressures where steam cannot circulate much
heat to other parts of the RCS (Theofanous,
1988). Some melt may relocate continuously, or
as slumps, down to the vessel lower plenum, cre-
ating some steam and coolant voiding, but the
influence on core degradation is perhaps restrict-
ed to the steam provision. If the relocated melt
interacts energetically with the lower head wa-
ter, some water may enter the core and shake the
in-vessel structures (Okkonen, Hyvärinen and
Haule, 1993; Okkonen, 1993), yet the conse-
quences of such transients may be limited by the
gradual melt relocation mode bringing relative-
ly small masses of melt at a time into the water.

What is the role of the fuel followers below the
core? They certainly generate some heat (approx-
imately one eighth of the decay power) so that
they can augment the decline of the water level
and the provision of steam into the core. Howev-
er, the main coolant outflow route from the fuel
followers goes through the control assemblies9,
so that steam may bypass the fuel bundles be-
fore considerable structural degradation of the
core has been induced. Further, when the vessel
water level is near the core bottom or even be-
low, the steam generation within the fuel follow-
ers can raise the swell level into the control as-
sembly. Presuming a primary system pressure of
1 ...10 bar and a decay heat level of 1 % of the
full thermal power, the superficial steam veloci-
ty is about 0.5...4 m/s, and the void fraction thus
of the order of 50...75 %, at the top of the fuel
assembly. Naturally, the steam generation con-
cerns the fuel followers, too. Inside the control
assemblies, the flow area is about double com-
pared to the fuel bundles, so that the maximum
void fraction there is somewhere around
3O...7O %.

We refer to the figures available to us and corresponding to nominal core flow conditions (LO 1&2 FSAR; 12.12.1988;
Figures 4.4.2-4 and 4.4.2-5).
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If no significant amount of water can leak out of
the control assembly-fuel follower channel (this
is somewhat unclear as of this writing), one can
expect that the "geysirs" reach considerably high
in the core. With leakages near the bottom of the
core, several natural circulation loops exist, per-
haps cooling the lower parts of the core outside
the control assemblies but also bringing slightly
subcooled water into the fuel followers.10 First,
one has to estimate the hydraulic behaviour of
the water-steam mixture boiling in the fuel fol-
lower (subsection 4.1.3), and, second, one can
think about estimating the behaviour of the steel
melt relocating down to the fuel follower or the
in-core fuel (UO2, ZrO,, Zr) melt attacking the
control assembly can (SS). The main question is
if the relocation routes through the lower core
plate can be blocked by frozen melt. The mes-
sage from the past studies on melt-coolant-struc-
ture interactions is, in any case, that if there is
water anywhere, it can change the picture con-
siderably. In the light of this "experience", and
presuming that the above-described "geysirs" re-
ally can exist, some influence on the behaviour
of the control assemblies can be expected.

Whether the above-introduced "details" can
change the main core degradation and relocation
pattern, should be studied further. In this con-
text, one has to examine the role of dummy as-
semblies and other potential structural failures,
creating additional relocation "routes". As dis-
cussed by Theofanous (1988), the support of the
Loviisa core is special as it comes from above.
Core barrel collapse may lead to falldown of the
core, as well. On the other hand, the possibility
that melting of the top-supported control assem-
blies can release the fuel followers to topple into
the vessel lower plenum appears unlikely to us,

as the control assembly and the fuel follower are
connected with each other and supported, also
from below, by the "piston tube" construction
(acts as a "bumper" when the assembly falls down
after scram). Without total collapse of the con-
trol assembly-fuel follower construction, the
coolant mixture in the channel may quench the
steel melt relocating from the upper parts of the
control assembly and make it more difficult for
rest of the core to pass the lower core plate.

We suggest that instead of more and more analy-
ses on the degradation of the VVER-440 fuel
assembly design, one should, in future, use part
of the research capacity for the influence of Lo-
viisa-specific features (most notably the control
assemblies, the fuel followers, the structures car-
rying the core weight, and the upper and lower
vessel internals) on late-phase core melt progres-
sion.

Diffusivity of structures"

Typically, the in-vessel severe accident phase is
considered to be largely independent of the con-
tainment conditions, let alone the pre-core-dam-
age aspects related to ECCS functioning. The first
example of contradiction to this traditional "first-
order" thinking, of Loviisa, is the external vessel
cooling effected by vessel submergence in con-
tainment water. The potential for in-vessel melt
retention was first proposed by Theofanous
(1988), leading to further feasibility studies
(Kymäläinen et ai., 1991; 1992; 1993; Theo-
fanous et ai., 1994). In his report, Theofanous
(1988) noted shortly also the possibility of re-
flux condensation on primary structures sub-
merged in water and the water inflow from sub-
merged primary breaks. From these examples,
one can generalize that in low-power reactors, in

Judging from the figures available to us (LO 1&2 FSAR; 30.8.1989; Figures 4.2-1 through 4.2-5), there appears to be some
12—18 holes (with diameter around 13 mm) in both the upper and lower part of the fuel follower can, but no holes in the
control assembly can. Should this be the case, the fuel follower could "leak" from its upper end through a flow area of the
order of 16-24 cm2 (equivalent diameter 4.5-5.5 cm) and new coolant could enter through a similar flow area at the lower
end. The values appear reasonable as the flow area inside a fuel assembly is 87 cm2, the lower core plate includes 5-cm-
diameter orifices (restriction similar to the holes), and the lower fuel follower guide tubes allow coolant entrance through
eight 20-mm-diamcter holes (equivalent diameter 5.7 cm).

By the title, "diffusivity of structures", we refer to both heat and mass diffusion through structures. Diffusion of mass (such
as hydrogen) can sometimes be important, provided that the structures arc rather thin and hot, and there is a driving
concentration gradient. If mass cannot be transferred through the structure, it can be "captured" inside of it. Analyses of
hydrogen diffusion into and through hot fuel cladding have recently been performed by Olander (1995), who evaluated also
the exothermic nature of hydrogen absorption by Zircaloy cladding. For some hypothetical conditions, hydrogen diffusion
through steam generator tubes can be worth exploring.
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particular, one should pursue in a wider context
than "usual" the interrelations between RCS and
containment behaviour.12

In Loviisa, it appears that the decay power can
be transferred from an in-vessel core melt pool
to sump water outside the vessel lower head and,
certainly, from upper compartment steam to the
water film sprayed onto the large containment
steel dome. These measures were created to pro-
vide additional safety-in-depth for core meltdown
situations. A natural idea that comes to mind is if
one could (intentionally) prevent core melting by
similar measures or if core melting could become
(unintentionally) influenced by similar phenom-
ena. The submergence of primary structures and
breaks in containment water might, indeed, work
in both ways, yet no analyses have so far been
performed. In the remaining part of this subsec-
tion, we try to proceed a few steps further from
the above-mentioned proposals of Theofanous,
concerning submergence of primary structures
and breaks in the lower compartment sump
water.

Pre-core-damage "reflux effects"

First of all, in order to uncover the core, the wa-
ter level in the vessel downcomer has to be be-
low the core top, presuming no primary breaks
nor pressure differences between the RPV upper
plenum and downcomer. In this case, there has
to be steam in the vessel upper plenum, the up-
per downcomer, and the cold leg volumes be-
tween the pump and the vessel. Also other parts
of the primary system are voided, but we want to
focus on "the lowest parts pouring directly to the
vessel"; see Figure 1. We do not consider here
any structural effects of external RCS cooling
(thermal stress-induced failure), because the RCS
submergence is a natural consequence of the con-
tainment design and part of the structural RCS
design basis. Secondary-side heat losses through
the steam generator shells are not examined
either.

The total internal surface area of hot and cold
leg pipes13 is 300 m2, of which 65 m2 is in the
end parts of the cold legs (internal pipe diameter
0.5 m; length 7 m; 6 loops) at the elevation range
11.5...12.0 m. The internal surface area of the
RPV is 150 m2, and the inner vessel wall area
between the core two-thirds elevation and the
downcomer top is 35 m2 (diameter 3.5 m; height
3.2 m) at the elevation range 9.4... 12.6. If the
upper downcomer and the cold leg ends are void-
ed by pure steam, the condensation heat transfer
onto structures can be expected to be efficient
with a heat transfer coefficient of the order of
10000 W/m2K. If, in addition, the outer surfaces
of the structures are submerged in water and boil-
ing heat transfer not blocked by insulation, the
external heat transfer coefficient can be higher
than the internal one. Assuming a decay power
level of 1 % transferred through the above-men-
tioned structures of a surface area of the order of
100 m2, the heat flux is 140 kW/m2, for which
coupled condensation and boiling require a total
temperature step of a few tens degrees Kelvin.
Further, the heat flux is low enough to preclude
local boiling crisis once the structures have been
first "quenched" during external flooding. With
the pipe wall thickness 3 cm and thermal con-
ductivity 20 W/m2K, the conduction of the heat
flux above requires a temperature difference of
210 K, and so the inner surface has to be at least
583 K (the outer surface is 373 K or more) corre-
sponding to a saturation pressure close to 100
bar; for the thicker vessel wall (14 cm; conduc-
tivity 40 W/m2K; cladding-vessel resistance), the
respective values are higher. If the primary is at
the SRV opening pressure, 137 bar, the total tem-
perature difference between primary steam and
boiling containment water is 610-373=237 K or
less. Consequently, very little or no temperature
steps at all are "available" for steam condensa-
tion in the RCS and water boiling in the lower
compartment sump. From the heat transfer point
of view, it therefore appears that external cool-
ing of the RCS can hardly remove decay heat
powers greater than 1 % (corresponding to the

Interestingly enough, the external containment spray of Loviisa (Tuomisto, 1987; Tuomisto et ai., 1994) extends the subject
to interrelations between the containment interior and exterior. In the context of ex-containment phenomena, one candidate
item could be hydrogen burns caused by containment leakages.

13 All values presented in this report should be taken as approximate.
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timing of 3 hours from shutdown), even if the
influence of non-condensible gases on steam con-
densation, and external insulation on water boil-
ing, could be shown minor. Nevertheless, the heat
losses can significantly delay core uncovery and
melting provided that the lower primary struc-
tures are submerged in lower compartment wa-
ter. Other structures than those with steam on the
inside and water on the outside can also contrib-
ute to primary heat losses, but non-phase-change
heat transfer is usually ineffective and can de-
cease due to gradual thermal stratification (con-
sider stagnant water in the vessel lower head, for
instance). All contributions add to the total,
though.

The lower compartment floor is at elevation 10.5
and the cross-sectional floor area is 1000 m2. For
the cold leg ends to be fully submerged in water,
there has to be about 1500 m3 of water in the
lower compartment sump. The potential sources
of water (approximate volumes at low pressure)
are the primary system (170 m3), the accumula-
tors (170 m2), the ice condenser (800 m3) and the
ECCS tanks (TH; 1000...2000 m3), whereas the
main "sinks" — other than the lower compart-
ment sump — are the reactor cavity (200 m3) and
the upper compartment (depends on "capture"
into segment pit air-lock, etc.; optimistically,
water is trapped only onto the segment pit floor
raising the "effective" lower compartment floor
area to about 1200 m2). If there is 1500 m3 water
in the lower compartment sump, the containment
water inventory has to be 2000 m3 or more. For
this, at least one TH tank must have been emp-
tied into the containment. Accident situations
where the primary system is depressurized, ice
melting is significant, and the TH tank contents
are injected into the containment by ECCS or con-
tainment spray, can involve major submergence
of RCS structures. Depending on the primary
system status (pressure, coolant inventory, intact-
ness, break location, etc.) after loss of ECCS, the
heat losses through the structures and coolant
entrance through the breaks can yield significant
influence on pre-core-damage accident progres-
sion.

The primary flow dynamics also needs to be eval-
uated, as the steam generated in the core has to

find its way onto the condensing surfaces to af-
fect the primary heat balance. If the main con-
densation chamber is the cold leg volumes be-
tween the pumps and the vessel, steam can be
sucked through the small junction between the
vessel upper plenum and downcomer, and
through the hot and cold legs and their loop seals.
The suction requires a certain pressure difference
and can thus raise the downcomer water level at
the cost of the core level. If both the hot and cold-
leg loop seals induce their full pressure-differ-
ence potential (a few meters of water), and core
coolant swelling is moderate due to elevated pres-
sure, even the flow dynamics alone can run the
system to core top uncovery. The pressure dif-
ferences can also lead to partial water-filling of
the cold leg ends; the core bottom is at elevation
7.8 m and the core top at 10.2 m (downcomer
top and cold leg elevations given above). Inter-
estingly enough, steam condensation onto the
cold-leg structures can lead to a situation which
resembles small-break LOCAs (without the loss
of coolant, of course), with condensation — in-
stead of break-induced — suction from the cold
leg. It appears prudent to take into account the
heat losses when analysing accidents that involve
loss of RCS coolant inventory at elevated pres-
sures.

Based on the tentative discussion above, we iden-
tify the following accident categories and corre-
sponding pre-core-damage "reflux and reflood
potentials":
• Station blackout-type accident with high

primary pressure and no coolant injection
into the primary; no significant submergence
of primary structures other than lower RPV
walls; primary heat losses are probably
negligible prior to core damages; no water
inflow.

• Station blackout-type accident with primary
pressure lowered after indication of high core
outlet temperature; submergence of the vessel
and lower pipings up to the cold-leg nozzle
elevation; moderate primary heat losses if no
repressurization prior to core damages; no
water inflow.

• LOCA-initiated accident with primary
pressi'~e equal to that of the containment due
to the large break size or intentional
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depressrurization; primary heat losses are
insignificant due to low pressure and
temperature; water flow into the primary may
be significant, especially if one or two TH
tanks have been emptied by ECCS and
containment spray.

• LOCA-initiated accident with intermediate
primary pressure and no coolant injection
into the primary; moderate primary sub-
mergence and heat losses; no water inflow
due to pressurized primary.

• LOCA-initiated accident with intermediate
primary pressure and one or two TH tanks
emptied before loss of ECCS; significant
primary submergence; structural heat losses
depend on primary pressure; the potential
influence of heat losses depends on decay
power level after loss of ECCS; no water
inflow due to pressurized primary.

• Loss of feedwater-type accident with primary
depressurization and bleed-and-feed;
significant primary submergence; heat losses
depend on primary pressure and their
potential significance on decay power after
loss of core cooling; no water inflow.

We recommend that more detailed analyses of
the potential influence of RCS heat losses, on pre-
core-damage accident progression, be performed
with thermal-hydraulic system codes. This is, at
least, if the structural heat losses cannot be com-
pletely blocked by external insulation (depend-
ing on the insulation design details unclear to us).

Post-core-damage "reflux effects"

The post-core-damage influence of steam con-
densation onto primary structures is likely to be
next to negligible. Namely, after the core tem-
peratures have become high, steam is reduced to
hydrogen by metal (zirconium, steel) oxidation.
The hydrogen generation potential is large, which
means that the condensing primary volumes and
structures can become "hydrogen-poisoned". On
the other hand, the intermediate accident phase
with somewhat overheated fuel, but no extensive
cladding oxidation, may be interesting from the
"reflux" point of view. If the primary pressure is
high, the natural convection of steam can carry
considerable amounts of heat from the core to

the cooler parts of the primary. Steam circula-
tion inside the core may be blocked by the fuel
cans yet the control assemblies may act as "down-
comers", as mentioned by Theofanous (1988),
provided that the flow routes (holes in can walls)
are not blocked by coolant swelling in the fuel
followers. In fact, at higher pressures, the swell-
ing may be moderate, and the high-temperature
steam convection thus worth exploring. The most
interesting situations are perhaps those with ele-
vated primary pressures, and core temperatures
between saturation and onset of hydrogen gener-
ation; the latter limit (say, 700 °C for fuel) is lower
than the startup criterion for intentional depres-
surization (say, 1200 °C for gases at core exit),
yet in essence the in-core hydrogen generation
and high gas temperatures coincide.

Water inflow through submerged breaks may
occur during or after the early core degradation
phase. The inflow potential is likely to increase
whenever the in-vessel steam generation is at
lowest, that is, after dryout of the core or the
whole vessel. It goes without saying that water
entrance depends on several factors such as pri-
mary pressure, break size and location. The main
effect is that the in-vessel steam and hydrogen
generation are enhanced, which can lead to new
pressure rise, extinguished water provision, and
so on. The inflow may cool lower parts of the
core, while the upper parts continue to degrade.
As with the fuel follower "geysiring", the wet-
core conditions may involve core meltdown of
different character than under dry-core condi-
tions. Anyway, at first sight, the inflow appears
to be a marginal effect, for it requires optimal
conditions in relation to the primary pressure
(equal to that of containment), submergence (high
enough to bring water into the vessel) and break
characteristics (below the water surface). The
effects on hydrogen behaviour do not appear that
drastic cither. If the containment water entered
into the vessel continuously (draining on top of
the core or into the vessel downcomer), the in-
vessel accident progression would certainly be
different from that in a dried-out vessel, but it is
difficult to think that the scenario would not be
enveloped by the cases with no coolant injection
or with late ECCS recovery.
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The post-core-damage "reflux effects" would be
of much greater importance if they could be
caused by core melting. In-vessel core melt and
hot gases can cause structural failures, which may
lead to water inflow. However, for structures sub-
merged in water and cooled by it, failures are
unlikely provided that the thermal loadings (tem-
perature gradients, stresses) are not excessive.
The heat fluxes are large for a core melt pool in
the vessel lower head or a melt jet impinging upon
the vessel lower head, both of which are assessed
for external vessel cooling. Also high-pressure
steam convection and condensation can induce
relatively high fluxes, but the affected areas are
mostly at higher elevations except for the pres-
surizer surge line; the primary has to get com-
pletely depressurized and the lower compartment
sump depth has to be above 2.5 m (lower hot leg
at elevation 12.9 m) for water to reflood the ves-
sel from the surge line. As a conclusion, also the
core degradation-induced flow of sump water into
the vessel appears remote, provided that the melt-
down-induced failure of the vessel lower head is
shown unlikely.

Despite the above indications on marginal im-
portance, the "reflux effects" — steam conden-
sation on primary structures and water inflow
through breaks — should be kept in mind when
analysing accident sequences with high primary
pressure and/or submergence.

4.1.3 Loviisa core dryout

In the previous subsections, we tried to find phe-
nomena that could modify the main core dryout
sequence analysed next. At the end of this sub-
section, we will get back to these deviations, how-
ever we start from the basics.

Steady core coolant boiloff

We make the following assumptions and approx-
imations.
1. The core power is distributed uniformly over

the core height (Lc = 2.4 m) and it amounts to
276/313 = 88.2 % of the total decay power of
level 1 %(PC=12.1 MW).

2. The core power transferred to water
corresponds to the core power generated be-
low the coolant swell level (zc).

3. The average core coolant void fraction is equal
to half of the maximum void fraction and ap-
proximated by aG = 0.5jG/(1.2jG+0.5), where
the superficial steam velocity corresponds to
the core steaming rate [jG = (Pczc/L)/(pGAhL

GAG)] and the total fuel channel flow area (AG

= 5.9 m3/2.4 m2 ~ 2.46 m2; see Figure 2).
4. The power transferred to water in the vessel

lower plenum does not depend on coolant lev-
el nor affect the core coolant voiding, but it
contributes to the coolant level decline with a
37/313 « 11.8 % share (PL« 1.63 MW).

5. The core fuel channels, bypass and the vessel
downcomer are in hydrostatic balance so that
the core coolant volume (Vc =13.7 m3) can
be thought to include those all; see Figure 2.

6. The vessel pressure is steady, coolant is stag-
nant and saturated, and the coolant boiloff is
not compensated for by any injection.

We vary the primary pressure in the range of p =
1...137 bar and obtain the timings (s) for uncov-
ery of the various core elevations, as shown in
Table I.

The timings are somewhat different from our
previous estimates made without coolant void-
ing (Okkonen, 1993), especially for low pressures
where voiding is significant. Core coolant boiloff
is much faster at the SRV opening pressure than
at ambient pressure, but it is also interesting to
note that the boiloff time scales are not much
pressure-dependent in the range p ~ 1...60 bar.
As the pressure is increased, the coolant voiding
gets smaller (more mass to be vaporized) but, on
the other hand, the saturated water density and
heat of coolant vaporization decrease (higher
volumetric water vaporization rates). Table II
shows the saturated coolant properties used in
the calculations, as well as the initial conditions
concerning the water mass to be vaporized be-
fore the core bottom dries out (mLo), the initial
core void fraction (0CGo), and the initial water
vaporization rate (dmLo/dt).
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Table I. Decay power-induced boiloff of core coolant; uncovery times (s).

Elevation

1/1 (2.4 m)

7/8 (2.1 m)

6/8 (1.8 m)

5/8 (1.5 m)

4/8 (1.2 m)

3/8 (0.9 m)

2/8 (0.6 m)

1/8 (0.3 m)

0/8 (0.0 m)

p = 1 bar

0

170

360

580

840

1300

1600

2200

3500

p = 10 bar

0

170

350

570

840

1200

1600

2300

3600

p = 30 bar

0

160

340

550

800

1100

1500

2200

3200

p = 60 bar

0

140

290

480

700

970

1300

1800

2700

p = 137 bar

0

90

180

290

420

580

790

1100

1600

Table II. Saturated coolant properties and initial core

Sat. property or
initial condition

hG (kJ/kg)

l \ (JtJ/kg)

AhLG (kJ/kg)

PG (kg/m3)

PL (kg/m3)

mLo (kg)

«o,o (-)
dmL0/dt (kg/s)

p = 1 bar

2680

420

2260

0.59

960

8100

0.37

6.1

p = 10 bar

2780

760

2020

5.1

890

9400

0.22

6.8

coolant boiloff conditions.

p = 30 bar

2800

1010

1790

15
820

9800

0.13

7.7

p = 60 bar p

2780

1210

1570

31

760

9500

0.082

8.9

= 137 bar

2650

1560

1090

84

630

8100

0.045

12.7

The assumptions and approximations made above
are commented upon as follows.
1. The results concerning a decay power level

1 % can be easily scaled, as the timings above
are directly relative to the power. One should
also note that with the boiloff time scales in-
dicated above, the assumption of a constant
decay power may not be accurate (2% at
1000s; 1.5% at 3000s; 1% at 10000s; 0.8% at
30000s). The axial core power distribution is
not exactly uniform, and there are also radial
power variations affecting the channel-specif-
ic swell level, yet the results suffice for the
present assessment. The relative decay pow-
er contribution of the fuel followers may be
different from the other fuel assemblies, but
the difference is hardly that big (yet unclear
to us as of this writing).

2. At ambient pressure, the maximum coolant
void fractions are predicted to be about 74 %
at the swollen water surface, and less at ele-
vated pressures. Under these conditions, it is
reasonable to assume that most of the fuel
under the swell level is still cooled and the
corresponding decay power fraction trans-
ferred to boiling coolant (detailed fuel dryout
analyses are out of our scope).

3. The void fraction approximation gives only
order-of-magnitude values, as it does not con-
sider flow regime or property variations. In
the light of such simplification, the assump-
tion of a linear axial void profile is reasona-
ble.

4. As long as the water level is in the core, the
vaporization contribution of the fuel follow-
ers does not depend on the level. The steam
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generation in the fuel followers does not af-
fect core coolant voiding, except for the con-
trol assemblies, provided that the generated
steam does not exit the followers through up-
per can holes (see discussion below).

5. The fuel channels and the inter-assembly by-
pass have probably equal pressures, as they
are coupled by some holes in the upper and
lower parts of the can. In some situations,
there may be pressure differences between the
downcomer and the vessel upper plenum, so
that the collapsed water levels may also dif-
fer. Nevertheless, as long as the pressures are
stable, the decrease in collapsed downcomer
level must equal that in the core. Similarly,
the control assembly swell level may differ
from that of the fuel assemblies, but hydro-
static balance implies an unchanged contri-
bution to the decrease in collapsed coolant
level. In effect, the "effective core coolant
boiloff mass" is equal to the values above pre-
suming stable pressures, moderate vapor flow-
induced pressure losses, and no great chang-
es of flow areas with elevation. While the last
condition is reasonable if the downcomer level
does not reach the cold leg nozzle, the core
dryout can be significantly altered if the con-
trol assembly swelling could start spraying the
core from above (see discussion below).

6. The assumption of steady pressure is justified
for cases with no RCS depressurization or with
essentially complete depressurization. Cool-
ant is saturated when it is being boiled off,
however the fuel follower void fractions may
be affected by inflow of slightly subcooled
water should there appear any circulation due
to coolant leakage from the fuel follower-con-
trol assembly channel. In the core, water is
stagnant at least after the upper can holes have
been uncovered and any circulation between
the fuel channel and the interstitial bypass has
deceased. If coolant injection is recovered and
provides enough "vaporization mass", the
core dryout is terminated.

The starting points for the following discussion
can be found in the comments 4...6 above.

Voiding in fuel followers

At low pressures, the average void fraction of
the fuel follower may reach about 40 % and that
of the control assembly somewhat below that. In
order to create a collapsed water level up to the
mid-core elevation, or even to the bottom, the
swell level has to be above the core top. This is
provided that there are no considerable leakages
from the channel (fuel follower-control assem-
bly) below the core top (we remind this is yet
somewhat unclear to us). Under such circum-
stances, the control assembly swell level may
reach the numerous 22-mm-diameter flow holes
of the upper control assembly guide tubes and
start "spraying" the core from above.

If there is substantial leakage through the holes
in the fuel follower can, for instance (see sub-
section 4.1.2), some recirculation develops. The
detailed picture of the flow routes and final con-
trol assembly swell level is out of our reach here,
but a simple recirculation estimate can be at-
tempted. We make the following assumptions.
1. Water enters the fuel follower through an or-

ifice of flow area Ain = 20 cm2 and loss coef-
ficient K.n ~ 2, corresponding to holes in the
lower part of the can; no other pressure losses
are considered (Ap « 0.5-KinpLv.n

2 =
0 - 5 - K in W U n

2 /P L A i n
2 ) .

2. Water entering the fuel follower flows up-
wards with the same velocity as that of steam
(homogeneous flow), which is generated as
the fuel decay power is transferred to the wa-
ter. The decay power level is assumed to be 1
% (P = 13.75MW/313 = 44 kW), and the flow
area of the fuel follower is A = 87 cm2.

3. The steam quality [xom »(P/WL in-cp LAT ub J /
Ah^.] at fuel follower exit gives the maximum
void fraction [l/aGom - l+(l-xoul)pG/xompJ.

4. The average void fraction is based on half the
maximum in the voided part and no void in
the subcooled part of the fuel follower [aG =
0.5 0tr ,(1-W,. c .AT .. /P)]; the density

G , o u t v L.in p.L sub.in / J ' J

deficit caused by slight temperature rise of
the water is considered negligible.
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Table HI. Natural circulation and coolant voiding in the fuel follower.

ATsub (K)

w u n (kg/s)
VUn ( m / S )
vL (m/s)

WUnc,LAT ub/P (-)

xcu, (-)

«G.ou. (")

«G (")

vL(1-xout)/(1-aGout)

= V L . o u , = V G , o u , ( m / S )

'G.out, stagnation > '

G,out,stagnation ' '

[aG=jG/(1.2jG+0.5)]

Inlet wtr subcooling

Inlet mass flow rate

Inlet orifice wtr vel.

Wtr vel. in ass. inlet

Subcooled length fr.

Outlet steam quality

Outlet void fraction

Average void fract.

Outlet water velocity

= outlet steam veloc.

Super! exit stm
vel. if no circulat.
Exit void fraction if
no nat. circulation

p=1bar

5.8

1.6

0.86

0.20

0.90

0.0011

0.65

0.031

0.57

3.8
0.75

p=2bar

3.4

2.4

1.3

0.29

0.78

0.0019
0.61

0.068

0.74

2.1
0.69

p=5bar

1.6

3.2

1.8

0.40

0.50

0.0032
0.53

0.13

0.85

0.89
0.57

p=10bar

0.90

3.4

1.9

0.44

0.30

0.0045

0.44

0.15

0.78

0.50
0.45

p=30bar
0.36

2.9
1.8
0.40

0.11
0.0076

0.29
0.13

0.56

0.19
0.26

5. Water exits the fuel follower through the up-
per can holes, from which it is circulated back
down through the "downcomer" between the
can and the lower guide tube.

6. The pressure loss in the lower can holes is
compensated for by coolant voiding in the fuel
follower of length L = 2.4 m. Water tempera-
ture and density variations are not accounted
for (Ap = Ap-gL = aGpLgL).

7. The inlet water subcooling is assumed to be
induced by the unvoided "downcomer" at low
pressure [AT ub = T al(p+pLgL) — T at(p)].

By iterating the void fractions until the flow and
heat balances are consistent, we obtain the re-
sults of Table III.

With natural coolant circulation, the average void
fraction (aG) is low, but the fuel follower exit
may have high void fractions. Interestingly, the
exit void fraction of homogeneous flow (ocout) and
stagnant conditions (aG 0UI stagnation) are quite simi-
lar. However, at low pressures, the average void
fraction can be lowered substantially by circula-
tion, as a major deal of the decay power is con-
sumed in heating up the subcooled water enter-
ing the channel. The analysis above must be
viewed as simplified with respect to the homo-

geneous flow approach (no steam-water slip) as
well as the assumption of complete, frictionless,
water evacuation at the channel exit. With some
steam-water slip, the void fraction would be low-
er, though not directly as the decreased circula-
tion flow would feedback positively to the void-
ing. Further, one can expect that the swell level
exceeds the exit elevation, in which case the high-
er water column can decrease the water inflow
and raise the exit void fraction until enough wa-
ter is lost ("poured or pushed") through the can
holes. The closer to water stagnation (not much
water circulation) this is, the closer to stagnation
void fractions (high swell level at low pressures)
is the fuel follower. Together with water, also
steam may flow through the upper can holes, and
thereby enter the inter-assembly bypass and the
fuel assemblies (through lower can holes) in the
core.

The true coolant behaviour in fuel followers, con-
trol assemblies, and their upper and lower guide
tubes, should be checked out. We do not know of
any previous estimates, yet similar conditions —
no flow through the core and stagnant boiling in
the fuel assemblies — could be experienced dur-
ing refilling of the vessel in design-basis events,
too (e.g., large-break LOCA).
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From the boiloff point of view, any inherent cool-
ant injection or spraying, from the vessel lower
plenum to the core, would lead to faster lower
plenum dryout, which would otherwise proceed
very slowly. In fact, from Figure 2 one can see
that the total cross-sectional area of the lower
vessel is about twice that at the core level (about
39.5m3/3.7m = 10.7 m2 instead of 13.7m3/2.4m
= 5.7 m2). If only the fuel followers take part in
vaporizing the vessel lower plenum water, which
is mostly unvoided, the dryout time scales are an
order of magnitude higher than the values given
above for the core, and most of the lewer ple-
num coolant is present when core melt reloca-
tion begins.

Depressurization-induced flashing

The core and vessel dryout can be influenced by
primary pressure changes. Namely, during de-
pressurization, coolant flashing can lead to fast-
er dryout and also the cooldown of structures can
bring additional heat to the coolant.

The SAM strategy planned for Loviisa (Tuomis-
to and Theofanous; 1991; 1994) includes inten-
tional primary depressurization at the time of core
top dryout, at the latest, and such an action leads
to refilling of the vessel through accumulator in-
jection. After this, the coolant boiloff is effected
primarily by decay heat generation and the pres-.
sure is essentially constant if the relief capacity
is large enough. Without any depressurization,
the core dryout would proceed similarly but the
pressure would be high. Consequently, the only
situation that appears not to be covered by the
boiloff analysis above—concerning only the pre-
core-melting phase — is an inadvertently delayed
depressurization. This sequence is out of the SAM
scope and involves other potential concerns than
those related to hydrogen.

Nevertheless, the depressurization-induced cool-
ant flashing can be analysed straight-forwardly
(e.g., Okkonen, 1993), and it may be relevant for
coolant behaviour in the vessel lower plenum in
case the steam relief capacity is not enough for
complete pre-core-damage depressurization (see
the "Steam consumption" part of subsection
4.2.3).

We assume the following.
1. Initially, the primary system is filled with sat-

urated water and steam of volumes VUo and
VGo, densities pLo and pGo, and specific in-
ternal energies uUo and uGo, respectively; prop-
erties depend only on initial pressure (po). The
system volume is V, and the total initial wa-
ter-steam mass and internal energy are Mo and
Uo, respectively.

2. The enthalpy of the leaking steam is assumed
to be constant (hGJca]t« 2750 kJ/kg); this is the
only approximation here and a fairly good one
for most situations of interest.

3. The heat transferred during depressurization
from structures and core to water is known
(Q).

4. After depressurization, the system is still sat-
urated, and the final pressure (pcnd) and prop-
erties are known ( p ^ , p ^ , u ^ , , uGcnd).

Based on the assumptions and approximation
above, we obtain the water volume (VL cnd) at the
end of the depressurization transient (Okkonen,
1993).

d-Mt " Vp°-« ( h°** " "«•-')" U ° " Q
V

- U G

We select the initial (collapsed) water level to be
approximately at the core bottom (VLo = 40 m3;
VGo ~ 200 m3). The initial pressure is chosen to
be substantially below the nominal accumulator
pressure (55 bar), and heat addition is assumed
first to be negligible (Q ~ 0). The final pressure
is varied in the range of 1... 10 bar, and the results
are shown in Table IV.

Additional heat can lead to increased flashing;
from the formula above, it takes from Q ~ 1.8 GJ
(pcmi = 10 bar) to Q * 2.2 GJ (pcnd = 1 bar) to
vaporize one cubic-meter of water. Presuming
that the structures follow the saturation pressure,
one can estimate their heat contribution. Below
the core bottom, the RPV wall mass is about
60000 kg and that of lower vessel internals about
30000 kg. Allowing for some upper structures
(such as the core) to partake due to coolant swell-
ing, the order of magnitude is 100000 kg. With a
specific heat capacity of 500 J/kgK, the total heat
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Table IV. Depressurization-induced coolant flashing in the vessel lower plenum.

Po (bar)

30

20

10

T«,(Po) (K)

507

486

453

Pen. ( b a r )

Tsat(Pen<HK)

Mo (tonnes)

35900

36000

36600

10

453

VL,end (m
3

32.7

35.6

40.0

5

425

' vL,ond V "

29.9

32.6

36.6

2

393

3) VL,end(m

27.3

29.7

33.4

1

373

3) VL,Dnd(m3)

25.9

28.2

31.6

capacity is 0.05 GJ/K. Thus, in order to vaporize
one cubic-meter of water, the structures have to
experience a temperature step of about 40 K.
Consequently, the structures can contribute to
depressurization-induced coolant boiloff, but as
long as the initial pressure is below 30 bar (and
the initial temperature of structures is equal to
that of water), the contribution is not more than
a few cubic-meters (say, three).

If the relief capacity of the depressurization
valves is small, the pressure may drop gradually
after core dryout due to decreasing steam gener-
ation. The post-core-dry out depressurization can
lead to flashing of the lower plenum coolant, and,
depending on the depressurization time scale, the
generated steam can augment cladding oxidation
at high fuel temperatures. On the other hand, if
the pressure relief capacity (relief valves, breaks)
is adequate to stabilize the primary pressure to a
low level before or during core coolant boiloff,
the late depressurization-induced flashing of the
lower plenum coolant is moderate.

4.2 Hydrogen generation in the
degrading core

The main trend of new hydrogen generation es-
timates is to make more and more detailed tran-
sient analyses of the core behaviour. By contrast,
we start from heat and mass balances, because
we still think that the maximum hydrogen pro-
duction is intimately coupled with the core melt-
down heat balance and the steam masses availa-
ble. After that, we examine transient aspects of
core heatup and metal oxidation to be applied
together with the integral balances. We discuss
also some miscellaneous factors that could

change the estimates made, and, finally, make
subjective judgments on hydrogen generation in
the degrading core. In addition to the analysis of
hydrogen generation, we try to estimate the in-
fluence of different core melt progression sce-
narios, such as gradual vs. coherent melt reloca-
tion into the vessel lower plenum. The analysis
methods are simplified, for we believe that the
main trends can be captured by basic principles.
The calculations are biased towards enveloping
of the in-core hydrogen generation. Hydrogen
generation by molten fuel-coolant interactions
and core reflood are examined in sections 4.3 and
4.4, respectively. Other hydrogen sources than
steam reduction by metal oxidation are not ex-
amined, as the metal-water reactions are expect-
ed create the largest hydrogen production poten-
tial in core meltdown accidents of Loviisa.

4.2.1 Heat and mass balances

Core materials

The most important parameters concerning core
degradation and hydrogen generation are shown
in Table V; the values will be used also in other
parts of this report, though they have to be taken
as approximate.

Also the fuel followers are included in Table V.
Only the outer cladding surface area is given for
fuel, while the factor of two in the parentheses
refers to the possibility of steam entrance into
the gap between the fuel pellet and ruptured clad-
ding. The surface area of the steel-made control
assemblies (about 5000 kg) and dummy assem-
blies (about 10000 kg) corresponds to the can
surface area; the inner structures are thicker and
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Table V. Loviisa

Material

UO2

Zr-cladding

ZrO2-cladding

Zr-can

ZrO2-can

St

sto

Total

UO2,Zr,SS

Cladding ox.

Can oxidation

Steel oxid.

core components, including the fuel followers.

Mass
(kg)
42400

(1-XJ-11800

Xcla-15900

(1-Xcan)-5800

Xcan-7800

(1-Xst)-15000

XS1-19900

M
(kg)
75000 +

Xcla-4100 +

Xcan-2000

Xst-4900

M
(g/mol) (J/kgK)

270

91.2

123

91.2

123

55

73

400

370

540

370

540

600

600

cp
(MJ/K)

32.5 +

Xcla-4.2 +

Xcan-2.1 +
Xsl-2.9

A h fus
(kJ/kg)

280

230

710

230

710

270

600

(GJ)

20.0 +

Xcla-8-6 +

XC3H-4.2+

Xs.7.9

T

(K)
3100

2100

3000

2100

3000

1800

Surface
area (m2)

2700 (-2)

2700 (-2)

2-380 =760

2-380 =760

-200

-200

more massive, and thus the can surface area can
only give an indication of the "effective" surface
area. The surface area of the fuel cans, and that
of the control and dummy assembly cans, in-
cludes both the inner and outer surfaces that are
exposed (as long as the cans are intact) to the can
interior and the inter-assembly bypass, respec-
tively.

Metal oxidation reactions

If all core Zircaloy (Zry; an alloy containing
mainly zirconium, Zr) in the cladding and the
cans is to be oxidized, it requires 6900 kg of steam
according to the following reaction.

of zirconium. We assume a typical reaction heat
of Qs, - 1 MJ/kgSt = 3.1 MJ/kgH2O = 27 MJ/
kgH2 and the following reaction equation.

St H2O StO H2 Qs,

Zr 2H2O H> ZrO, + H,

The reaction heat depends somewhat on temper-
ature, but not very much, so we can use Q a ~
6.43 MJ/kgZr = 16.3 MJ/kgH2O = 145 MJ/kgH2.

Oxidation of core steel (St), on the other hand,
requires about 4900 kg of steam. Steel oxidation
actually consists of the oxidation reactions of the
various steel constituents (iron, Fe; nickel, Ni;
chromium, Cr; carbon, C), where the most exo-
thermic is the Cr oxidation. Still, Stainless Steel
(SS) oxidation is much less exothermic than that

Is it possible that 6900+4900 ~ 12000 kg of steam
flows into the core during core degradation? It
is, because the water mass in the vessel lower
plenum can be three-fold that value. Vaporiza-
tion of the lower plenum water, on the other hand,
can be effected by the decay power in fuel fol-
lowers and the heat released from the melt relo-
cating down from the core. Each MJ of heat re-
leased into the lower plenum water can generate
at least 0.5 kg of steam, producing 8 MJ of heat
in the core! Thus, steam generation in the fuel
followers, which possess about one eighth of the
decay power, can double the heat generation in
the core. In order to produce 12000 kg of steam
by melt relocation, the melt mass relocating and
quenching into the lower plenum water has to be
about 24000 kg, which is only one third of the
total core mass.

From the heat balance above (melt quenching,
steam generation, oxidation heat), it is also clear
that if the core consisted only of Zr, one could
hardly oxidize all of it in the core, as otherwise
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the immense heat generation would almost va-
porize the metals. However, the total core mass
is about four times higher than the Zr mass, which
means that the core can absorb much more heat
than ~1 MJ/kgZr that could melt Zircaloy. As-
suming that core melting takes, on average, ~1
MJ/kg, and that -25 % of the core mass is Zir-
caloy releasing - 6 MJ/kg upon oxidation, about
l/(0.25-6)=2/3 of Zircaloy has to get oxidized to
melt the whole core. Should there be any other
sources of heat, such as decay power, the heat
balance would imply lower oxidation fraction. It
is clear that in the core, the meltdown heat bal-
ance can limit the Zircaloy oxidation fraction
provided that there are no great heat losses or
melt superheating above the melting point.

Core meltdown heat balance

We consider the following heat balance, includ-
ing the heatup and melting energies on the left-
hand side, and the heat sources and losses on the
right-hand side.

= xzr. fm^Qz, + Xs,f ms, OQSI + Qdcc - Qloss

We make the following approximations and as-
sumptions.

1. The left-hand side heat capacity can depend
on the metal oxidation fractions (X), and the
highest melting energies are obtained if the
final oxide masses are assumed. We make
three variations, presuming original (unoxi-
dized; X~0; CoriJIieItlng~0), half-way (X-X/2;
Co,,m=lling~

1/2) or final (X~Xf; C|Bl mcltirg~ 1)
material compositions.

2. The melting points of various melt materials
(Tm j) are assumed to correspond to their own
melting points, or all core components are
assumed to reach a common melting point
varied in the range of Tmp ~ 2000...3000 K. In
fact, the "disappearance" of the metals at low-
er melting temperatures is inconsistent with
the idea that their oxidation is coupled with
the meltdown heat balance. The use and vari-

ation of the common melting point, on the
other hand, can model either early metal sep-
aration from the core (low melting point) or
metal trapping until even the oxides are mol-
ten (high melting point); intermediate cases
correspond to an average behaviour or effec-
tive eutectics formation with intermediate
melting points.

3. The next question is the competition between
Zircaloy and steel oxidation. As a first esti-
mate, we neglect steel oxidation heat (QSi ~
0) as it is energetically less important and thus
the oxidation coupling to the core meltdown
heat balance is not justified. Steel oxidation
is, indeed, rather a function of several tran-
sient effects, such as the provision of steam,
the kinetic competition with Zircaloy oxida-
tion, and the influence of the steel surface area
and thickness. In the left-hand-side melting
energies, we also neglect steel oxidation
(XSl~0).

4. We neglect the decay heat (Qdcc ~ 0) and heat
looses (Q|oss ~ 0), that is, the "net" decay pow-
er is assumed zero. In most cases, the neglect
of heat losses is more than compensated for
by the neglect of the decay heat, implying low-
er oxidation fractions than estimated here.

5. We vary the initial heatup temperature in the
range of To ~ 1000... 1800 K. These selections
are, obviously, very important, but they also
can be related to real effects. A low starting
temperature implies that the core heatup is
mainly due to oxidation, that is, the "net" de-
cay power level is low and it becomes defeat-
ed quite early by the oxidation heat. Zircaloy
oxidation is extremely slow below tempera-
ture of 1000 K, thus chosen as the minimum.
A high starting temperature implies limited
Zircaloy oxidation due to shortage of steam,
in particular. The temperature 1800 K marks,
in addition, a sudden increase in the Zircaloy
oxidation kinetics (oxygen diffusion through
the solid oxide layer), and melt relocation-in-
duced steaming becomes increasingly proba-
ble when the average core temperature ap-
proaches the melting point.
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Table VI.

To

(K)

1000

1400

1800

Zircaloy oxidation fraction based on the core meltdown

c
oxl,melting

(")

1

1/2

0

1

1/2

0

1

1/2

0

K
(%)
T —

mp~
2000 K

56

51

47

41

38

35

27
25

24

K
(%)
T =

2500 K

76

68

61

60

54

50

45
41

38

K
(%)
Tmp =
3000 K

97

85

76

80

71

64

64

58

53

heat balance.

(%)

mp,l

mat. spec.

86

72

62

68

58

51

51
44

39

Xc!a

( % )

TmP.i
 m a t - spec

Only fuel rods

101

85

73

83

71

62

66

57

51

We obtain the results shown in Table VI; C . ,.
is the weighting factor for the increase in the
masses and heat capacities of the core (left-hand
side; see above), as caused by metal oxidation
itself.

Actually, we think that the real situations fall,
primarily, onto the diagonal of Table VI. The di-
agonal goes from the left bottom corner to the
right top corner of the three columns with a com-
mon melting point in the range of Tm . ~
2000...3000 K. Namely, if metal oxidation is
severely limited by steam starvation, the oxida-
tion is slow and the Zircaloy may, after melting,
"candle" down. This tendency can be enhanced
by diffusion of the lean oxide scale into the met-
al base, as recently analysed by Olander (1994),
so that the structure can melt at the metallic melt-
ing point. By contrast, if the core heatup is driv-
en mainly by Zircaloy oxidation (very low de-
cay power level), the oxide layer can be relative-
ly thick when the metal melting point is reached,
and the oxide can even hold the molten metal
inside (e.g., Hobbins, 1991) until the oxide melts,
too. Consequently, hydrogen production in the
core can be large.

In the fourth oxidation fraction column of Table
VI, the Zircaloy oxidation fraction is estimated

with material-specific melting points. One should
note that all the above-given oxidation fractions
(X&) correspond to the whole-core Zircaloy, in-
cluding cladding and cans. In the rightmost col-
umn, we have, on the contrary, neglected the Zir-
caloy cans and all steel components of the core.
One can see that the oxidation fractions (Xda) are
raised, because there is less metal and the melt-
down heat is, indeed, dominated by the fuel.14

This has to be accounted for when considering
the hydrogen production potential, which can be
seen to be somewhat lower with only the fuel
rods included. Using the common melting points
and including only the fuel rods, the cladding
oxidation fractions are close to the whole-core
fractions (first three columns); this is due to the
fact that the mass ratio of cladding and fuel pel-
lets is approximately the same as the mass ratio
of cans and steel structures. Expecting addition-
al hydrogen from cans, there appears to be no
great reason to differentiate between cladding and
cans in the integral heat and oxidation balances.

Also the influence of metal oxidation on the core
meltdown heat balance and oxidation fractions
can be seen in Table VI. The extremes arc rea-
sonably close to the estimates made with the half-
way composition (CM.mcl|ing~ 1/2).

14 In most Western PWRs, the mass ratio of fuel pellet (UO,) to fuel cladding (Zr) is -5 , whereas in the VVER-440s it is -3.6
and in BWRs -4 . Thus, with only the fuel rods included, the meltdown heat balance indicates almost complete Zircaloy
oxidation provided that the decay power contribution is low. Accounting for the fuel cans, the UO2-Zr mass ratio is -2.4 in
the VVER-440s, and -2 in BWRs. Consequently, the meltdown heat balance does not allow complete oxidation of all core
Zircaloy in VVER-440s or BWRs.
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Table VII. Configuration of the

Hexagon

Positions

Fuel

Control

Dummy

Rel. power

1

7

6

1

-

.973

2

12

12

-

-

1.18

3

18

12

6

-

1.05

core assemblies.

4

24

24
-

-

1.16

5

30

30
-

-

1.00

6

36

24

12

-

1.13

7

42

42
-

-

1.01

8

48

48
-

-

1.12

g

54

36

18

-

.922

10

42

42
-

-

.693

11

36

-

-

36

-

Tot

349

276

37

36

-

Finally, it is interesting to consider the oxidation
fraction caused by "self-heating" of the metals.
If the oxidation-induced Zircaloy heatup starts
from 1000 K and proceeds to the melting point
2100 K, the heat required is 0.64 MJ/kg, which
corresponds to an oxidation fraction of 10 %. For
steel heatup and melting in the range of
1000... 1800 K, the melting heat is 0.75 MJ/kg,
requiring almost complete oxidation, which raises
also the melting heat and oxidation fraction fur-
ther. Certainly, if the steam provision is extremely
limited (see subsection 4.2.2), the heatup is
caused only by the decay heat, though the metal
candling and relocation may lead to additional
steaming in the vessel lower plenum.

4.2.2 Transient conditions

Core heatup rate

The average fuel heatup rate caused by decay heat
generation is determined by the decay power lev-
el, the fuel rod heat capacity, and the heat trans-
fer from the fuel to cans and other structures. With
typical heatup rates and high core temperatures,
the temperature differences between various core
components are small enough that we can assume
uniform temperature. At lower temperatures
(lower radiative heat transfer), the heatup inco-
herence may be significant. In any case, the total
core heat capacity, with unoxidized metals, is Ccore

= 32.5 MJ/K (see Table V), and if the decay power
is in the range of 0.5...2.0 %, the heatup rate is
dTcorc/dt ~ 0.21 ...0.85 K/s. With only the fuel rods
included, the corresponding values are CfueI = 21.3
MJ/K and dT /dt ~ 0.32...1.3 K/s. In conclu-

core

sion, the average pre-metal-oxidation heatup rate
of the core is of the order of dTcorc/dt ~ 0.25...1
K/s.

In subsection 4.1.3, we saw that the decay pow-
er-induced core coolant boiloff, from core top
uncovery to core bottom dryout takes ~3600 s at
low pressures and -1600 s at high (SRV open-
ing) pressure. To uncover the one-eighth eleva-
tion of the core requires about two thirds of the
afore-given times (-2000 or 1000 s), and to low-
er the water level below the core is a much slow-
er process than the core dryout. These boiloff
estimates are based on a 1 % decay power level,
which corresponds to an average core heatup rate
of dT,Qre/dt ~ 0.5 K/s. The core temperature rise
in -2000 s is thus 1000 K. After this time has
passed since core top dryout, one can think that
the lower parts of the core are still nearly at cool-
ant temperature (~500 K). The upper core parts,
on the other hand, have been heated -1000 K
above this, indicating onset of metal oxidation
and local temperature escalation.

One can constitute that the water level is close to
the core bottom •— either little above or below
— when the first core components start melting
and relocating, provided that the core dryout is
driven only by the decay heat genearation (no
significant pressure relief at this phase). This con-
clusion applies also with other decay power lev-
els than 1 %, as both the core dryout and heatup
are directly relative to the heat generation rate.
Further, in transient heatup calculations with a
lumped core mass (see the "Transient oxidation
analysis" part below), it is reasonable to start the
calculations from an average dry-core tempera-
ture of T - 1000 K, which is the average of the
range -500... 1500 K (see above).

Heatup incoherence

The core consists of hexagonal fuel assemblies,
which can be divided into hexagonal "rings" ac-
cording to Table VII.
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During normal operation, the "control" positions
include fuel followers, while the "fuel" positions
always include fuel assemblies. The relative pow-
ers (peaking factors) given in table VII are ap-
proximate and change some during reactor oper-
ation, but they can be used to consider the poten-
tial incoherence of decay heat-induced core hea-
tup, as decay powers are relative to the fission
power before shutdown. In the middle of the core,
the power variations are of the order of 10 %,
whereas the peripheral assemblies have substan-
tially lower powers. The average heatup rates can
be multiplied by the relative powers to obtain
radial differences, though at the core periphery
the abundance of steel structures can decrease
the fuel heatup rate even further. In the core mid-
dle, the core behaviour can be expected to be fair-
ly coherent, while at the periphery more slower
heatup and meltdown can be expected.

The axial power distribution, on the other hand,
can be considered as a concave "hump", with
relative power 0.7 at the top and the bottom, and
1.3 at the middle elevation. As the upper core
parts are uncovered first and have lower power
(plus more upwards heat losses) than the middle
ones, the upper half reaches the metal oxidation
and melting levels more or less coherently. Re-
locating melt can, depending on the cooldown
and blockage formation, heat up the lower core
parts that come later in heatup. However, if there
are large open channels from the core through
the lower core plate, the melt can "bypass" the
lower core parts. The axial position of first melt-
ing can also affect the overall core degradation
process, as a melting process starting from the
middle can provide a lot of room for collapse of
the upper, still solid, core parts ("rubble bed"
formation).

The core heatup and melting incoherence is an
important factor presuming that the core melt
relocation into the vessel lower plenum occurs
gradually. If the behaviour is estimated to be
largely incoherent, the relocation-induced steam
generation and enhancement of metal oxidation
contribute to the in-core hydrogen generation.
From the discussion above, it appears that the
core heatup can be a fairly coherent process, let
alone the incoherence caused by coolant boiloff,
axial power profiles, material-specific melting

points, and peripherial core regions. As discussed
in subsections 4.1.2 and 4.1.3, the melt reloca-
tion through the control assembly positions may
be complicated by the coolant voiding in the fuel
followers below the core. Should the core degra-
dation develop towards formation of a large core
melt pool relocating later into the vessel lower
plenum, the steam generation would be limited
to the coolant vaporization in fuel followers. We
feel it is best to consider both core relocation
possibilities (gradual and coherent) when envel-
oping the hydrogen generation potential. For co-
herent relocation, the heatup incoherence is not
that essential, while for gradual relocation we use
the material-specific melting points to estimate
the "minimum" relocation incoherence. This
implies that relocation of molten steel could be-
gin at an average core temperature of T ~ 1000 K.

The minimum melting and relocation incoher-
ence may, perhaps, be further decreased by tem-
perature differences between core components;
one should, namely, note that heat is generated
mainly in structures that have higher melting
points than steel. Above, we obtained the aver-
age core heatup rate of dTcorc/dt ~ 0.21 ...0.85 K/s
(with decay power levels of 0.5...2 %), and we
thus know the power that needs to be transferred
(from the fuel pellets to other core components)
to effect equal heatup rates for all core compo-
nents. Further, we assume that the power is trans-
ferred by radiative heat transfer with surface
emissivity of £ = 0.2...0.8. For cladding and cans,
we use only the one-side surface areas when es-
timating the power transferred to them. In the
inter-component (from component j to i) power
transfer [m jCp/TWdt = £OBA.(T.<- T.4)], we as-
sume unoxidized metals. We obtain the results
of Table VIII for quasi-steady temperatures that
yield the chosen heatup rate for fuel pellets (TU02),
cladding (T,), cans (T ) and steel assemblies

CTJ-

With typical core heatup rates effected by decay
heat generation, the fuel rods and cans have ap-
proximately equal temperatures, even with low
surface emissivity (or high emissivity combined
with a low view factor, as between the "average"
fuel rod and the can wall). With low emissivity
and higher heatup rate, the control assemblies
may heat up slower than the fuel assemblies as
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Table VIII. Quasi-steady temperatures of core components heating up at equal rates.

'UO2

(K)

dTcore/dt - 0.21 K/s
1000

1500

2000

3000

dT c o r c /d t~ 0.85 K/s
1000

1500

2000

3000

dT c o r e /d t~10K/s
2000

3000

Tc(a

998

1500

2000

3000

992

1500

2000

3000

1990

3000

e = 0.8
Tcan

992

1500

2000

3000

964

1490

2000

3000

1950

2990

Tste

933

1480

1990

3000

379

1420

1970

2990

1460

2890

Tcla

992

1500

2000

3000

968

1490

2000

3000

1950

2990

E = 0.2

can

965

1490

2000

3000

822

1460

1980

3000

1760
2940

Tste

423

1420

1970

2990

<0

1030

1860

2960

<0

2430

long as the fuel temperature is below T ~
1500...2000 K. The radiative heat transfer be-
tween fuel cans and control assemblies, howev-
er, is likely to involve good emissivity (metal
surfaces somewhat oxidized or "unpolished") and
view factors, which means that the temperature
differences are not large when the control assem-
bly reaches the melting point.

With extremely high heatup rates, such as dT,orc/
dt~ 10 K/s corresponding to a decay power lev-
el of about 24 %, the inter-component tempera-
ture differences are larger, though not excessive
as the radiative fluxes are relative to the fourth
power of surface temperature. Fast Zircaloy ox-
idation can induce high heatup rates, but in this
case the heatup incoherence is of less importance
as the steam generation has to be large anyway;
one should also note that the oxidation heat is
generated in cladding and cans, instead of the
decay-heated fuel pellets.15

It appears, in most cases of interest, reasonable
to assume that the local temperature differences
between various core components are relatively
small.

Metal oxidation kinetics

We start by looking at the solid-state diffusion-
limited oxidation of core metals. Hydrogen gen-
eration per surface area (wH2) has usually been
found to be parabolic.

_ dwH. k(H2)

dt dt w,.

For the rate constant [k(H2)], which could be
expressed also in terms of oxygen intake [k(O2)
= 64-k(H2)], for example, we use the correlations
of SCDAP/RELAP5/MOD2, as reviewed by
Fletcher, Turland and Lawrence (1992).

Zircaloy: k(H2) = 0.26 • e"166779"" (kgH2 )
2 / m4s

when T<1853K

k(H2) = 0.085 .

when TS1853K

(kgH2)
2 /m4s

Steel: k(H2) = 1.9 106 .e-
35M(X"RT (kgH2)

2 / m4s

One should note that the validity of these corre-
lations is questionable when the melting points
are approached. In the beginning of steel expo-
sure to steam, the oxidation may be linear, where-

15 Assuming a low thermal conductivity k - 1 W/mK, high density p - 10000 kg/m3 and specific heat capacity c - 500 J/kgK
(a = k/pc -2'10'7mVs), the conduction time scale for a structure of thickness x - 1 mm is t c o n - x 2 / a - 5 s. Although the fuel
pellet radius is several millimeters, the conduction time scale is t.on - 100 s, at most. Assuming typical decay power-induced
heatup rates (dT/dt - 1 K/s or less), the temperature profiles are essentially uniform. With the low thermal conductivity
above, the steady-state temperature difference for a typical (1 % decay power) heat flux at the fuel surface, q" - 13.75MW/
2700m2 - 5.1 kW/ m2, is only AT = q"Ax/k - 5.1 K with Ax - 1 mm. Finally, conduction in the gas phase is "bypassed" by
thermal radiation.
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Table IX.

T

(K)

1000

1200

1400

1600

1700

1800

1900

2000

2500

3000

Core metal oxidation power and steam consumption

Pc,
(MW)

0.10

2.9

32

190

400

760

2800

4300

23000

68000

Pen
(MW)

0.017

0.47

5.1

31

64

120

450

690

3600

11000

P,e
(MW)

-

-

0.026

1.1

5.4

22

75

230

16000

270000

P«
(MW)

0.12

3.4

37

220

470

910

3300

5200

42000

350000

m'H2O,cla

(kg/s)

0.0063

0.18

1.9

12

24

47

170

260

1400

4200

based on
m'H2O,can

(kg/s)

0.0010

0.029

0.31

1.9

3.9

7.6

27

42

220

670

solid-state diffusion.

m H20,ste

(kg/s)

-
-

0.0084

0.37

1.8

7.1

25

75

5200

89000

"" H2O,tot

(kg/s)

0.0073

0.21

2.3

14

30

62

220

380

6800

93000

as Zircaloy oxidation is cubic at temperatures
below 1273 K (Fletcher, 1992). Consequently, the
correlations above can only serve as orders of
magnitude, especially for transients where tem-
perature is sometimes changing rapidly.

By using the one-side surface area of fuel clad-
ding (2700 m2), and double-sided surface areas
of fuel cans (760 m2) and control/dummy assem-
blies (200 m2), we obtain the following values
for maximum hydrogen generation per intact
surface area: wH2cb< 0.193 kg^/m2, wH2can<
0.337 kgH2/m

2, w1I2sic< 2.75 kgffi/m
2 (thefuel clad-

ding and cans together yield wH2cla+can< 0.225
kgH2/m

2). With an oxidation fraction of X - 1 %,
we obtain the whole-core oxidation powers and
steam consumption rates as function of metal
temperature, as shown in Table IX.

The oxidation power and steam consumption are
relative to the inverse of the oxidation fraction,
that is, by nearly complete (-100 %) oxidation,
the values are hundred times lower. The Zircaloy
oxidation power (Pcla+PCiin) can start competing
with decay power levels'of 0.5...2 % (6.9...27.5
MW), when the cladding temperature exceeds T
~ 1300 K with oxidation fraction Xzr~ 1 %, T ~
1600 K with Xzr~ 10 %, andT- 1800 K with Xzr

~ 100 %. From the solid-state diffusion point of
view, it appears justified to assume that the Zir-

caloy oxidation power is the dominant heat gen-
eration mechanism when core temperatures reach
T ~ 1300... 1800 K. In the heat balance-based
oxidation estimates of subsection 4.2.1, we chose
"effective" initial temperatures16 from the range
To~ 1000...1800 K, and related the lower range
to low decay power and the higher range to oxi-
dation limitation by steam starvation. The select-
ed values are reasonable, especially as the high-
er average core temperatures may involve melt
relocation-induced steam generation in the ves-
sel lower plenum (if not induced before).

In order to effect a Zircaloy oxidation power
worth a 0.5...2 % decay power level, the steam
provision into the core must be at least -0.42... 1.7
kg/s (Q a = 6.43 MJ/kgZr = 16.3 MJ/kgH2O «
145 MJ/kgH2), or rather somewhat higher as the
gas-phase diffusion of steam and hydrogen
(through the boundary layer) may otherwise start
suffocating the oxidation reaction. The steaming
rates above may, in principle, be provided by
decay power-induced coolant vaporization in fuel
followers, as the followers possess ~12 % of the
decay power and steam generation takes no more
than one eighth of the heat given by Zircaloy
oxidation (12%-16MJ/kg / 2.2MJ/kg = 0.87). In
effect, the fuel followers may guarantee that the
in-core oxidation power is equal to the decay
power. However, as discussed in subsection 4.1.3,

16 One should note that the initial temperature of the heat balance method does not strictly refer to the beginning of efficient
oxidation, but it is a measure of the fraction of core hcatup and melting induced by oxidation heat.
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the influence of fuel followers may be larger if
the coolant swelling pushes water into the lower
core parts, or smaller if most of the steam gener-
ated in the fuel follower bypasses the core through
the control assemblies.

As discussed in subsection 4.2.1, it takes ~ 12000
kg of steam to oxidize all core metals, and this
amount of steam can be provided by -24000 kg
of melt quenching into the lower plenum cool-
ant. The above-given steam generation rates, on
the other hand, require melt relocation and
quenching at rates -1...4 kg/s, implying a total
relocation time of 6000...24000 s. With gradual
core melt relocation, the time scales can be sub-
stantially shorter, and the Zircaloy oxidation pow-
ers thus much higher than the decay power.

Steam consumption by steel oxidation appears
to be negligible compared to Zircaloy oxidation,
mainly due to the relatively small surface area of
in-core steel components; one should, though,
recall that in Table IX we use only the can sur-
face area for steel assemblies. The steel oxida-
tion power (QSi ~ 1 MJ/kgSt = 3.1 MJ/kgH2O =
27 MJ/kgH2) and related steam consumption are
indicated to be high at very high core tempera-
tures, but the oxidation rate correlation is hardly
valid above the melting point. Near the metallic
melting point, the steel oxidation may consume
steam at about the same rate as provided by fuel
followers, though only at oxidation fractions of

In conclusion, the metal oxidation is not severe-
ly limited by any mechanism provided that steam
generation is effected in the vessel lower plenum
by gradual core melt relocation and/or fuel fol-
lowers.

Transient oxidation analysis

Based on the discussions above, we study here
three cases:
1. Zircaloy and steel oxidation is limited only

by solid-state diffusion of oxygen through the
oxide layer growing on the metal surface;
when the temperature exceeds the metallic
melting point, the oxidation rate correlations
are applied with the melting temperature
(2100 for Zircaloy; 1700 K for steel).

2. Zircaloy oxidation power is limited to the
decay power and steel does not get oxidized.

3. Zircaloy oxidation power limited to one tenth
of the decay power and steel does not get
oxidized.

Case 1 can be considered as a scenario, where
core melt relocates gradually into the vessel lower
plenum, quenches there, and provides a lot of
steam into the core. Case 2, on the other hand,
resembles a meltdown scenario, where a large
melt pool is contained in the core and the melt
relocates later, more or less coherently, into the
vessel lower plenum. The steam provision into
the core is limited by coolant vaporization in the
fuel followers. Finally, Case 3 involves coherent
melt relocation and extremely limited steam pro-
vision into the degrading core.

The calculational procedure is basically the same
simplified approach that we used previously (Ok-
konen, 1993), and, as a matter of fact, all the com-
ponents can be found in the discussions above.
First, we lump all core materials together and
assume that they have equal temperatures. The
core features are the same as in Table V, with
also the fuel followers included (generating small
error in core heat and oxidation balances). Intact
surface areas (fuel cladding outer surface 2700
m2; both fuel can sides 760 m2; both control/dum-
my can sides 200 m2) are used throughout the
calculation. Fuel cladding, cans and control/dum-
my assemblies are treated separately in oxida-
tion calculation, and if the maximum Zircaloy
power (defined for Cases 2 and 3) is exceeded,
the cladding and can powers are decreased in re-
lation to the undamped values. The calculation
proceeds in temperature steps, in the beginning
of which the core heat capacity is modified to
account for the oxide buildup. We apply a com-
mon melting point for the whole core and vary
it, now, in the range Tmp~2200...3100 K. During
melting, the core heat capacity corresponds to
the heat of fusion spreaded over a temperature
interval 100 K above the melting point. The cal-
culation is started from core temperature 1000 K
and terminated when the whole core is fully mol-
ten. With the 1 % decay power, we obtain the
results shown in Table X; X& is the oxidation
fraction of all core Zircaloy and XSl for steel.
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Table X.

T
(K)
1000

Casei

1300

1600

1900

2200

2500

2800

3100

Case 2
1300

1600

1900

2200

2500

2800

3100

Case 3

1300

1600

1900

2200

2500

2800

3100

Core heatup and metal oxidation in

t

(s)
0

577
911
1036

1067

1103

1151

1190

578
960
1319

1682

2047

2416

2788

645
1290

1937

2584

3233

3882

4532

x c l a
(%)
.001

1.85

7.12

15.3

25.1

35.1

45.1
51.7

1.85

6.55

11.6

16.8

21.9

27.1
32.4

0.913

1.83

2.74

3.66

4.57

5.49

6.41

Xcan

(%)
.001

1.06

4.08
8.75

14.4

20.1

25.8

29.6

1.06

3.75

6.66

9.60

12.6

15.5

18.6

0.523

1.05

1.57

2.09

2.62

3.14

3.67

x,,
(%)
.001

1.59

6.12
13.1

21.6

30.2

38.7

44.5

1.59

5.62

9.99

14.4

18.8

23.3

27.8

0.784

1.57

2.35

3.14

3.93

4.72
5.51

Cases 1—3.

x8t
(%)
.001

0.428

0.799
2.71

3.10

3.50

3.96

4.29

—
-
_
-
-
-

-

-
-
-
-
-
-

-

t

(s)

1169

1238

1320

1415

2495

2882

3272

3665

3937

4592

5248

5906

xcl,,
(%),

48.4

59.1

69.7

80.4

28.3

33.7

39.2

44.8

5.57

6.50

7.42

8.35

XCan,f

(%)

27.7

33.8

39.9

46.0

16.2

19.3

22.5

25.7

3.19

3.72

4.25

4.78

x»,,
(%)

41.6

50.8

59.9

69.1

24.3

29.0

33.7

38.5

4.78

5.58

6.38

7.18

Xsu
(%)

4.12

4.68

5.28

5.89

-
-
-

-
-
-

Table X may first appear tedious, but actually it
is not. The times and oxidation fractions shown
on the right side correspond to the final values,
that is, when the core is fully molten. Depending
on the melting point considered most reasona-
ble, one can hop to the right side of the table.
The results of Cases 2 and 3 can be applied to
decay power levels different from 1 % by scal-
ing the times that are inversely relative to the
power; the oxidation fractions do not change at
all, as the Zircaloy oxidation power is assumed
to be relative to the decay power. In Case 1, the
times behave similarly, however not exactly as
the heatup is dominated by the Zircaloy oxida-
tion power accelerated at high temperatures. As
most of the oxidation occurs at higher tempera-
tures, the oxidation fractions are quite insensi-
tive to moderate decay power variations (say, two
times higher or lower).

Steel oxidation fraction is limited to some per-
cents if the core melts down fast. This estimate
corresponds to the intact surface area, which may
be increased by degradation of the control and
dummy assemblies. If there are no limitations on
steam provision, steel oxidation may be higher
than indicated, and otherwise one can assume that
most of the steam is consumed by Zircaloy oxi-
dation. Further, high steam generation rates are,
probably, related to gradual melt relocation into
the vessel lower plenum, in which case the steel
components have already disappeared from the
core. Consequently, the most potential additions
to the hydrogen generated by Zircaloy oxidation
are the molten fuel-coolant interactions and re-
flooding of an overheated core (see sections 4.3
and 4.4 on those aspects).
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For Case 1, with no steaming limitations, one can
see that the Zircaloy oxidation rate is Xzr~ 20...45
% in -1000... 1200 seconds. This is before the
core starts to melt. During the melting period,
the oxidation fraction increases by -20...25 % in
100...200 seconds. Spatial incoherence of core
melting can smooth out some of the hydrogen
generation peak at the end of meltdown. We take
the average rates for the whole heatup and melt-
down period, starting from T ~ 1000 K, as first
estimates of the in-core hydrogen generation; see
also section 4.2.3 on steam availability, among
others. If the decay power level is 1 %, and the
core melts at T ~ 2200...3100 K, the Zircaloy
oxidation reaches XZr ~ 40...70 % in At ~
1200...1400 seconds; the time scale is approxi-
mately inversely relative to the decay power lev-
el. In Case 2, with some steaming limitations,
the oxidation fractions and rates are lower than
in Case 1, the Zircaloy oxidation fraction reach-
ing X& ~ 25...40 % in At ~ 2500...3700 seconds.
In Case 3, the in-core oxidation fractions and rates
are very low, with X& ~ 5...7 % effected in At ~
3900...5900 seconds

Finally, comparing the results above to some code
calculations, Case 1 is close to some previous
MARCH analyses (e.g., Okkonen, 1990a), and
Case 3 to the old MAAP analyses with the melt
blockage models. With wet-core conditions, the
old MAAP models are certainly unreasonable
(e.g., Cronenberg, 1992). If, however, gradual
melt relocation is not effected under dry-core
conditions, making the core "wet" again, the in-
core oxidation may, in reality, be small. As dis-
cussed in subsections 4.2.3 and 4.2.4, we believe
that the real Loviisa situations range from Case
1 to Case 2.

4.2.3 Miscellaneous factors

Several approximations and assumptions were
made in subsections 4.2.1 (heat balance) and 4.2.2
(lumped transient). Here we wish to remind of
the simplifications and the potential influence that
they could have on in-core hydrogen generation.
The main goal is to justify the use of the results
for enveloping purposes (judgments).

Core heatup phase

In subsection 4.2.2, we examined the core heat-
up incoherence caused by radial and axial power
profiles, and temperature differences between
core components. Anyway, the largest heatup in-
coherence appears to be caused by core coolant
boiloff, as the upper parts of the core may al-
ready start melting when lower core parts have
just dried out. From the hydrogen point of view,
the availability of steam is the main factor af-
fecting the in-core hydrogen generation, and thus
our interest in heatup incoherence is, primarily,
related to the core heatup and meltdown time
scales. Nevertheless, Case 1 above — with no
steaming limitations — serves as an extreme case.
We expect there to be some more incoherence
betwen various core regions and components, this
being instrumental for "unlimited" steam provi-
sion, as well, but without detailed analyses we
take the results for Case 1 as representative of
fast meltdown and oxidation.

We assumed that there is no primary pressure
relief at high temperatures, which is consistent
with the Loviisa SAM design. Depressurization
from high pressure would cause core reflood by
accumulator injection, and we will examine such
situations in section 4.4. If the pressure was re-
lieved mainly before core dryout, but also after-
wards, the coolant flashing might cause some
voiding and reflooding, and, in any case, steam
provision into the core would be much enhanced.
Similar effects could be induced by the coolant
voiding in fuel followers. Again, Case 1 repre-
sents an extreme case, and we will study its ex-
tremeness in the "Steam consumption" part be-
low.

At high fuel temperatures, hydrogen may diffuse
through the unoxidized fuel cladding, as analysed
by Olander (1994). Hydrogen may also be ab-
sorbed, exothermically, by the cladding. We do
not expect such effects to much pronounce, or
suppress, the hydrogen generation and release
characteristics obtained in subsection 4.2.2 (Case
1, in particular). Olander (1994) analysed also
other diffusion-related phenomena concerning
the Zircaloy cladding. Most importantly, he
showed that under slow oxidation conditions, the

45



FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY STUK-YTO-TR 97

oxide scale may diffuse to the cladding proper,
which can, consequently, melt and candle down
as metallic Zircaloy would. This behaviour main-
ly concerns situations where the metal oxidation
fractions are low in the first place, providing fresh
metallic surface for molten fuel-coolant interac-
tions or core reflood.

Natural circulation of steam could affect the core
heatup behaviour at high pressure. In Loviisa, the
fuel cans may resist steam circulation inside the
core, but the flow holes in the can walls might
provide routes for circulation. At elevated pres-
sure, also the coolant voiding in fuel followers is
probably small and the can holes in the fuel fol-
lowers perhaps open. However, the steam gener-
ation in the fuel followers may prevent gas flow
downwards into the control assemblies, which
could otherwise serve as "downcomers". The
only potential downcomers left in this case would
be the inter-assembly bypass as well as the dum-
my assemblies at the core periphery, involving a
lot of flow resistance and tedious flow routes. At
first sight, the natural circulation appears not to
be a major factor for Loviisa core degradation.
Should we be too hastily conclusive here, the
major circulation influence would be to delay
core heatup, to increase the heat losses (decrease
the "net" decay power), and to provide steam for
metal oxidation. Depending on the relative mag-
nitudes of these factors, the Zircaloy oxidation
fraction could reach high levels in an extended
time period. With the planned SAM strategy
(pressure relief prior to significant core heatup),
the recirculation effects are probably minor.

In addition to natural circulation of steam, heat
could be lost to structures surrounding the core.
Assuming thermal radiation with high surface
emissivity (£ ~ 1), the maximum radiative heat
flux is q" = £GBT ~ 0.057 MW/m2 at T ~ 1000
K, q" ~ 0.91 MW/m2 at T ~ 2000 K, and q" ~
4.6 MW/m2 at T ~ 3000 K. These fluxes apply
for radiation to a boundary structure that has a
low temperature compared to the radiator. If there
is one intersecting surface (with high emissivity
and not too thick to effect conduction limitations)
in between, the flux is two times lower, with two
intersecting surfaces it is three times lower, and
so on. In one fuel assembly, the 1 % decay pow-

er amounts to P ~ 44 kW, and if it is transferred
through the can, the heat flux is q" ~ 44kW/l .2m2

~ 0.036 MW/m2; for fuel rod surface, the heat
flux is q" - 0.0051 MW/m2. Consequently, the
fuel assemblies at the core periphery cannot, per-
haps, melt before the core relocates or collapses;
the total outer surface area of the core is, by the
way, A ~ 20 m2 (D ~ 2.8 m; H ~ 2.4 m). Similar-
ly, the top parts of the fuel assemblies can radi-
ate to the upper core plate and vessel internals;
with a cross-sectional core area, A - 6 m2 (D ~
2.8 m), the heat losses could be several MWs at
T ~ 2000 K. By contrast, the middle of the core
can heat up almost adiabatically. The total number
of fuel rods is -40000, which can be considered
as a cross section with a radius of ~110 rods; us-
ing the total number of fuel assemblies, 313, the
radius is ~10 assemblies. With the radiative fluxes
given above, and radiation "jumping" from one
assembly or rod to another, etc., the heat losses
would be significant even for the core middle.
However, the core configuration is tight and heat
transfer through fuel rods (pellets) can only oc-
cur by conduction. Contracting the whole core
mass to a solid sphere of mass m ~ 75000 kg and
density p ~ 7500 kg/m3, the volume is V ~ 10
m3, surface area is A ~ 23 m2, and diameter is D
~ 2.7 m. The surface heat flux with 1 % decay
power is q" - 13.75MW/23m2 ~ 0.6 MW/m2.
On the surface, the temperature increases by AT
~ 3000 K in a depth of Ax = kAT/q" - 5 mm,
assuming low conductivity, k ~ 1 W/mK. And,
by "voiding" the solid sphere with nearly non-
conducting gases, as in the voided core, one can-
not increase the outward heat losses by orders of
magnitude! The total heat losses depend on in-
ter-assembly view factors and emissivities, and
the heat capacity and behaviour of the boundary
structures. For the inner parts of the core, it is
reasonable to assume adiabatic behaviour, while
the peripherial regions may deviate from this. The
main influence of heat losses is that core heatup
takes more energy, which tends to increase the
metal oxidation fractions, too. As long as the to-
tal heat losses are only a fraction of the decay
power, as expected, the maximum hydrogen gen-
eration is obtained by assuming negligible "net"
decay power. Whether the heat losses are signif-
icant or not from the core heatup point of view,

46



STUK-YTO-TR 97
FINNISH CENTRE FOR RADIATION

AND NUCLEAR SAFETY

they should be studied further to understand the
degradation of vessel internals, affecting the core
relocation (collapse) mode as well as the masses
falling down to the degrading core. In this con-
text, the externally cooled vessel walls may pre-
vent the structures from melting (1700 K) but
not necessarily from collapsing (at, say, 1000...
1500 K).

Core melting phase

If core melting leads to formation of a large melt
pool in the core, the growth of the melt pool is
governed by the total "net" decay power and the
Zircaloy oxidation power. In this case, steam pro-
vision into the core is probably limited (Cases 2
and 3 in subsection 4.2.2), and the time scale of
melting thereby relatively well defined. In Case
2 of Table X (Zircaloy power equal to decay pow-
er, at maximum), the time scale is At ~ 2500...
3700 s, when the core heatup and metal oxida-
tion are calculated from T ~ 1000 K and the de-
cay power level is 1 %; the final oxidation frac-
tions are in the range of X& ~ 25...40 % depend-
ing on the melting temperature Tmp ~ 2200...3100
K. In Case 3 (Zircaloy oxidation power equal to
one tenth of the decay power, at maximum), the
corresponding results are At ~ 3900...5900 s and
X a ~ 5...7 %. If the core does not collapse be-
fore the whole core melts, one can expect these
estimates to be reasonable despite some incoher-
ence between core components or regions. Fur-
thermore, as the steam consumption by Zircaloy
oxidation does not require any melt relocation-
induced steaming in Cases 2 and 3, there is no
inconsistency. On the other hand, for the fast
oxidation and melting scenario, Case 1, the hea-
tup and melting incoherence is of essence, as dis-
cussed in the "Steam consumption" part below.
It can be anticipated that detailed studies — tran-
sient calculations of core dryout, fuel heatup and
oxidation — might extend the heatup and melt-
down time scale from the lowest values of Table
X. It should, however, be noted that Table X in-
cludes time periods for core degradation starting
from the average core temperature T ~ 1000 K,
and if there is substantial incoherence, some parts
of the core may at this point already start melt-
ing, relocating, and facilitating the oxidation-in-
duced temperature escalation.

One of the major assumptions made in the tran-
sient oxidation analysis (subsection 4.2.2) is that
the metal surface areas do not change from the
intact values during core melting and degrada-
tion. This may first appear as a major assump-
tion, but in the enveloping-type analysis we do
not have to count too much on it. In Case 1 of
Table X, the Zircaloy oxidation power is much
higher than the decay power with the surface ar-
eas assumed; this is seen by the fact that melt-
down is much faster than in Cases 2 and 3, even
with oxidation-increased core heat capacity. One
might argue that the oxidation can be faster if
the metal surface area is enlarged, or, for that
matter, if the oxidation rates derived at the me-
tallic melting point (and using the "invalid" cor-
relations) are higher. However, we believe that
we already include many exaggerating assump-
tions, most notably that the whole core heats up
coherently, that the metals stay with the fuel, and
that the steam provision is not at all limited (see
the next part below). Our judgment is that the
core cannot melt down faster than in Case 1, let
alone the decay-power dependences explained in
subsection 4.2.2. In Cases 2 and 3, we limit the
maximum oxidation rates to relatively low val-
ues, and they do not really depend on the kinetic
factors such as surface areas and diffusion limi-
tations. Finally, the assumption of initial surface
areas does not have to be that bad either, from
the enveloping standpoint, especially for any
debris formed by cladding failures or candling.
It is, in fact, difficult to think of a configuration
that would have more surface area than the in-
tact cladding (2700 m2!)- If steam is bubbling
through melt pools (blocking flow channels), the
liquid-phase metal oxidation may be particular-
ly efficient, but our main hypothesis, for Case 1
to occur, is gradual melt relocation-induced
steaming (no big melt pool in the core).

Steam consumption

Cases 1—3 analysed above represent different
relocation scenarios. One of the major assump-
tions, common to all these cases, is that the whole
core melts down. This is an assumption maxi-
mizing the hydrogen generation, and without any
analyses confirming partial core melting, it is jus-
tified to assume complete melting. While Cases
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2 and 3 are certainly realisable from the steam
provision point of view, it is interesting to exam-
ine how extreme Case 1 actually is with respect
to steam consumption.

Table X (subsection 4.2.2) gives a Zircaloy oxi-
dation fraction of X a ~ 70 %, consuming -4800
kg of steam, in At ~ 1400 s. From Table IV (in
subsection 4.1.3), we can see that depressuriza-
tion from 10 bar to 2 bar already causes -6.6 m3

of the lower plenum water volume to flash. A
saturated steam flow rate of WH20 sa - 4800kg/
1400s - 3.4 kg/s, at primary pressure p - 10 bar,
can be passed by two SRVs (see Table XV in sec-
tion 4.5). If this steam is converted to pure hy-
drogen, the required pressure differential is much
lower even if the gas temperature is higher than
saturation temperature. Indeed, primary depres-
surization can provide steam to the core, and such
a scenario may be more probable than one would
first think. Namely, during decay power-induced
steam generation, say WH2Osat - 13.75MW/
2.2MJ/kg - 6 kg/s, the primary is kept at pres-
sure p - 10 bar. As the core dries out, the steam
generation gets smaller but steam heatup may act
to keep the pressure up. When hydrogen genera-
tion starts, also the depressurization is enhanced
and feedbacking positively to the steam and
hydrogen generation. This is an interesting com-
bination to be kept in mind when designing the
intentional depressurization function, for this type
of scenario might "definitely" lead to the Case 1
meltdown (no steam starvation in metal oxida-
tion) with a fast and large hydrogen production
potential.

Apart from depressurization, steam generation
can be induced by fuel followers and melt relo-
cation. The above-mentioned steaming rate is
equivalent to a decay power level of-0.5 %, and
it cannot be caused by followers provided that
they do not push coolant to the core (see subsec-
tion 4.1.3). The required melt relocation and
quenching rate is Wmclt ~7 kg/s, or -10000 kg in
1400 seconds. This can be effected by 2/3 of the
core steel assemblies melting at T -1500 K, when
the Zircaloy oxidation fraction is only a few per-
cent (see Table X). Alternatively, similar steam-
ing can be expected by moderate incoherence
between various core regions, with 10000/75000

~ 1/7 of the core starting to relocate when the
average core temperature is T - 1000... 1500. At
atmospheric pressure, the steaming rate above
corresponds to a volumetric flow rate of FH2Osat

~ 5.7 m3/s or superficial velocity of j H 2 0 sat ~ 0.92
m/s through the lower plenum flow area of A -
6.2 m2 (see Figure 2). This can cause high void
fractions, say 50 %, but at somewhat elevated
pressure even the voiding is suppressed (not that
it really matters, as voiding may actually push
coolant to the hot core!). For a chain of melt balls
("a pearl chain") falling down with a typical ve-
locity u - 1 m/s, the mass flow rate is Wmclt = (7C/
6)pD2u. Assuming density of p - 8000 kg/m3,
the ball diameter must be D - 4 cm to reach the
above-given melt relocation rate, or then there
has to be several jets or rivulets pouring down
from the core at the same time. With a pool depth
of 3 m, the melt fall time is - 3 s, and thus there
is m ~ 21 kg of melt in the pool at one time. With
a typical melt-coolant heat flux of q" ~ 2 MW/
m2, and a total power of P - 14 MW, the melt
surface area needs to be A = 6m/pD - 7 m2, and
thus the melt balls should be fragmented to par-
ticles of diameter D ~ 2 mm. This is clearly pos-
sible, too.

In conclusion, Case 1 appears not to be "extreme-
ly" extreme. Above, we discussed the hydrogen
and steam consumption rates averaged over the
whole heatup and melting period (from 1000 K
to melting). In fact, even the strong peaking to-
wards the end of the transient, as evident in Ta-
ble X, may be realisable.

4.2.4 Enveloping judgment

In subsections 4.2.1,4.2.2 and 4.2.3, we discussed
the core heatup and meltdown transient, and an-
alysed it with simplified heat balance and tran-
sient approaches. We also discussed the simpli-
fying assumptions in order to justify the use of
the results obtained.

Our main sources of quantitative estimates are
Tables VI (subsection 4.2.1) and X (subsection
4.2.2). We define Five oxidation levels, expressed
in terms of the whole-core Zircaloy oxidation
fraction in the range of X& ~ 10 %...100 %. The
time scales, in which such oxidation fractions can
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Table XL Hydrogen generation in the degrading
core.

be reached, are also divided into five regions, in
the range At ~ 500...8000 seconds. Table XI
shows our map on in-core hydrogen generation.
It is emphasized that the judgments of Table XI
concern only in-core hydrogen generation with-
out reflooding.

Comparing Table XI to the simplified transient
analysis, we allow some more time variation as
the "net" decay power may vary in the range
-0.5...2.0 % (instead of the 1 % level assumed in
Table X), not to mention the various sources of
phenomenological uncertainty. One can see that
as the oxidation fraction is increased, the time
scale is decreased. This is a natural consequence
of the core meltdown heat balance. In Loviisa,
we do not expect steam provision to be extreme-
ly limited (Case 3), and thus we consider Cases
1 and 2 to be more probable. With "net" decay
power levels (very low power and/or relatively
large heat losses) lower than -0.5 %, one could
fill also the right bottom corner of Table XI, but
as long as scenarios of the Case 1 type are not
precluded, they constitute the biggest challenge
for hydrogen management in the containment.
Thus, we keep Table XI as it is now, indicating
the main metal oxidation trend f or full core melt-
down.

Molten fuel-coolant interactions (section 4.3) and
reflooding of a degraded core (section 4.4) can,
naturally, add to the total hydrogen generation.
The difficulty in. analysing them is that they are
not heat balance-related as heat is being generat-
ed by metal oxidation, and removed by contact
with water, at the same time. Consequently, our
discussion of them, in the next two sections, is
rather brief.

4.3 Molten fuel-coolant
interactions

Hydrogen generation in molten fuel-coolant in-
teractions (FCIs) has recently been reviewed by
Fletcher, Turland and Lawrence (1992), and there
is no reason to repeat that here. Concerning the
in-vessel hydrogen production, Fletcher, Turland
and Lawrence concluded the following.
• Most model/parameters choices indicate that

the in-vessel FCIs would add a few percent
to total hydrogen production.

• No firm upper limit can be supported with
the data and models available, but oxidation
of more than 25 % of the remaining
zirconium seems unlikely.

• Some experiments involving corium
simulants or other materials suggest that
larger fractions of the metal (iron or
aluminum) could be oxidized, but these
results cannot be explained convincingly
using current models, and, again, no firm
upper bounds can be justified.

With the relatively large mass of steel in the Lo-
viisa core (not to mention the upper vessel inter-
nals), we choose equivalent 25 % oxidation of
whole-core Zircaloy as the upper bound for hy-
drogen production by in-vessel FCIs.

Analysis

We cannot pursue, here, any sort of transient anal-
ysis of the multidimensional FCI process. In any
case, it is in place to examine the overall condi-
tions that could yield the amount of hydrogen
corresponding to 25 % Zircaloy oxidation (nH2 ~
100 kmol; mH2 ~ 200 kg). The amount of metal
oxidized is either —4400 kg of Zircaloy or -5400
kg of steel, or, say, -5000 kg of metallic core
melt. The amount of steam consumed is mH20 -
1800 kg.

Metallic particles can be efficiently oxidized if
they are small, say D - 1 mm (or if the oxide
layer growing on larger particles is being contin-
uously "removed"). Alternatively, with larger
intact particles, say D - 10 mm, only the surface
layer can be oxidized before the growth of the
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oxide layer (solid-state diffusion) and the parti-
cle cooldown cut the oxidation (e.g., Kuan, 1987).
It can be thought that the metal masses oxidized
also cool down — they are quenched — during
the FCI time scales, constituting the minimum
steam generation potential under saturated cool-
ant conditions. The melt cooldown gives ~1 MJ
of heat and -5000 kg can thus produce -2500 kg
of low-pressure saturated steam (AhLG ~ 2 MJ/
kg-H,O). This is close to the consumption by
oxidation, however if metal is being oxidized,
the reaction heat is -6.4 MJ/kg-Zircaloy (-16 MJ/
kg-H2O) and~l MJ/kg-steel (-3.1 MJ/kg-H2O).
The former can outweigh, and the latter can com-
pensate for, the heat of vaporization. The gener-
ation of steam of temperature -1500...2500 K re-
quires ~2...3 times more heat than mere vapori-
zation (Ah^' - 4...6 MJ/kg-H,O), so that the net
effect may be slightly endothermic for steel but
still clearly exothermic for Zircaloy. Summariz-
ing, if-25 % of the metal is oxidized in saturat-
ed water, steam production is m ^ -2500 kg ( n ^
- 140 kmol) or much more; the addition depends
on metal oxidation heat, on cooldown of other
material than oxidized metal, and on voiding-in-
duced degradation of melt-coolant heat transfer.

We assume first that the FCI hydrogen produc-
tion occurs in the minimum time scale of core
meltdown, At - 1000 s. At atmospheric pressure
and saturation temperature (p - 1 bar; T - 400
K), the hydrogen and steam productions given
above fill a volume of VH2 = nH2RT/p - 3300 m3

and VH20 = nH20RT/p ~ 4700 m3, or V - 8000 m3

in total. Presuming that these gases flow uniform-
ly through the cross-sectional flow area of the
vessel lower plenum (A - 6.2 m2), the superfi-
cial gas velocity at pool bottom is, on average, j
= V/(A-At) ~ 1.3 m/s. This indicates a pool-top
void fraction of the order of a - 60 %, and if
there is any pressurization due to flow restric-
tions by the SRVs or the degraded core, the void-
ing can be considerably suppressed. Consequent-
ly, from the thermal-hydraulic point of view, the
25 % FCI-oxidation appears possible. This is, in
particular, if the core melt relocation is gradual
and consists of small, wide-spread, rivulets that

Table XII. Hydrogen generation in the degrading
core and in-vessel FCls.

At (s)

500

1000

2000

4000

8000

10

Case 3

25

Case 2

50

FCls

FCls

100

FCls

FCls

are easily fragmented (and oxidized) in the low-
er plenum water pool.

Tentative judgment

The main FCI influence is to increase the oxida-
tion fractions in the same time scale that the core
melts down. Thus, we add a few FCI-labeled
boxes to Table XI and obtain Table XII.

In Table XII, the upper oxidation fractions are
increased by a Zircaloy oxidation fraction of
25 %. This may be caused by oxidation of the
remaining Zircaloy, or, more likely, by combined
oxidation of Zircaloy and steel. It is emphasized
that the "FCI-boxes" are tentative and best ap-
plicable to the in-vessel accident phase. It also
should be noted that the FCI hydrogen genera-
tion potential "backs up" the upper ranges ob-
tained for the in-core hydrogen generation.

Better analysis

For better upper bounds on FCI-induced oxida-
tion, it might be fruitful to first perform transient,
multidimensional, FCI analyses. The time scales
of melt cooldown and landing, and the water pool
voiding potential, could then be combined with
oxidation analyses (and experimental data) to
estimate the maximum amount (and rate) of me-
tallic melt that could be oxidized during falldown.
The melt relocation mode is certainly a critical
factor, however the tentative analysis above in-
dicates that some voiding-induced limits may be
reached even with gradual and wide-spread relo-
cation.
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4.4 Reflooding of a degraded
core

To estimate the metal oxidation caused by re-
flooding of a degraded core is beyond current
analytical capability. The experiments have clear-
ly shown that any high-temperature metals ex-
periencing enhanced steam generation (and per-
haps reflooding-induced fragmentation as well)
oxidize efficiently. No firm upper estimates have
been presented, and we can only do tentative
judgment here. We consider only reflooding by
recovery of ECCS injection, although temporary
and/or limited reflooding could be caused by
voiding of the water pool in the vessel lower ple-
num (due to in-vessel FCIs or primary depressu-
rization-induced flashing).

It appears to us that the first question related to
reflooding-induced metal oxidation is the extent
of core regions that find themselves in an "ener-
getically oxidizable" state. At the time of reflood-
ing, a part of the core may be molten and per-
haps already relocated to the vessel lower ple-
num. If there is a melt pool in the core, any met-
als inside of it have a limited surface area. The
most critical question for oxidation of these met-
als is if steam could be pushed through the melt
pool, as otherwise it is difficult to think that met-
al oxidation could be more extensive than the
FCI-induced oxidation in the vessel lower ple-
num. It is, namely, inconceivable that a massive
melt pool could be fragmented (increasing the
surface area and thereby leading to oxidization)
by the reflooding-induced FCIs inside the core.
Further, a long-lasting steam pushup through a
large melt pool appears unlikely, since more fa-
vourable flow routes (with much less resistance
than that created by the melt pool crust and hy-
draulic head) should be available (created by
melting of the fuel cans and control assemblies).
Any melt material that has relocated to the ves-
sel lower plenum is outside the reflooding influ-
ence.

Consequently, the most oxidizable configuration
— with respect to the maximum whole-core hy-
drogen production potential in Loviisa—appears
to be a high-temperature core with partial melt-
ing and candling of metals, but with no gross melt
pool formation.17 In this context, one can think
of a situation where the core metals are hot, say
-1600...2100 K for Zircaloy and -1200...1700
K for steel, but mostly unmelted.

Analysis

In the uncovered (voided) regions, the main fac-
tors affecting the pace of oxidation are the metal
surface area and temperature, as well as the steam
provision. If we consider the intact Zircaloy thick-
nesses, Axda ~ 0.7 mm (mcla ~ 11800 kg; Acla -
2700 m2) and Axcan ~ 1 mm (mcan ~ 5800 kg; Acan

~ 760 m2), and compare them to the FCI results
indicating high oxidation fractions for small par-
ticles, it is seen that the oxidation fractions may
get high. The metals may, in addition, stay at the
steam environment for extended time periods,
and thus there is no immediate cooldown (as in
contact with water). By candling down, the met-
al surface area may decrease, but to estimate this
— or some bounds caused by it — is tedious.

The steam needed to oxidize all Zircaloy is -6900
kg, which can be provided by full TJ injection
(2-50 kg/s) in -69 s; this injection ceases para-
bolically as the primary pressure reaches p ~ 120
bar. The low-pressure TH injection (maximum
2-120 kg/s) can only operate up to primary pres-
sure p ~ 7.5 bar, and thus the injection is actually
determined by the primary leakage rate. With two
SRVs open, the saturated steam flow rate is only
-4 kg/s at p ~ 10 bar and -60 kg/s at p ~ 137 bar
(see section 4.5). The flow rate can be decreased
by steam superheating, and if the steam temper-
ature is fourfold (say, 1600 K instead of 400 K),
the mass flow rate gets two times lower. By con-

17 The average Zircaloy oxidation fraction was -45 % in the TMI -2 accident, corresponding to -67 % oxidation of the exposed,
once dried-out, Zircaloy (Croncnberg, 1992). Although the oxidation was certainly enhanced by reflooding, it appears to us
that the wet-core conditions (steam available) and high pressure (more heat losses) might have caused the high oxidation
fractions to be high anyway. In this respect, we do not feel that the formation of a large melt pool and high post-reflooding
oxidation fractions in TMI-2 are contradictory to our judgment on the most oxidizable (by reflooding) configuration.
Nevertheless, further considerations based on the TMI-2 data might turn out fruitful, especially if some differentiation
between pre and post-reflooding phases could be made, and the origin and location of most effective metal oxidation be
confirmed.
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trast, steam reduction to hydrogen (not changing
the gas volume) increases the equivalent flow rate
by a factor of three. Thus, depending on the pri-
mary leakages (SRVs; existing or induced breaks)
and ECCS available, the coolant injection into
the core could vary from -5 kg/s (withTH injec-
tion and two SRVs latched open) to -300 kg/s
(with both TH and TJ injecting at low pressure;
large primary break). The lower-range injection
rate can induce full Zircaloy oxidation in -1400
s and half Zircaloy oxidation in -700 s, and fast-
er oxidation can be caused by higher injection
rates.

Because the vaporization and heatup of steam up
to temperature -500...2500 K requires a heat of
AhLG' -2...6 MJ/kg-H,O, the steam provision for
full Zircaloy oxidation requires -14...42 GJ of
heat. The higher range can be aided by the Zir-
caloy oxidation heat (see section 4.3), while the
lower range requires an average cooldown of AT
~ 430 K of an unoxidized core (C - 32.5 MJ/K);
assuming that the lower fourth of the core takes
part in vaporizing the coolant, the temperature
drop is AT-1700 K.

The heat and mass balances examined above do
not indicate any obvious limiting factors for re-
flooding-induced oxidation of core metals. Nei-
ther could we find any well-justified value for
the minimum time scale required for extensive
oxidation. However, it appears reasonable to con-
sider the reflooding-induced oxidation in two
parts: above and below the v/ater level (see the
"Better analysis" part below).

Tentative judgment

The main influence of core reflood is to reach
high oxidation fractions fast, and to increase the
oxidation fractions reached by core degradation
and in-vessel FCIs. Thus, we add a few reflood
marks to Table XII and obtain Table XIII.

What we have done in Table XIII is that we de-
crease the lower time ranges to one half. This
can be considered, for example, as a situation
where half of the core has already melted (and
perhaps also relocated) and a fast reflood quench-
es the other half fast. At the same time, the

Table XIII. Hydwgen generation in the degrading
core, in-vessel FCIs and core reflood.

xZr(%)
At(s)

500

1000

2000

4000

8000

10

Case 3

25

* ^

Case 2

50

Refl.

Casei

> >̂
FCIs

75

Refl.

FCIs

100

Refl.

Refl.
FCIs
FCIs

quenched part reaches similar oxidation fractions
as the molten part. Alternatively, one may think
that only half of the core is significantly over-
heated before the reflood, and the reflood-induced
oxidation fractions are two times higher than the
meltdown-induced ones.

Apparently, Table XIII is tentative with respect
to the "reflood boxes", too, but we will use it as
a starting point for the containment estimates of
Chapter 5 (see section 5.1).

Better analysis

As long as the heat losses caused by gas flow
through the core arc moderate, as expected for
fast oxidation (note that we are now comparing
to the oxidation power), we can, perhaps, still
use the meltdown heat balance argument for Zir-
caloy oxidation (see section 4.2). This would
imply that full Zircaloy reaction (both cladding
and cans) cannot be reached without melting of
the fuel and oxidized Zircaloy. After melting,
relocation, and contact with water, the melt be-
haves like in FCIs. In addition, the surface area
may start decreasing as the metal masses are con-
centrated in the lower parts of the core. For steel,
one cannoi use the meltdown heat balance argu-
ment to bound the oxidation in the gas space, but
the core steel structures are more prone to melt-
ing and relocation. Consequently, large steel ox-
idation would probably require extensive frag-
mentation before contact with water, and any-
way the oxidation is hardly complete. These judg-
ments are apparently tentative, but they point
towards the direction that the maximum core-
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Table XIV. Influence of hydrogen on gas density and orifice mass flow.

coH2 (-)

M (g/mol)
xH2 (-)

(i+8xH2r (-)
(1+8xH2)"1'2 (-)

0

18.02
0
1
1
0

0.1

16.42
0.0123
0.911
0.954
0.0117

0.5

10.02
0.101
0.554
0.744
0.0749

0.9

3.616
0.502
0.199
0.447
0.224

1.0

2.016
1
1/9
1/3
1/3

degradation-induced metal oxidation are similar
to reflooding-induced oxidation; reflooding-in-
duced oxidation may be faster, though. Some
support to these ideas can be found in the review
and analysis of Cronenberg (1992; see Table VI).

Above, we noted some possibilities of finding
bounds to the reflooding-induced oxidation. This
is to be done by considering the "dry-metal" and
"wet-metal" oxidation separately, and by find-
ing some enveloping hypotheses and principles
for both of them. Combined with careful (but not
necessarily "best-estimate") transient, multi-
node, core analyses, we still feel that the reflood-
ing issue could be better cracked. We suggest that
such analyses be performed in future.

4.5 Hydrogen release into
containment

The hydrogen generated in the primary system
is released into the containment through breaks
or SRVs. The volumetric gas flow rate (FG), or
mass flow rate (WG), through an orifice can be
approximated by the following formula.

WG=pGFG

When the gas flow is supersonic, we use the ad-
iabatic speed of sound to estimate the volumet-
ric flow rate from the primary system at pressure
ppri. In this case, the "equivalent" flow area (A c )
and pressure difference (Ap) read as follows.

ppri

when

Under subsonic conditions, the primary-to-con-
tainment pressure difference (Ap), the orifice
flow area (A), and the flow loss coefficient (K)
determine the flow rate.

when p. / p G

In most cases of interest, the primary pressure is
much higher than that of the containment (Ap ~
pprj), and the heat capacity ratio (y= cp/cv) can be
chosen as y ~ 1.4 for steam and hydrogen. As-
suming, in addition, that the flow loss coefficient
is K ~ 1.4, the formulas above yield the same
result. We use these assumptions for a first esti-
mate. In real situations, there may be disconti-
nuity between the supersonic (critical) and sub-
sonic (subcritical) flow rate, concerning especial-
ly the SRV nozzles and other tedious flow routes.

With the capacity of one SRV (WG= 30 kg/s),
saturated steam density pG= 84 kg/m3, and pres-
sure ppri = 137 bar, we obtain the equivalent SRV
flow area of Acq=WG/(pGppr i)

a5 = 8.8 cm2. In the
following, we wish to calculate the SRV flow
rates for different pressures but also with vary-
ing gas composition. Presuming an ideal gas
mixture of steam and hydrogen, we obtain the
following gas densities as function of mole frac-
tions (CO) or mass fractions (x).

co,M.

MIH =2.016 g /mol ; M,[!0 =18..O2 g /mol

Some important parameters for hydrogen-steam
mixtures of different hydrogen mole fractions are
shown in Table XIV.

The third row from the bottom of Table XIV gives
the gas mixture density as fraction of steam den-
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Table XV.

P (bar)

pH20,sat C1

^H20,sat V

Steam flow through one SRV.
1

;g/m3) 0.590
kg/s) 0.21

TTVS); p = 1 bar 0.36

2

1.13
0.42

0.71

5

2.67
1.0

1.7

10

5.15
2.0

3.4

30

15.0
5.9

10

60

30.8
12

20

137
84.3
30
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sity. Because the orifice mass flow rate is rela-
tive to the square root of the gas density, the last
two rows give the total mass flow rate and the
hydrogen mass flow rate as fractions of pure
steam flow. With low hydrogen mole (volume)
fractions, such as C0H,~0.1, the mass flow rate
remains nearly unchanged and only ~1 % of it is
hydrogen. At the other extreme, as the flow is
pure hydrogen, the mass flow rate is one third of
pure steam flow.

Table XV gives the mass flow rates of saturated
steam through one SRV, as function primary sys-
tem pressure. Because we estimate the mass flow
based on primary pressure only (critical flow),
the values given for low pressures are certainly
not correct; we do not know the flow loss coeffi-
cients, but the flow should decease at ambient
pressure, at the latest. The last row of Table XV
gives the volumetric steam flow rate after steam
expansion to ambient pressure (p = 1 bar; T ~
373 K). With pure hydrogen, the mass flow rates
(WH2) are about one third of the steam rates, and
the volumetric flow rates (FH2) three times high-
er than those of pure steam.

It is expected that the depressurization system,
which is being designed for Loviisa, will involve
relief valve capacity of the same order as that of
the SRVs. Should two such valves be latched open
in a station blackout, the primary pressure would
equilibrate at a pressure of p ~ 10 bar prior to
core uncovery. This can be seen from Table XV.
Two SRVs remove WH20 ~ 4 kg/s at p - 10 bar,
and it takes about P ~ 8 MW (0.6 %) of decay
power for such a steaming rate; at p ~ 30 bar, the
corresponding values are WH20 - 1 2 kg/s and P~
22 MW (1.6 %). If there are breaks in the prima-
ry system, the pressure can drop lower, especial-
ly if aided by relief valve opening.

If the above-mentioned steaming rates are con-
verted to hydrogen, the release can be effected
by a primary over-pressure that is only about one
ninenth of the estimates above. If, on the other
hand, the primary over-pressure is kept the same
as above, the hydrogen mass flow rates are three
times lower, and volumetric flow rates three times
higher, than those of pure steam. It is not an easy
task to estimate the exact gas composition in the
primary system. The main trend after the onset
of core degradation is that mainly hydrogen flows
out of the core unless, perhaps, water is being
sprayed on top of the core (core reflood from the
top).

Assuming that the primary outflow is mainly
hydrogen at the time of most active hydrogen
generation, one can see that two open SRVs or
any breaks of similar size (A~20 cm2 or more)
are very efficient in removing hydrogen from the
primary. With two SRVs open and primary pres-
sure at p ~ 10 bar, the hydrogen mass flow rate is
WH2 - 1 .3 kg/s (equal to a whole-core Zircaloy
oxidation rate of -170 % per 1000 seconds),
which amounts to F, r - 20 m3/s at ambient pres-
sure and T = 373 K.18 If the gases are at higher
temperature than saturated primary pressure, the
mass flow rates can be a few times lower; for
example, if the gas release temperature is 1600
K, instead of 400 K, the density is four times
lower and the mass flow rates two times lower
than given above. By contrast, the volumetric
flow rates are increased by higher gas tempera-
ture. Finally, one should note that/we hydrogen
is considered above (implying excessive airflow
rates in the containment if the hydrogen is to be
mixed with air to a mole fraction of 10 % or less).

18 One should note that with such a volumetric flow rate, the gas velocity at the exit of the bubbler (the "quench tank" into
which the SRVs blow; exit diameter D » 30 cm), for instance, is -280 m/s.
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One cannot rely on the primary system as a sig-
nificant buffer for storing large amounts of hy-
drogen prior to release into the containment.
Under certain conditions, namely with no large
primary breaks and only the SRVs latched open,
the primary may pressurize some. The total vol-
ume, however, is only of the order of V ~ 200
m\ Pressurization to 10 bar, for example, increas-
es the "effective" capacity by ten times, which is
still not that large compared to the lower con-
tainment compartment. Further, the possibility of
additional breaks is increased if the overheated
structures are pressurized high. In any case, if
one assumes that the primary gas volume is the
above-given one, pressure is p — 10 bar, and gas
temperature is T ~ 1000 K, the maximum hydro-
gen inventory is nH, ~ 24 kmol, corresponding to

a whole-core Zircaloy oxidation fraction of X a

~ 6 %. At 10 bar pressure, two open SRVs can
almost pass pure hydrogen with the maximum
rate indicated in the upper right corner of Table
XIII (section 4.4).

It appears reasonable to assume that hydrogen
(and steam) generated in the primary system (or
in the reactor cavity, for that matter) is released
to the containment at approximately the same rate
as generated. Higher release rates, and tempo-
rary storage, can be caused by primary pressuri-
zation if not prevented by adequate relief capac-
ity. As a matter of fact, such situations can,
through structural failures, lead to more or less
sudden hydrogen releases into the containment,
and must therefore be prevented.
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5 HYDROGEN BEHAVIOUR IN
CONTAINMENT

In this chapter, we turn our attention to the main concern, hydrogen behaviour inside the
containment. First we consider hydrogen distribution in the containment, and then we
study the use of experimental results, such as the scaled-down VICTORIA tests of IVO.
Finally, we will examine hydrogen combustion and related loading potential.

5-1 Hydrogen distribution

In this section, we focus on gas convection and
mixing in the containment. The main objective
is to estimate conditions in the lower com-
partment, into which hydrogen and steam enter

5.1.1 Hydrogen sources

In order to perform any analysis on hydrogen
behaviour in the containment, we need to have
some idea of the hydrogen generation and release
characteristics. From Chapter 4, we propose Ta-
ble XVI as a tentative starting point. The amount
of hydrogen generated and released into the con-
tainment is expressed in terms of an equivalent
Zircaloy oxidation fraction, with XZr ~ 100 %
corresponding to a hydrogen mass of mH2 ~ 780
kg (nH, ~ 390 kmol). The release time is At ~
500...8000 seconds. Cases 1 and 2 of Table XIII
(in section 4.4) are considered most probable, and
thus appear darker in Table XVI. The other parts
of the map — related to Case 3 or hydrogen gen-
eration aided by FCIs or core reflood — are in-
dicated by the "marginal" shade.

At this point, we do not define any "categories"
for steam generation and release, which definitely
influence convection patterns in the containment.
Nevertheless, we will study the steam effects in
what follows.

5.1.2 Gas convection in a large loop

Main convection loop

In our previous work (Okkonen, 1993), we ex-
amined a situation where gas is being removed
from a hot compartment through "a chimney" by
natural circulation, which also brings some cold
air back to "the fire place". Because the recent
VICTORIA experiments (Lundström, 1995) in-
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Table XVI. Hydrogen generation and release
caused by core melting.

At(s)

500

1000

2000

4000

8000

10

C a s e 3

25

; s

Case 2

50

Refl.

- -_

Casei

FCIs

75

Refl.

FCIs

100

Refl.

Refl.
FCIs

FCIs

Explanation

Unlikely

Marginal

Possible

Tentative probability

0.01

0.1

1.0

Shade

•

dicate this type of behaviour for the Loviisa con-
tainment configuration, and even the magnitude
appears to agree with the "chimney" estimates
(see section 5.2), we use the same steady-state
approach here. Still, despite some limited sup-
port from experimental data, we cannot have full
reliance on the simplified loop analysis; the rea-
sons for such reservation are explained in the
"Complications" part of this subsection.

In any case, we make first the following approx-
imations and assumptions.
1. Gas is being removed from the lower com-

partment (1) by a steady volumetric flow rate
F, and gas temperature T,.

2. Gas is being brought into the lower com-
partment from an upper compartment (2) by
a volumetric flow rate F2 and gas temperature

3. In the upward section of the circulation loop,
the height of which is H, the gas density in-
creases exponentially from p, to p2. The in-
crease in gas density is due to steam conden-
sation and gas cooldown from T, to T,; with
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Table XVII. Steady-state natural circulation governed by the bypass of intermediate-deck doors.

(°C)

60
70
80
90
100
200
300
400

60
70
80
90
100

60
70
80
90
100

coH21

(%)

0
0
0
0
0
0
0
0

0
0
0
0
0

10
10
10
10
5

COH2O,1
(%)

0
0
0
0
0
0
0
0

18.1
28.3
43.1
63.7
92.1

18.1
28.3
43.1
63.7
92.1

Pi
(kg/m3)

1.15
1.11
1.08
1.05
1.02
0.807
0.666
0.567

1.07
0.994
0.906
0.800
0.669

0.961
0.891
0.806
0.702
0.622

(P2-Pi)/P2

( • )

0.179
0.207
0.229
0.250
0.271
0.424
0.524
0.595

0.236
0.290
0.353
0.429
0.522

0.314
0.364
0.424
0.499
0.556

C*
(")

.0930
0.106
0.118
0.130
0.141
0.231
0.294
0.341

0.123
0.152
0.188
0.234
0.292

0.166
0.195
0.231
0.277
0.315

F2
(m3/s)

9.65
10.3
10.9
11.4
11.9
15.2
17.1
18.5

11.1
12.4
13.7
15.3
17.1

12.9
14.0
15.2
16.7
17.7

F2(T,)
(m3/s)

11.8
12.9
14.1
15.2
16.2
26.3
36.0
45.5

13.5
15.5
17.8
20.3
23.4

15.7
17.5
19.7
22.1
24.2

F,
(m3/s)

11.8
12.9
14.1
15.2
16.2
26.3
36.0
45.5

16.5
21.7
31.2
56.1
295

21.8
28.4
41.9
84.3
830

W
"H2O.1
(kg/s)

-

-

2.14
4.26
9.06
23.5
174

2.83
5.60
12.2
35.3
490

w H 2 1
(kg/s)

-

-

-

-

-

0.175
0.221
0.316
0.619
2.98

very high hydrogen concentration, steam con-
densation could make the gas lighter, but un-
der the bulk conditions of interest here, steam
condensation leads to a heavier gas.

4. In the downward section, the gas density (p2)
and temperature (T2) are constant.

5. The natural circulation is effected by the den-
sity differences between the upward and
downward section.

6. The natural circulation flow is restricted by a
single orifice (superscript *) with flow area
A* and loss coefficient K*. The orifice is as-
sumed to exist on the downflow side of the
circulation loop.

7. The gases are treated as ideal mixtures of ox-
ygen, nitrogen, steam and hydrogen.

8. The lower compartment gas composition cor-
responds to steam-free (coH20 = 0) or saturat-
ed conditions (coH20 = PH2Osa/P)' anc* n o r m a l
air mixture (coN, = 0.79cuO2/0.21). Hydrogen
mole fraction (coH2) is treated as independent
of gas pressure and temperature.

9. The gas flowing into the lower compartment
is assumed to contain only air. The inflow first
expands to reach the lower compartment air
density, increasing the volumetric flow rate
from F, to F2(T,) = F2T,/T2. Further, since there
is no steam or hydrogen flowing in, the con-

servation of air mass requires that the outflow
be larger in accordance with the lower com-
partment steam and hydrogen fraction [F, =
F2(T,)/(l-coH20-coH2)].

We integrate the density difference over the cir-
culation loop height.

'H

F *

A*

p*

By assuming that the orifice passes the air that
flows into the lower compartment (F* = F2; p* =
p2), and that the inflow air temperature is T2 = 0
°C (p, = 1.40 kg/m3), we obtain the results of
Table XVII, where the pressure is selected to be
p = 1.1 bar. As in our previous study (Okkonen,
1993), the orifice parameters are selected to rep-
resent a situation where the gas flow is restricted
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by the bypass of the intermediate ice-condenser
doors, implying K/A2 ~ 1/3.4 m2. In all analyses
(if not otherwise stated), we assume that the lower
ice-condenser doors are forced open. The
cooldown of the gas flowing upwards is assumed
to take the whole height of the ice section, that
is, H~ 15 m.

The first part of Table XVII assumes a steam-
free and hydrogen-free lower compartment. The
volumetric cold-gas inflow rates (F2) to the low-
er compartment are the same as in the previous
study (Table 8.3.1; Okkonen, 1993), where we
did not account for steam in gas density. This
can be a reasonable assumption if steam condens-
es much faster than the gas cools down, which
is, probably, not the case even for an ice con-
denser where cold "rain drops" are falling against
the rising gas flow. Should the lower compart-
ment be steam and hydrogen-free, the air inflow
and outflow would, of course, be equal [F2(T,) =
FJ under steady-state conditions.

Taking into account steam influence on density
of the circulating gas, in the second part of Table
XVII, the inflow rates are higher. The steam re-
moval rate (WH20,) can be considered as the dif-
ference between steam release into the lower
compartment and steam condensation on the low-
er compartment structures. If this removal rate is
known, one can estimate the lower compartment.
conditions from Table XVII, though one should
note that at the higher temperature and steam re-
moval range, the pressure losses caused by steam
flow into the ice condenser could start dominat-
ing. With a net steam generation rate of WH20, -
2...20 kg/s, the lower compartment temperature
varies as T, - 60...90 °C and steam mole fraction
as coH201 ~ 20...70 % (depending on pressure, too);
in this range, doubling the net steaming rate rais-
es the temperature by ten degrees or so. The tran-
sient HECTR analyses give similar results (e.g.,
Okkonen, 1990a), even if the steam generation
rates are varying in time.

The third part of Table XVII considers the influ-
ence of hydrogen on the circulation flow. One
can see that the flow rates increase some with a
hydrogen mole fraction of (£>w - 10 %. The hy-
drogen concentration difference between the in-

flow (assumed to be hydrogen-free) and outflow
must be less than this to avoid detonations, and
thus one can almost neglect the hydrogen effect
on bulk natural convection conditions. The low-
ermost row of Table XVII involves a lowered
hydrogen mole fraction, as otherwise the steam
and hydrogen fraction would exceed unity. The
hydrogen removal rates are not immaterial, even
if one decreases them by a factor of five, corre-
sponding to an in-out mole fraction difference of
2 % (say, 6 % in the lower and 4 % in the upper
compartment). A hydrogen removal rate of WH,,
- 0.1 kg/s, for example, corresponds to a whole-
core Zircaloy oxidation rate of 13 % in 1000 sec-
onds.

Sensitivities

Based on the above-given formulas, one can es-
timate the sensitivity of the natural circulation
flow rates. First of all, we assumed that the cir-
culation flow is restricted by one orifice on the
downward side of the natural circulation loop. If
the density of the air flowing through the orifice
is different from the cold-gas density, the air mass
flow rate to the lower compartment is changed.
The mass flow rate is relative to the square root
of the gas density. For example, if the air tem-
perature is 40 °C (instead of 0 °C) at the orifice
(and only there), the mass flow rate is lowered
by a factor of V273/313 - 0.93; with an air tem-
perature of 80 °C, the factor is V273/353 - 0.88.
One can see that such variations, due to gas den-
sity variations, are relatively minor compared to
other uncertainties.

If the intermediate ice-condenser doors are open,
and there are thus no major orifices restricting
the gas flows, the orifice parameter (K/A2)*~l/
3.4 m2 may be about twenty times lower. This
means that the flow rates are increased by a fac-
tor of ~ V20 ~ 4...5, and the lower compartment
gets colder and less "steamy". Certainly, by de-
creasing the lower compartment temperature and
steam fraction, the ice melts faster in the ice con-
denser as less steam condenses onto the lower
compartment structures (concrete, in particular).
This can be seen also in calculations with or with-
out natural circulation, such as the transient HEC-
TR and MARCH analyses (e.g., Okkonen,
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1990a), where circulation (HECTR) leads to
much faster ice melting. Another aspect of in-
creasing the circulation flow is that hydrogen
removal is increased, too; more on potential hy-
drogen concentrations in subsection 5.1.3.

We assumed above that the whole ice section
height is in use for exponential decrease of the
gas temperature (increase in density). In Table
XVII, we can see that C* is about half of the di-
mensionless density difference [(p2-p,)/p,]. This
means that the "effective" hot-channel height is
about half of the true height. If we did not as-
sume any gradual cooldown of the upward flow,
but rather an instant cooldown at the channel top,
we would need "a chimney" height two times
smaller to effect the same flow rates (half of the
ice melted from the bottom, for instance). Fur-
ther, if there is no ice left to cool the upward flow,
the flow rates are ~ V2 ~ 1.4 times higher than
given in Table XVII; one should note that C* and
the dimensionless density difference are equal in
this case. By contrast, if the gases going upwards
cool down even more efficiently than assumed,
the flow rates are smaller than indicated.

Whether there is an orifice restricting the big cir-
culation flow or not, it is in place to consider also
the differences between the lower compartment
inflow and outflow rates. Namely, when the lower
compartment steam (and hydrogen) fraction is
high, the outflow rate is several times larger than
the inflow rate and it may be unreasonable to
consider pressure losses only on the down-flow
side of the loop. Assuming that the downflow is
restricted by the orifice (intermediate ice-con-
denser door bypass) assumed above, the pressure
losses on the upward side reach similar levels if
the outflow is ~ ^20 ~ 4...5 times larger than the
inflow; one should recall here that without an
orifice (doors opening readily for the upward
flow), the flow loss parameter (K/A2) is about
twenty times lower. This implies that the lower
compartment must be almost full (3/4...4/5) of
steam and hydrogen, which is expected only for
some cases where gas circulation is of little in-
terest anyway. On the other hand, if there are no
orifices, the lower compartment inflow and out-
flow rates are similar provided that the steaming

rates are low. The main influence of these in-out
differences is that the steaming rate required for
high steam concentrations in the lower compart-
ment does not increase as steeply as indicated in
Table XVII. With an orifice-controlled circula-
tion, the error is not significant, while under ori-
fice-free circumstances one could use the esti-
mated in-out average as the lower compartment
outflow rate.

It may also be of interest to estimate the flow
rate that can stop all gas circulation through the
main loop. We assume that the flow stopping the
circulation is caused by a high steaming rate, rais-
ing the lower compartment temperature to satu-
ration at T, ~ 100 °C and p ~ 1 bar (p, ~ 0.6 kg/
m3). The condition for complete decease of cir-
culation is that steam upflow causes higher pres-
sure loss than potentially "recovered" by the cold-
gas on the downflow side. We assume full densi-
ty difference throughout the height of the upflow
and downflow side.

By allowing full effect of the ice-section height
(H ~ 15 m; p2 ~ 1.4 kg/m3), and applying the
orifice-free loss coefficient for the steam outflow
(K/A2 - 1/70 m4), we obtain F, > 170 mVs or
WH201 > 100 kg/s. These values are orders of
magnitude, for also the exact flow loss parame-
ter and the behaviour of steam flowing into the
ice condenser are difficult to estimate in case of
rapidly condensing flow. Further, during the first
"air pushup", the gas density is higher and the
gases flow throughout the ice condenser, which
is not yet "hot"; in effect, the steaming rate re-
quired for temporary circulation stop may be
lower than for continuous steam flow. Anyway,
we can see that the order-of-magnitude limit co-
incides with the steaming rates filling the lower
compartment by steam in Table XVII; while with
an orifice-controlled flow, a steaming rate of
WH20, — 100 kg/s induces a steam mole fraction
of eoH20, - 60...90 % (T, ~ 90...100 °C at p - 1.1
bar), the decease of orifice-free circulation oc-
curs at the lower range of these conditions.
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Finally, we examine the actual pressure differ-
ences that we are playing with in case of natural
circulation. Using the density difference of 100
°C steam and 0 °C air, the hydraulic cold-gas head
is (p2-p,)gH - 0.8-10-15 Pa - 120 Pa (-12 kg/
m2). If the intermediate ice-condenser doors,
which are not extremely light (-27 kg/m2; open-
ing pressure differential -260 Pa), are closed, they
can also resist the gas upflow, or direct it through
the bypass.

Complications

Above, we assumed that there are no great den-
sity differences elsewhere than between the ice-
section part of the circulation loop. If the circu-
lation goes upwards through one ice condenser
sector ("hot") and downwards through the other
("cold"), at least the upper and lower plenums of
the ice condenser add to the effective height.
While the lower plenum may behave similarly
as the ice section (hot in both or cold in both),
the upper plenum may have a contrary effect
when comparing the two sectors. As long as there
is ice left, the "hot" ice section may have a cold
upper plenum, and the gas flowing from the up-
per compartment may fill the other upper ple-
num of the "cold" ice section with a little warm-
er air. Nevertheless, the upper compartment air
flowing into the "cold" sector can hardly offset
much of the driving density difference. If, on the
other hand, the ice has melted from the "hot"
sector, the effective height (with full density dif-
ference) is determined by steam condensation and
air cooldown during downflow through the
"cold" sector. Here, any negating mechanisms are
minimized and even the upper plenum height is
in use until the upper compartment temperature
and steam fraction are increased. Consequently,
for a circulation loop over the whole containment,
it is expected that the circulation is fairly steady
until the ice of the "hot" ice condenser sectors
melts away, and at this point the circulation flow
may become even somewhat accelerated. In any
other parts of the containment taking part in nat-
ural circulation, there should not be large hori-
zontal density differences, because there is no
horizontal separation. Thus, the upper or lower
containment compartment, being relatively open,
cannot add to the density differences driving the
big circulation loop (see subsection 5.1.5).

The existence of the big circulation loop, as att-
alysed above, is not yet fully clear, though the
recent VICTORIA test results report major cir-
culation patterns to exist (Lundström, 1995). For
the loop analysed, the "hot" channel needs to be
hot in the sense that it is warm at the bottom and
cold at the top. This would imply that the ice melts
uniformly from the bottom, but this seems not to
be the case in the VICTORIA tests, where local
steam channeling has been observed. Such chan-
neling can only be induced by buoyant steam
plumes exiting the lower compartment. They af-
fect the major loop only if their lateral extent is
significant compared to the length scales of the
ice section, implying good mixing during plume
rise. The scaling effects of this phenomenon are,
therefore, of crucial importance for applying the
test indications to reactor situations. If the plumes
flowing into the "hot" ice section are not big
enough to change the bulk gas conditions at dif-
ferent elevations, it is actually the plume-induced
"suction" effect that drives the light-gas remov-
al from the lower compartment, instead of the
overall density differences over the big circula-
tion loop. The analysis of such plume escape ap-
pears much more involved than the simplified
loop analysis above, and depending on the reac-
tor-scale behaviour (scaling), the main circula-
tion pattern may change, too. In our previous
study (Okkonen, 1993), we wondered about the
possibility of circulation only within separate ice
sectors. We will examine the ice condenser be-
haviour, among others, in subsections 5.1.4 and
5.1.5, as well as in section 5.2 (experiments).

5.1.3 Hydrogen concentrations

When considering hydrogen behaviour in vari-
ous parts of the containment, we are interested
in mole fractions of the gas species, most nota-
bly hydrogen, steam and air. We use here the
steady-state circulation estimates of Table XVII
to estimate the lower compartment hydrogen
concentration.

The hydrogen removal rate from the lower com-
partment is WH2, - 0.1...0.5 kg/s if there is 10 %
difference in the inflow and outflow hydrogen
mole fraction, and if the lower compartment tem-
perature is T, - 60...90 °C (coH20, - 20...60 %;
WH201 -2...20 kg/s). The removal rate may be
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increased by a factor of ~5, if all ice condenser
doors are (forced) open. We use the higher re-
moval rate here, that is, WH,, ~ 0.05...0.25 kg/s
per 1 % in-out difference in H, mole fraction.
Table XVIII gives the steady-state difference
between hydrogen mole fraction in the lower
compartment inflow and outflow, as function of
hydrogen release characteristics.

The lower range of the hydrogen "surplus" in the
lower compartment, corresponding to high flow
rate and steam mole fraction, is only AcoH2 ~
0.2...2.4 % in the darker (more expected) part of
Table XVIII. However, we assumed very efficient
circulation, implying vast steaming rates to in-
duce high steam mole fraction and low gas den-
sity. On the other hand, from the upper part of
Table XVII, we can see that with pure air circu-
lating, a lower compartment temperature in-
creased to T, ~ 200...300 °C can substitute for
the steam-induced buoyancy. Consequently, if
hydrogen burns continuously in the lower com-
partment, the natural circulation — enhanced by
opening of the ice-condenser doors — may lead
to almost uniform hydrogen distribution in the
containment compartments taking part in circu-
lation. The upper "surplus" ranges of Table XVIII
can be viewed as cases where the circulation is
enhanced but the lower compartment steam frac-
tion is low (not much steam injection), or, alter-
natively, as situations where the circulation is not
enhanced (by opening of the intermediate ice-
condenser doors) but the lower compartment
steam fraction is raised by intermediate steam-
ing rates. The values of Table XVIII provide only
orders of magnitude, for the flow rate difference
between the lower compartment in and outflow
was not accounted for (more in section 7.1; Ta-
ble XXIV).

Initially, the amount of air in the containment is
na.r = 2400 kmol (p = 1.01 bar; T = 300 K; V =
60000 m3). Mixing the hydrogen generated by
Zircaloy oxidation with the initial air, the hydro-
gen mole fraction [coH, = nH,/(nair+nH2); nH,
=XZr-380kmol] is coH2 = 3".8 % with X& = 25 %,
coH2 = 7.3 % with X& = 50 %, and coH2 = 14 %
with X& = 100 %. When considering the hydro-
gen mole fractions in various parts of the con-
tainment, we need to combine the estimates on
spatial differences (Table XVIII) with hydrogen

Table XVIII. Hydmgen mole fraction surplus (%)
in the lower compartment.

Xzr(%)

mH2(kg)

At(s)

500

1000

2000

4000

8000

10

80

0.080
...0.40
0.040
...0.20

25

200

ifiiol

0.10
...0.5

50

400

3.2
...16

P8QJ

mm

0.20
...1.0

75

600

4.8
...24

0.60
...3.0

100

800

6.4
...32

3.2
...16
1.6

...8.0

combustion analysis. One should also note that
only half of the upper compartment is above the
ice condenser level and the gases released to the
dome may get stratified, if not enough cooled, or
stirred, by external or internal spray.

We will return to the hydrogen combustion as-
pects, including hydrogen concentrations, air
availability and steam inerting, in section 5.3.

5.1.4 Counter-current convection

In this subsection, we make an attemp to esti-
mate the gas exhange between the lower com-
partment and the ice condenser in case there is
no major convection loop going upwards through
one ice condenser sector and downwards through
the other. Further, we try to figure out, which of
the two extremes (only one big loop or no big
loop at all) is more likely, or if the true situation
is actually a superposition of the two solutions.

Main analysis ideas

Basically similar situations have been studied
particularly for fire problems, concerning enclo-
sures vented by different types of openings (e.g.,
Epstein, 1988; 1992; Epstein and Kenton, 1989).
The most unique features of the natural circula-
tion-driven "ventilation" of the Loviisa lower
compartment, on the other hand, are related to
the long ice section which the flows have to pass
before entering into the upper compartment. If,
in addition, the driving buoyancy is caused by
high temperature and/or steam fraction in the low-
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er compartment (as expected), the gases are
cooled and condensed in the ice passage. We think
that this fact — together with the large scales —
may cause the main convection patterns to be
different from the big circulation loop configu-
ration, that is, to involve counter-current convec-
tion within separate ice sectors or parts of them,
only.

Certainly, if there is a lot of light gas component,
such as hydrogen, in the gases flowing into the
ice condenser, the gas cooldown and steam con-
densation may not be enough to get rid of all the
original buoyancy, as compared to other parts of
the containment. Let us first consider the density
of an ideal gas mixture of air, steam and hydro-
gen. For an ideal gas mixture, we can use the
average mole weight as a measure of density
(p = pM/RT).

M = co^ • 28.8 + coH20 • 18.0 + coH, • 2.02

= 28.8 • (1 - 0.38 • coH20 - 0.93 • coI12)

Using air density at T - 0 °C as the base, the
relative air density is 0.92 at T - 25 °C, 0.85 at T
- 50 °C, 0.78 at T ~ 75 °C, and 0.73 at T ~ 100 °C.
The same effect on density can be obtained by a
steam mole fraction of coH20 ~ 22...71 % or a hy-
drogen mole fraction of coH, ~ 9...29 % (temper-
ature still assumed to be T ~ 0 °C, though higher
steam mole fraction would require higher). Thus,
if the hydrogen mole fraction is below the lower
range above, and the gases exiting the ice con-
denser are atT ~ 0 °C, they are negatively buoy-
ant in the upper compartment (T - 25 °C or more).
Further, if the steam condensed is replaced by
air in the ice condenser, the gas mixture surely
gets heavier than the bulk gas mixture in the lower
compartment.

The ice condenser does not, in principle, promote
gas rise into the upper compartment. Exceptions
to this are situations, where there is no ice left in
the ice sector, or where buoyant (hot or hydro-
gen-rich) plumes penetrate the ice condenser. The
situation may, in addition, be quite sensitive to
the initial state of the ice condenser, including
any asymmetry between the ice condenser sec-
tors. Any experimental results have to be inter-

preted with great care, whether the test perform-
ance or the scaling aspects are considered; more
on this in section 5.2.

Venting through one opening

Epstein and Kenton (1989) presented methods
for estimating combined natural convection and
forced flow through small openings. For a rec-
tangular opening in a vertical partition (horizon-
tal flow), they give the following formulas; we
mark the "net" volumetric flow rate between
compartments 1 and 2 by Fnct, resulting from out-
flow at rate F and inflow at rate F,.

when Fnc,<Fn; Fn c ,=F,-F2

Above, Fcc is the purely buoyant-driven, coun-
ter-current, exchange flow rate (F, = F2 = Fcc; Fnct

= 0). If the net flow rate exceeds Fn, the "flood-
ing" limit, the backflow is eliminated (F2 = 0;
Fncl = F,). In addition to the opening height (L)
and area (A), also the discharge coefficient (CD)
is given, and it can be related to the loss coeffi-
cient by CD= l/VK.

For a round opening in a horizontal partition (ver-
tical flow), also the dependence on the flow path
length-to-diameter ratio (L/D) is given (Epstein,
1988; Epstein and Kenton, 1989); for a square
opening, with characteristic length S, one can
choose D = 1.1 S.

when Frc,<Fn; Fn c l=F,-F2
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Table XIX.

T1 <

(°C)

60
70
80
90
100
200
300
400

60
70
80
90
100

60
70
80
90
100

Counter-current exchange via

(%)

0
0
0
0
0
0
0
0

0
0
0
0
0

10
10
10
10
5

c o H 2 O 1

(%)

0
0
0
0
0
0
0
0

18.1
28.3
43.1
63.7
92.1

18.1
28.3
43.1
63.7
92.1

Pi

(kg/m3)

1.15
1.11
1.08
1.05
1.02
0.807
0.666
0.567

1.07
0.994
0.906
0.800
0.669

0.961
0.891
0.806
0.702
0.622

lower doors of one ice-condenser sector.

2(P2-P,)/
(P2+P,)
( • )

0.198
0.227
0.255
0.283
0.309
0.536
0.709
0.845

0.267
0.337
0.426
0.544
0.705

0.370
0.443
0.537
0.663
0.768

Fcc

(m3/s)

19.3
20.7
21.9
23.1
24.1
31.7
36.5
39.9

22.4
25.2
28.3
32.0
36.4

26.4
28.9
31.8
35.3
38.0

W
H2O.1

(kg/s)

-
-
-
-
-
-
-

2.91
4.96
8.23
13.4
21.4

3.42
5.68
9.24
14.8
22.4

WH21

(kg/s)

-
-
-

-
-

-

-

0.211
0.224
0.240
0.259
0.136

c c c =
0.055[l + 400(L/D)3]"

{l + 0.00527[l + 400(L / D)3]"2 [(L / D)6

0.19[l + 4000(L/D)3]"9

•117(L/D)2f}"3

14/9WD r

{l + 0.05091(L / D)16'7 [l + 4000(L / D)3 ]

Here, we are mainly interested in the counter-
current flow rate and the "flooding" limit. We
estimate first the exchange flow through fully
open lower doors of one ice condenser sector
(vertical partition; L = 2.2 m; A = 40 m2; K = 2;
CD = 0.7). We assume the same conditions as in
Table XVII, with the lower compartment condi-
tions on the front side of the doors, and the ice-
condenser conditions on the back side (p « 1.1
bar; cold air; T2 = 0 °C; p2 = 1.40 kg/m3). We
obtain the results shown in Table XIX.

From Table XIX, we can see that the counter-
current exchange is very efficient, indeed. Com-
paring the volumetric flow rate (Fcc) with the cold-
air downflow of the bir circulation loop, F2 in
Table XVII, the counter-current flow through one
sector is two times larger. This is, of course, main-
ly due to the larger flow area (now K/A2 = 2/402

•11/4

= 1/800 1/m4, which is -240 times lower than K/
A2 ~ 1/3.4 1/m4 assumed in Table XVII). If we
assume that the intermediate-deck ice-condens-
er doors are open, too — in contrast to Table XVII
— the circulation of the big loop can get ~4...5
time higher, in which case the loop flow is ~2...2.5
time higher than the counter-current exchange
indicated by Table XIX. Recalling that the flood-
ing limit is ~2"̂ 2 = 2.8 times higher than the pure-
ly counter-current exchange, one can constitute
that the downflow of the big loop may stop the
counter-current upflow if the intermediate-deck
doors are forced open, and perhaps vice versa in
the other sector with net upflow.

The above-given correlations of Epstein are best
applicable to small openings, and we think that
this concerns especially openings in horizontal
partitions with a vertical flow direction. Howev-
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er, we can see that for short openings (orifices),
the counter-current exchange is about four times
higher for horizontal flow (vertical partition;
height L) than for vertical flow (horizontal parti-
tion; diameter D) provided that the respective
length scales are the same. With this in mind,
one can think that the above-examined "flood-
ing" limit could be more easily reached, as the
flows between the ice condenser and the lower
compartment go upwards in an annular space (see
Figures 3 and 4) that is of the same flow area as
the lower ice-condenser doors.

Venting through two openings

For two openings in a horizontal partition, Ep-
stein (1988) and Epstein & Kenton (1989) pre-
sented a method to predict the natural circula-
tion pattern. First, one can estimate the flow
around the main circulation loop going upwards
in one opening and downwards in the other. This
analysis can be performed with the Bernoulli
equation and is, in principle, what we did in sub-
section 5.1.2 (the big loop), though we consid-
ered only natural circulation and no net flow
through the whole containment (the two main
volumes). Second, depending on the main loop
flow, there can exist (superposed) counter-cur-
rent exchange through the opening where the
main-loop flow is against the prevailing temper-
ature difference. If the main-loop flow is so strong
that the "flooding" limit is reached, the counter-
current exchange does not exist. If there is coun-
ter-current exchange in the other opening, its flow
rate (to the main loop direction) is a sum of the
Bernoulli "net" flow (Fnct) and the counter-cur-
rent component.

The other term on the right-hand side represents
the dependence of counter-current exchange on
the net flow rate, and the exponent depends on
the situation (appears to vary as A ~ 1.5...2.3). If
the openings are different, the configuration that
gives the largest flow rates is probably the most
favourable.

The counter-current addition can aid in evacuat-
ing steam from the Loviisa lower compartment

provided that the "flooding" limit is not reached.
In this way, also the bigger outflow rate (F, > F.,)
shown in Table XVII can be better facilitated.
However, the main question raised in subsection
5.1.2 concerned the existence of the big loop it-
self, as the ice condenser exists in the middle and
the gas density is largest there (with the excep-
tion of hot or hydrogen-rich plumes). We will
get back to this question in section 5.2 (use of
experimental data).

5.1.5 Mixing efficiency

Here we are mainly interested in hydrogen mix-
ing as it flows from the release point to the upper
compartment. The release can occur in the form
of a high-velocity jet or a buoyant plume. There
may be stratification in the lower compartment,
in which case the gases flowing into the ice con-
denser may be more hydrogen/steam-rich than
the bulk gas conditions.

Release characteristics

In Table XVI (subsection 5.1.1), the average hy-
drogen generation and release rate varies in the
range of WH, ~ 0.0098... 1.6 kg/s (0.0049...0.78
kmol/s). The release characteristics for pure hy-
drogen are shown in Table XX, where the con-
tainment pressure is assumed to be p = 1.1 bar
and the release site diameter is varied in the range
ofD0 = 3...30cm.

In addition to the volumetric flow rate (FH2) and
release velocity (u,p) in the containment, the ap-
proximate primary pressure [WH2 - A(p*pH2*)"2

= Ap*(pH,/p)"2; see section 4.5] required for the
chosen flow rates is shown in Table XX. The
values can be scaled for pure steam by noting
that the steam density is about one ninth of the
hydrogen density. The Froude number (Fr0') of
the released jet is given without the density def-
icit term [Fr = (p/Ap)u2/gD]. The stable stratifi-
cation condition (height H') is explained below
(see part "Stratification breakup in the lower com-
partment").

The release characteristics can vary greatly. With
relatively small primary breaks, the outflow ve-
locity and the Froude number may be high. If the
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Table XX. Pure hydrogen release characteristics.

A (cm2)
WH2 (kg/s)

T = 400 K (pH2 = 66.7 g/m3)
FH2 (m3/s)
uH2 (m/s)
P* (bar)
Fr0' = uH2

2/gD0 (-)
H'(m)

T = 800 K (pH2 = 33.3 g/m3)
FH2 (m3/s)
uH2 (m/s)
P* (bar)
Fr0' = uH2

2/gD0 (-)
H'(m)

T = 1600K(pH2 = 16.7g/m3)
FH2 (m

3/s)
uH2 (m/s)
P* (bar)
Fro' = uH2

2/gDo(-)
H'(m)

Do = 3 cm

7.07
0.01...2

0.15...30
210...42000
1.1...36
1.5-105...6.1-109

2.6...520

0.30...60
420...85000
1.1...51
6.1-105...2.4-101°
5.2...1000

0.60...120
840...170000
1.1...73
2.4-106...9.8-1010

10...2100

Do = 10 cm

78.5
0.01...2

0.15...30
19...3800
1.1...3.3
370...1.5-107

0.42...85

0.30...60
38...7600
1.1 ...4.6
1500...5.9-107

0.85...170

0.60...120
76...15000
1.1...6.5
5900...2.36-108

1.7...340

Do = 30 cm

707
0.01 ...2

0.15...30
2.1...420
1.1
1.5...6.1-104

0.081...16

0.30...60
4.2...850
1.1
6.1...2.4-105

0.16...32

0.60...120
8.4...1700
1.1
24...9.8-105

0.32...65

release occurs through the SRVs, the gases flow
out through the bubbler (quench tank) exit of di-
ameter D == 30 cm, with lower velocities and
Froude numbers (ratio of inertial and buoyant
forces; initial momentum per buoyancy).

Bulk convection conditions

From Tables XVII (subsection 5.1.2) and XIX
(subsection 5.1.4), the natural circulation flow
between the lower compartment and the ice con-
denser can be F ~ 10...20 mVs, or five times more
with the big circulation loop and all ice condens-
er doors forced open. Consequently, we are ex-
pecting bulk gas flow rates in the range of F ~
10...100mVs.

With the flow area of the lower doors of one ice
condenser sector (out of the two), A ~ 40 m2, the
gas velocity is u ~ 0.25...2.5 m/s. These are the
orders of magnitude that can be expected in the
lower compartment and the ice condenser. By
using a typical order of magnitude for the length

scale, L ~ 1 m, the bulk-gas Reynolds number is
Re = puL/p = uL/v ~ 2500...250000 with u -
0.25...2.5 m/s andv- 10...100-106m2/s. Typical
gas properties are shown below, and one can see
that the kinematic viscosities selected here cor-
respond to low gas temperatures.

Air H20 H2
T p v p v p v
(K) (kg/mJ)(10-«mVs) (kg/m1) (10* m'/s) (kg/m3) (10^ m'/s)
3D0 1.18 15.7 0.586 21.7 0.0819 110.
500 0.706 38.0 0.441 38.7 0.0492 257.
700 0.504 66.4 0.314 77.3 0.0349 455.
900 0.392 99.9 0.244 128. 0.0272 690.

Under most conditions of interest, the lower com-
partment flows are turbulent. Within the ice bas-
kets of the ice condenser, the flows may be lam-
inar or in transition regime, because the charac-
teristic length is an order of magnitude lower than
L - 1 m. However, the "raindown" of condensed
steam and melted ice may enhance turbulence
generation. In the upper containment compart-
ment, any natural convection can be expected to
be turbulent.
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Horizontal density differences

It is of great interest if any inhomogeneities can
be created in the containment atmosphere. For
jets and plumes, Peterson (1994) gave the fol-
lowing criterion for negligible horizontal densi-
ty gradients in ambient fluid, as compared with
vertical stratification.

Ri » i —

R. ( P Ä . R e .= .
pu; Mo

Above, the Richardson (Ric) and Reynolds (Rec)
numbers are expressed in terms of the jet entrain-
ment velocity (uc); the initial jet conditions are
denoted with subscript 0. If we think that the char-
acteristic velocity is the natural convection ve-
locity (instead of jet erosion velocity), we get the
following condition for insignificant horizontal
density differences.

v 1

p u2 uH Re
If the velocity varies as u ~ 0.25...2.5 m/s, and
the Reynolds number as Re ~ 2500...250000, the
condition above yields (Ap/p)» 1O7...1O5 (with
H - 1 m). It appears that with the exception of
the jet (orp'ume) vicinity, the horizontal density
differences are not significant in the lower com-
partment.

Stratification breakup in the lower
compartment

The gases released from the primary system can
be much lighter than the ambient gas mixture in
the lower compartment. However, it is possible
that stratification may be broken up by the re-
leased jet or plume itself. From the paper of Pe-
terson (1994), the stability criterion for stratifi-
cation created by round, forced, vertical (upward)
jets reads as follows.

Fr =-H_-
Rin

— >0.22FC 2 . _.„
Do ° ApgD0

The requirements for minimum roof elevation
(above the release point of a vertical jet) were
included in Table XX. The height criterion (H')
is calculated by assuming p/Ap ~ 1 (Fr - Fr ') . If

the dimensionless density deficit is smaller (the
released gas is not pure hydrogen), the roof ele-
vation has to be increased to prevent jet-induced
stratification breakup. In any case, Table XX elu-
cidates the main trend, where small release sites
and high release rates work against vertical strat-
ification. The situation may, certainly, be quite
much different if the released jet (or plume) is
not directed upwards.

Flume behaviour in the ice condenser

Here we cannot study the details of plume be-
haviour in the ice condenser. However, as long
as there is ice left one can expect that it is domi-
nated by heat transfer to the cold ice. We assume
a one-dimensional channel, in which the wall
temperature (T ), gas velocity (u) and gas-to-ice
heat transfer coefficient (h) are constant. We ob-
tain the following trivial cooldown solution.

d T j * P H h

dx* A pc u
=>T* =

T o - T w ' H

The initial ice condenser flow area is A ~ 60 m2,
the ice basket perimeter P ~ 18-9-9-n-0.35m ~
1600 m, and the full height H ~ 15 m. By assum-
ing a typical convective heat transfer coefficient
h - 10 W/m2K, gas density p ~ 1 kg/m3, specific
heat capacity c ~ 1000 J/kgK, and gas velocity u
~ 1 m/s, the decay constant of the full ice bed
height becomes A, - 4. If we think that steam con-
densation occurs in a temperature interval of AT
~ 100 K, leading to specific enthalpy release Ah
~ 2 MJ/kg, the equivalent heat capacity is an or-
der of magnitude higher than the non-phase-
change value (c ). However, the condensation
heat transfer coefficient can be up to two orders
of magnitude higher than the convection coeffi-
cient assumed (implying A. ~ 4...40).

Although the values selected above represent
only orders of magnitude, it can be seen that gas
cooldown is efficient during flow through the ice
condenser. The cooldown is further enhanced by
water droplets raining down against the inflow-
ing gases.
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Upper compartment stratification

Gas stratification in the upper compartment de-
pends, first of all, on the gas density at the ice
condenser exit. With steam penetration, or rela-
tively high hydrogen concentration, the gases can
be lighter than the upper compartment air. The
larger is the exit-bulk density difference, the
greater is the tendency that gases rise upwards to
the dome. If the upper compartment (or at least
its upper part) heats up, the density difference
may get gradually smaller, and the upper dome
stratification can be broken by external contain-
ment spray cooling the steel shell.

From the hydrogen safety point of view, the up-
per compartment stratification may not be a pri-
mary concern, as hydrogen accumulation requires
similar conditions — and induces the related con-
cerns — already in lower compartments. One ex-
ception could be the relative hydrogen enrich-
ment by steam condensation in the ice condens-
er or on the upper steel dome; namely, if the hy-
drogen concentration is high enough, even the
gas cooldown cannot remove the buoyancy.

5.2 Use of experimental data

In this section, we will take a look at scaling and
interpretation aspects of the VICTORIA experi-
ments of IVO. We cannot cover all details, but
instead we try to focus on the issues that we con-
sider most important. The discussion is based on
the methods of section 5.1.

Our sources of information about the VICTO-
RIA tests are the phase 1 (containment behav-
iour with a LOCAblowdown and boiloff) results
reported by Hongisto (1992) and the recent phase
3 (hydrogen distribution) results presented by
Lundström etal. (1995).

5.2.1 Convection conditions

Big loop convection

We can scale the results of Table XVII (subsec-
tion 5.1.2) by the relationship F <« L2-5 (neglect-
ing gas cooldown-related scaling aspects dis-
cussed in subsection 5.2.2). We discussed this

scaling effect in our previous study (Okkonen,
1993), and it also can be called Froude number
[Fr = (p/Ap)u2/gL] scaling. Consequently, if one
wished to produce prototypic bulk conditions in
the lower compartment, from which steam or
hydrogen is removed mainly by natural circula-
tion, the release rates should be decreased by a
factor of 152-5; with respect to steam concentra-
tions, additional scaling considerations are relat-
ed to structural heat losses. Some VICTORIA
tests have been performed by the Froude number-
scaled steam (Hongisto, 1992) and helium sourc-
es (Lundström et ai., 1995).

For VICTORIA, the volumetric flow rates of
Table XVII are decreased by a factor of 152-5 ~
870, which means that the cubicmeters are
changed to liters (1 m3/s changes to 1.151/s). The
big-loop circulation flow rate thus becomes F ~
10...20 1/s with only the lower ice-condenser
doors open, and F - 50... 100 1/s when also the
intermediate-deck doors are open; the variation
corresponds to the lower-compartment tempera-
ture T ~ 60... 100 °C. In the same way, the natural
circulation-related steam and hydrogen "venti-
lation" out of the lower compartment is scaled
down by a factor of- 870 (.1 kg/s becomes 1.15
g/s). In the phase 3 VICTORIA tests number 43
and 44, with all ice-condenser doors forced open,
the big-loop circulation was observed and meas-
ured at the top of the ice condenser (Lundström
etal., 1995).

VICTORIA

The record of volumetric big-loop flow rate starts
from about 24 minutes in the VICTORIA exper-
iment 43. The flow rate varies in the range of
25...50 1/s, which is reasonably close to the val-
ues given above. Unfortunately, we do not know
the lower compartment conditions at this point,
though from the paper of Lundström et ai. (1995),
we can see that the upper compartment helium
concentrations exceed locally 5 % at 24 minutes.
In addition, we know that the steam release rate
was constant (2 g/s) throughout the test and that
the helium release rate was constant (-1.4 nl/s or
~ 0.045 mol/s) during the time interval -15...50
minutes. If we scale up the steam and helium
sources by a factor of 870, we get -1.7 kgH2O/s
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and -0.078 kgH,/s. Comparing with Table XVII,
and recalling that the flow rates and mass removal
rates need to be multiplied by a factor of about
five (all doors open), one can estimate that the
lower compartment temperature was probably
low. The test was started with only one quarter
of the ice-condenser height ice-filled.

In the VICTORIA experiment 44, the big-loop
flow rate rised more or less linearly to -35 1/s in
the time period -18...36 minutes. The steam in-
jection rate was 10 g/s (-870 ~ 8.7 kg/s) up to 15
minutes, then decreased to zero for the time pe-
riod 24...54 minutes, and raised to 3 g/s (-870 -
2.6 kg/s) for the rest of the experiment. When
the steam release rate was zero, the helium in-
jection rate was -0.8 nl/s or -0.036 mol/s (-870
- 31 mol/s or 0.062 kgH,/s). Again, the release
rates are low compared to the "ventilation" ca-
pacity; consider, for instance, a pure saturated
steam flow rate of -35 1/s or -21 g/s, and com-
pare it to the release rates above. This indicated
that the lower compartment was relatively "cool"
at the helium releas phase. From the paper of
Lundström et ai. (1995), we can see that the low-
er compartment helium concentrations reached
20 % locally and that the maximum was dropped
fast after the release was stopped. The test was
started with three quarters of the ice condenser
filled, and the upper quarter empty.

Without any other information available to us, it
is difficult to see that the results above confirm
the existence of a big circulation loop with mere
steam injection. The loop is initiated at the time
of helium release, and in the test number 45 (no
loop flow measurement) even a "cold break-
through" of helium is reported (Lundstöm et ai.,
1995). In the beginning of subsection 5.1.4, we
discussed the fact that hydrogen (or helium) con-
centrations of more than -10 % can make the
cold ice-condenser gases buoyant in the upper
compartment. Of course, "cold breakthrough"
can occur at this point; cold ice condenser gases
are not otherwise buoyant in the upper compart-
ment, let alone any steam penetration through the
ice section. However, to initiate the loop flow by
increasing the hydrogen concentration is not ac-
ceptable in reactor cases. From the results pre-
sented (Lundström et ai., 1995), it is difficult to

judge what are the real mechanisms initiating the
loop flow and if if was the helium injection-en-
hanced flow that actually lead to asymmetry be-
tween the ice condenser sectors. It can, never-
theless, be seen that the big loop flow continues
even after the helium release phase is over.

We recommend great caution when interpreting
the VICTORIA tests 43 and 44 as supporting the
big loop concept, and the initiation of the big loop
flow in particular. We express concerns regard-
ing the flow initiation at the time of helium re-
lease (and possible ice sector asymmetry caused
by this), the partial loading of the ice sectors (and
enhanced instability caused by this), and the flow
measurements (and problems of "flow profile
definitions" if the upper-deck door area was not
reduced to one third). We do not claim that there
is no loop, however the initiation mechanisms
have to be clear before they can be applied (and
scaled) to reactor situations. The source of such
instability could certainly be steam penetration
through the other ice sector (why only the oth-
er?), or some other mechanism that initiates the
loop flow after which there is a driving force
around the loop (the ice-free volumes on oppo-
site sides of the loop have different temperatures;
cold vs. hot).

Counter-current convection

In subsection 5.1.4, we found that counter-cur-
rent convection through the lower ice-condenser
doors can be basically of the same order of mag-
nitude as the big loop flow; see Table XIX. In
effect, the big loop is not required to remove
steam from the lower compartment. Mere indi-
cation of low temperatures in the lower compart-
ment does not mean that there has to be a big
convection loop.

It appears that the counter-current convection,
and any "flooding" limits, are scaled as L25; see
subsection 5.1.4. This means that the VICTORIA
tests with properly scaled sources are probably
representative of the reactor processes, as well.

If there is a lot of ice left in the ice condenser, it
may operate as "a density lock" against gas rise
to the upper compartment. For some reasons
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Table XXL Characteristic features of the Loviisa and VICTORIA ice sections.
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3)

Number of batons
Initial baton diameter
Ice section height

Ice baton perimeter
Ice baton surface area

Cross-sectional ice area
Initial cross-sect, flow area
Total cross-sectional area
Initial hydraulic diameter

Initial ratio of ice surface
and cross-sect, flow area

Initial ice volume
Initial ice mass
Ice density

Loviisa

2-9-9-9 = 1458
- 3 5
- 1 5

1600
24000

140
60
200
15

400

2100
840000
400

VICTORIA

2-9-5-6 = 540
- 3 . 6 (<3.6)
— 1

61 (<61)
61 (<61)

0.55 (<0.55)
0.34 (>0.34)
0.89
2.2 (>2.2)

180 (<180)

0.55 (<0.55)
250
450 (>450)

(which could, in fact, turn out fruitful if clari-
fied), the lumped-parameter code analyses also
lead to the big loop formation, even if counter-
current convection is made possible by nodali-
sation choices (see, e.g., the blind pre-test VIC-
TORIA analyses of Okkonen, 1990b, where
asymmetry might have been caused by the steam
source that was placed "closer" to the other ice
condenser sector).

5.2.2 Ice condenser effectiveness

If the big loop is demonstrated also in VICTO-
RIA, the most important scaling considerations
remaining are probably related to the heat and
mass transfer processes in the ice condenser. In
subsection 5.1.5, we considered the cooldown of
gases flowing through a one-dimensional chan-
nel with a constant wall temperature. The decay
constant of gas temperature can be expressed as
follows.

cr.now

The first term represents the ratio of ice surface
area and the cross-sectional flow area, depend-
ing only the geometry and ice melting pattern.
The second term represents the rv.do of heat trans-
fer (coefficient h) and convection (velocity u).
In the last term, we have the volumetric heat ca-

pacity, which can be changed to represent the
condensation of steam, as well (see subsection
5.1.5). The features of the Loviisa and VICTO-
RIA ice sections are compared in Table XXI.

The values given in parentheses for the VICTO-
RIA facility results from the uncertainty we have
in the initial ice baton ("rod") diameter, or, sim-
ilarly, in the compressed ice density. However,
the values of Table XIX suffice for our conclu-
sions here.

If one were to scale the ice condenser similarly
to the other parts of the VICTORIA facility, one
would have the same number of ice batons as in
Loviisa, but all dimensions would be scaled down
by a factor of 15. Obviously, a different approach
has been used for VICTORIA (for reasons yet
unknown to us), for the number of ice batons is
about one third of that in Loviisa. The ice frac-
tion (ice volume per total) is maintained, but the
flow area through the ice bed is scaled about 1.3
times larger, and the ice surface area about 1.8
smaller, than what a "normal" scaling would yield
(1/152). Consequently, the initial ratio of ice sur-
face area to cross-sectional flow-through area is
about two times lower in VICTORIA. This means
that the VICTORIA ice section is basically less
efficient in cooling down the gases, provided that
some other mechanisms than heat transfer (incl.
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condensation) to the ice surface, such as water
raindown, are not dominating. Additional differ-
ences might be caused by the ice baton construc-
tion (perforated steel in Loviisa; open grids in
VICTORIA).

The other term of the decay constant (k °= h/u) is
also interesting. Under turbulent flow conditions
in a channel, the gas-to-wall heat (or mass) trans-
fer coefficient goes approximately a s h « u°V
L°-2, where L is the characteristic dimension (hy-
draulic diameter). The dependence of decay con-
stant on velocity is thus rather vague. However,
the VICTORIA flow conditions are probably lam-
inar in the ice section, whereas the correspond-
ing Loviisa conditions are somewhat unclear (nat-
ural convection perhaps in transition regime if
the "raindown" does not enhance turbulence; see
subsection 5.1.5). Anyway, let's consider three
possibilites.
1. Gas flow is turbulent both in the Loviisa and

in the VICTORIA ice section. The most im-
portant parameter is the ice-surface to flow
area ratio, which indicates less efficient
cooldown and condensation in VICTORIA.

2. Gas flow is turbulent in Loviisa and laminar
in VICTORIA. The influence of "the area ra-
tio" may be enhanced by a larger decrease in
heat transfer coefficient than in the natural
convection velocity (u °= VH)

3. Gas flow is laminar both in Loviisa and in
VICTORIA. The influence of "the area ratio"
may be decreased by the smaller velocity in
VICTORIA, and furthermore by the smaller
hydraulic diameter in VICTORIA (Nu = con-
stant; h «= 1/L if governed by convection; also
radiative heat transfer needs to checked here).

In summary, we estimate that the VICTORIA ice
section provides better hot or steam-rich gas pen-
etration than the full-scale Loviisa geometry.

One can argue that the "decay constant" analysis
above is not very mechanistic, however it pro-
vides a parametric picture of possible scaling dis-
tortions. Some limited verification for the con-
cept can be drawn from the VICTORIA phase 1
tests number 07 and 12. In both of these tests, all
lower ice-condenser doors were opened, but in
test 12 the convection was further enhanced by

opening of all the ice condenser doors (also in-
termediate-deck doors). As the convection was
increased, the cooldown decay constant became
much smaller and steam penetration was more
forceful. An approximate quantitative idea can
be obtained by scaling the estimate obtained in
subsection 5.1.5 (u - 1 m/s; X~ 4...40; the volu-
metric circulation flow rate F ~ 30 m'/s). The
decay constant is decreased by a factor of two or
more by the differences in scaled-down geome-
try (factor >2) and flow conditions (factor >1),
which means that the lower range is close to pen-
etration (k < 2...20). Further flow enhancement
(test 12) can offset even the upper (condensa-
tion-induced) range of the decay constant.

If the scaling distortions are as analysed above,
it may be that opening of all the ice-condenser
doors in Loviisa leads to the type of hot/steam-
rich gas penetration observed in the VICTORIA
test 07 (instead of test 12 with all doors open),
and thus the ice condenser height driving the nat-
ural convection loop cannot be deduced directly
from the VICTORIA results. Of course, one must
be careful also when interpreting the VICTORIA
test results as supportive to the "decay constant"
analysis. By enhancing the flow, one may increase
the heat transfer coefficient (more than what the
flow velocity increases or, equivalently, the res-
idence time decreases). The larger ice melting in
lower parts of the ice condenser may then lead to
better penetration, according to the heat balance
of steam condensation and ice melting.

We suggest that the VICTORIA natural circula-
tion may not just be higher than volumetric scal-
ing (F °= L2-5 instead of F <=c L3), but that the rela-
tive ineffectiveness of the ice section may lead
to larger natural circulation rates than what mere
Froude number scaling would indicate. Unfortu-
nately, we cannot make any quantitative conclu-
sions at this point, yet the "decay constant" dis-
tortions can be translated, more or less directly,
to the driving "chimney" height. The loop-type
relationship (F °= VH <* \NX) gives the first idea,
though best applicable to the accident phase
where there is still a lot of ice left. The heat bal-
ances may, later in the accident, remove part of
the uncertainties ("the ice has to melt").
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5.2.3 Mixing conditions

We cannot make a comprehensive study of the
scaling of mixing conditions, however there is a
lot of support to Froude number scaling, at least
under turbulent flow conditions; see, e.g., Chen
and Rodi (1980), Chiang and Jones (1993), Pe-
terson (1994), and Turner (1973). Additional scal-
ing groups of interest here are the Reynolds
number and some heat transfer-related dimen-
sionless numbers (Karwat, 1987). Other numbers,
such as the length ratios and dimensionless den-
sity differences can be preserved with geometric
similarity and with proper scaling of the steam
and hydrogen sources. The main principle should
be that the ratio of releases and convection are
maintained, yielding Froude number scaling un-
der pure natural convection conditions.

In subsection 5.2.2, we examined some bulk prin-
ciples of heat transfer in the ice condenser, where
such effects are most pronounced. Certainly, also
the relatively large concrete surface area in the
lower compartment of the VICTORIA facility has
to be accounted for, however the related conden-
sation rates can be "extracted" from the VICTO-
RIA data and their main influence is on the "net"
steaming rate (can be controlled).

Considering the bulk flow conditions, one can
think, in general, that while the reactor-scale
flows are turbulent, the VICTORIA convection
is laminar. Actually, this should be checked out
carefully. The Reynolds number is not extreme-
ly different (Re = puL/u « u L « L1-5; a factor of
60 between Loviisa and VICTORIA), though two
orders of magnitude might, of course, do the dif-
ference. In subsection 5.1.5, we estimated Re =
uL/v - 2500...250000 with L - 1 m, u ~ 0.25...2.5
m/s and v -10... 100-106 m2/s; the kinematic vis-
cosities correspond to cold gases (lower range to
air or steam and higher range to hydrogen). De-
creasing these values by two orders of magni-
tude indicates VICTORIA flow in transition re-
gime, at most.

If the Froude number is maintained, then so is
the Richardson number (inverse Froude number).
In subsection 5.1.5, we estimated that the hori-
zontal density differences are probably insignif-

icant (in the "bulk" sense, not locally). This judg-
ment was based on the fact that the Richardson
number is much larger than the inverse Reynolds
number. Even if the Reynolds number is smaller
in the VICTORIA facility, the criterion still ap-
pears to be become fulfilled.

It is difficult to think that the VICTORIA tests
are really mixing tests, even if part of the scaling
groups can be reasonably maintained. The most
important "problems" in this respect are the na-
ture of the natural circulation flows (laminar vs.
turbulent). Furthermore, the discussion above
focused on convection, while the small scales of
VICTORIA may effect significant diffusion ef-
fects, as well (Lundström et ai., 1995). Conse-
quently, the most critical question related to mix-
ing distortions is that if they can change the over-
all convection (big loop, etc.) picture. We cannot
think of such distortions other than the gas
cooldown and steam condensation in the ice con-
denser (subsection 5.2.2). This judgment is based
on the fact that the natural convection is gov-
erned by the following driving "forces": (1) dy-
namical forces of the released jet, (2) buoyant
forces caused by density differences, (3) density
differences caused by heat and mass transfer to
structures, and (4) equilibration of density dif-
ferences by diffusion of heat and species. The
ratio of the first two should be scalable by the
Froude number, while the last one can hardly
determine the main convection pattern.

The most important VICTORIA scaling problems
related to the main convection pattern are relat-
ed to heat/mass transfer (to ice, walls, sump,
spray) and nature of the flow (laminar vs. turbu-
lent).

5.2.4 Validation of codes and models

We feel that the main contribution of the VIC-
TORIA tests is to clarify the main convection
pattern (big loop, counter-current convection,
changes in time, etc.). In addition, one can gain
some insights into the mixing and stratification
patterns, but the related scaling and measurement
problems are potentially much more involved.
For the mixing and stratification aspects, one
probably has to use data and correlations found
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in literature, as long as "conservative" assump-
tions cannot be sustained.

If the representativity of the VICTORIA tests can
be demonstrated with respect to the main con-
vection patterns (we still have some doubts about
this), and the dependence of the convection pat-
tern on the factors such as ice mass can be de-
duced, it is clear that zone models are the most
obvious choice for general issue resolution. Such
prediction methods are being developed by the
IVO experts (Lundström et ai., 1995). Similar
approach can be used (attempted) when demon-
strating acceptable conditions in various compart-
ments and their subregions (jets, plumes, strati-
fied layers, bulk conditions).

Lumped-parameter codes (RALOC, CONTAIN,
HECTR, etc.) can be used with basically the same
conditions as the zone models. The main benefit
of calculating the transient containment behav-
iour is to check out how the heat and mass bal-
ance-related principles work in various accident
cases. The lumped-parameter (tank and pipe)
codes certainly cannot solve the hydrogen prob-
lem alone, even if "tuned" with test data. The
characteristic mixing features caused by the big
control volumes with uniform conditions, and the
tendency to create large-scale circulation loops
that can in reality be only local buoyant plumes
(leading to stratification), are the most obvious
pitfalls. Nevertheless, if the main convection
patterns given by the code can be shown to agree
with scalable and representative test data, the
code predictions are useful in following the evo-
lution of the containment conditions (see, e.g.,
the pretest VICTORIA calculations of Okkonen,
1990b).

Some separate effects tests or mechanistic anal-
yses (e.g., Gango, 1993) should be considered
for the critical scaling and representativity issues.
This is, in particular, when the dominating mech-
anisms become "conceptually" clear, but not clear
"quantitatively". In addition, one could think of
some additional, simplified, experiments for con-
firming the main convection pattern and the
mechanisms behind it — should there remain
doubts about the original data.

Intuitively, the prediction of hydrogen distribu-
tion and combustion in Loviisa resembles
"weather prediction", rather than a containment
failure process for which some "obvious" criti-
cal path and limiting mechanisms can be found.
Anyway, one can start by defining the necessary
conditions for failure and go as deep as possible
in the ROAAM-style splintering and problem
decomposition (see, e.g., Thcofanous et al.,
1994). The confidence in resolution will ultimate-
ly depend on the safety margins available, the
technical solutions found (SAM), and the uncer-
tainties remaining in the physical phenomena
related to initial conditions (characteristics of the
scenario) and the process itself. The integral pic-
ture is needed to appreciate the (in)sensitivity to
various uncertainties. As long as the resolution
of the Loviisa hydrogen problematics is based
on the big-loop convection concept (as it ap-
pears), the validation and quantification of the
loop characteristics are of highest priority from
the containment behaviour point of view. The
integral picture is discussed further in Chapter 7.

5.3 Hydrogen combustion

In this section, we take a quick look at hydrogen
combustion in the Loviisa containment.

5.3.1 Continuous burning

Oxygen provision

For continuous burning in the lower com-
partments), oxygen has to be continuously pro-
vided. The burning itself may occur in the form
of discrete deflagrations, diffusion flames, or
catalytic recombination, but the common feature
among all these is that oxygen is required ac-
cording to the following reaction.

H2+-O2 H2O

QV(298.16K) - - 241 kJ / mole »120 MJ / kgH2

Assuming that cold (T2 ~ 0 °C) air is brought
into the lower compartment by the big circula-
tion loop, we can calculate the average air flow
rate required to burn all the generated hydrogen
in the lower compartment. We assume that the
air flow contains -20 % of oxygen, leading to
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the flow rate (F2) requirement as function of the Table XXII. Cold air provision rate (m3/s) required
whole-core zircaloy oxidation rate (AX/At). for complete hydmgen burning.

5 A X R T
2 At p

With a pressure level of p ~ 1.1 bar, we get the
results shown in Table XXII.

The flow rates of Table XXII can be compared
with the big-loop circulation flow rates of Table
XVII (subsection 5.1.2), F, ~ 10...20 m3/s with
lower compartment temperature T, ~ 6O...1OO°C.
By opening all ice condenser doors, the flow rates
can be increased by a factor of about five, and
the burning-induced temperature rise also can
enhance the flow rates. With respect to bulk lower
compartment conditions, oxygen provision is not
likely to become the limiting factor for hydro-
gen burning.

The most important preconditions for "no oxy-
gen starvation" are the existence of the big loop
and the verification of the quantified flow rates.
If there is no big loop, and only counter-current
convection is established between the lower com-
partment and the ice condenser, the oxygen is
slowly consumed. Initially, the amount of air in
the containment is najr = 2400 kmol (p= 1.01 bar;
T ~ 300 K; V = 600*00 m3), of which about one
fifth is in ice condenser and lower compartments
(other than the upper compartment). The amount
of oxygen available without natural circulation
through the upper compartment is thus n021 ~
0.2-0.2-2400 kmol ~ 96 kmol, which is eno'iigh
to burn the hydrogen amount equivalent to a
whole-core Zircaloy oxidation fraction of X ~
50 %. This is the maximum, with additional lim-
itations caused by air trapping in the dead-end
compartments, steam fractions decreasing the air
inventory, and any local effects related to the lack
of efficient natural circulation and mixing.

Gas temperatures

In our previous study (Okkonen, 1993), we esti-
mated the lower compartment gas temperatures
with continuous hydrogen burning. The calcula-
tions were based on gradual heatup of the gases
and structures, and similar results were obtained
with back-of-the-envelope and code analysis.

mH2(kg)
At(s)

500

1000

2000

4000

8000

10

80

0.50

0.25

25

200

0.63

50

400

20

1.3

75

600

30

3.8

100

800

40

20

10

Taking into account radiative heat transfer, the
maximum (end of the burn period) average low-
er compartment temperature is T, max ~ 100...500
°C with a Zircaloy-oxidation-equivalent burning
rate of AX/At ~ 0...100 % per 1000 seconds.

It is obvious that fast hydrogen burning leads to
high gas temperatures. One can capture an idea'
of the orders of magnitude involved by consid-
ering the heat released by combustion of the hy-
drogen from 100 % Zircaloy oxidation, H ~
390kmol-240kJ/mol ~ 94 GJ. If this is released
in 1000 seconds, the power is 94 MW! Gas con-
vection cannot take such powers to the ice con-
denser, as a volumetric flow rate of F ~ 50 m3/s
can deliver P ~ pFcAT ~ 1-50-1000-100 W ~ 5
MW with a temperature difference of AT ~ 100
K. The structural heat losses are the most impor-
tant heat sink, though at very high gas tempera-
tures also the ice-condenser convection may con-
tribute to heat evacuation.

5.3.2 Deflagrations

Hydrogen combustion-related mitigation aspects
have recently been reviewed by Kumar and Ko-
roll (1992). The basic information on most fac-
tors of interest can be found in that review.

Large deflagrations

We estimated constant-volume deflagration load-
ings in our previous hydrogen study (Okkonen,
1993). We found out that structural heat losses
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Table XXIII. Complete, adiabatic, whole-containment hydrogen bum (volume 60000 m3).

P, (bar)

1.1
1.1
1.6
1.6

T, (°C)

50
50
80
80

*V i (%

6
8
4
6

) Ppeak (bar)

3.0
3.6
3.3
4.1

TpMk(°C)

900
1100
740
930

nH21 (kmol)

150
200
130
200

*„(%)

38
50
34
50

are not likely to cut the maximum pressure peaks
of large (whole-containment) deflagrations in
Loviisa. Instead, the initial burn conditions (pres-
sure, hydrogen and steam concentration) and the
final burn completeness are the most important
factors. Table XXIII shows approximate results
concerning an adiabatic whole-containment burn,
where all of the initial hydrogen mass is flamed
away.

If the maximum pressure that can be allowed for
the Loviisa containment is pmax - 3 bar, the hy-
drogen that may take part in a large deflagration
amounts to an equivalent whole-core Zircaloy
oxidation fraction of X ^ - 30 %. The accumula-
tion of such hydrogen masses into the contain-
ment has to be prevented.

Deliberately, we do not account here for the heat
losses nor burn incompleteness, which generally
increase with initial steam fraction (correspond-
ing to higher initial pressure in Table XXIII). One
could, in fact, argue that it is unrealistic to as-
sume a complete burn with such hydrogen mass-
es and concentrations (coH2, ~ 4...6 %), however
with such average mole fractions, the probabili-
ty of high local concentrations is increased, as
well. In this respect, the prevention of large de-
flagrations and local detonations, as well as the
provision of good convection and mixing condi-
tions, go much hand in hand.

If hydrogen is stratified in the dome part of the
upper compartment, the well-mixed containment
volume is decreased to about one half (say,
-30000 m3). In this case, the hydrogen mole frac-
tions assumed above are doubled, and the igni-
tion limits (say, -4-8 %) are clearly exceeded. If
a big burn was started at elevated pressure and
initial hydrogen fraction of -8 % in half of the
containment volume, the burn could be relative-
ly complete (some hydrogen perhaps "escaping"

to the hydrogen-free parts) and the peak pres-
sure close to the maximum allowable. In addi-
tion, one can think that if the hydrogen concen-
tration is -8 % in a large fraction of the contain-
ment, the possibility of exceeding detonation lim-
its (-10 % for large scales; see subsection 5.3.3)
is too high.

Local deflagrations

Let's assume that most of the hydrogen is burned
by local deflagrations in lower compartments, in
a volume of -6000 m3. With pressure p - 1.1 bar,
temperature T, - 100 °C, and initial hydrogen
mole fraction of coH2, - 8 %, the amount of hy-
drogen is nH2, - 17 kmol. In order to burn the
hydrogen that amounts to 100 % in-core Zircaloy
oxidation (390 kmol), we need to have -23 de-
flagrations. If the time span is At - 1000 sec-
onds, the deflagration interval is -44 s. The burn
takes typically -10 seconds, so there is no sig-
nificant overlapping.

For the deflagrations to be possible, we need to
provide oxygen. For the conditions above, Table
XXII (subsection 5.3.1) gives the cold-air flow
rate of F2 - 20 m3/s. However, if there is such a
flow "ventilating" the lower compartment, the
injected hydrogen is removed, as well. In the
deflagration interval, -44 s, the circulation flow
removes -880 m3 or more gas out the lower com-
partment. This is only about one tenth of the lower
compartment volume, and thus not much hydro-
gen is "lost"; the gas expansion (the constant-
pressure expansion ratio is somewhat lower than
the constant-volume pressurization ratio of Ta-
ble XXIII; see, e.g., Okkonen, 1993) can also
push out hydrogen-rich mixture, which can be
"lost" (if mixed into the upper compartment) or
burned (if expanded only to the ice condenser).
If, on the other hand, the flow rate is higher than
assumed above (can be -3...6 time higher if all
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ice condenser doors are open) or if the hydrogen
generation rate is lower, the situation is changed
towards uniform hydrogen concentration in the
containment.

5.3.3 Detonations

The initiation limits and the propagation of deto-
nations (in hydrogen-air-diluent mixtures) can-
not be predicted with great accuracy for the com-
plicated, large-scale, containment geometries.
Nevertheless, there appears to be a general con-
sensus that the detonations cannot be expected
with hydrogen mole fractions below 10 %.

The recent, significant, advance in modelling the
detonation processes have been discussed by
Dorofeev et al. (1994). They formulated also a
method for estimating the hydrogen explosion
(detonation) hazard, notwithstanding the uncer-
tainties in deflagration-to-detonation transition
(DDT) and spontaneous detonations (self-initia-
tion; amplification in non-uniform mixtures). The
ratio of the characteristic size of the combustible
mixture (LJ and the detonation cell width (k) is
believed to characterize the propagation poten-
tial, and the minimum value for self-initiation is
roughly LJX ~ 7 (Dorofeev et al., 1994).

From the figures presented in the reviews of CEC
(1991) and NEA (1992), the detonation cell width
is of the order ofX~\m with the above-given
hydrogen mole fraction of coH, - 10 % (see also
Fig. 1 of Dorofeev etal., 1994). Under these con-
ditions, the detonation could be developed in a
mixture of characteristic size Lm - 7 m. If we
take this as a sphere radius, the mixture volume
has to be Vm ~ 4nLj/3 ~ 1400 m3; for a cubic
ignited at the other end, we get Vm ~ Lm

3 ~ 340

m3 (note also for this case that the cross-section-
al area is Lm

2 ~ 49 m3, which is close to the typi-
cal flow area in the lower compartment and ice
condenser). With the minimum hydrogen mole
fraction coH2 - 10 % (p ~ 1.1 bar; T ~ 100 °C), the
hydrogen inventory of such volumes is nH2 ~
1.2...5.0 kmol (mH, ~ 2.4...10 kg). Comparing
these values to the maximum hydrogen genera-
tion rates, -2 kg/s (see Table XVI in subsection
5.1.1; and also Chapter 4), one can see that the
required mixtures can be created in a few sec-
onds. Further, the convection in the lower com-
partment can provide bulk velocities of a few
meters per second, hence "carrying" the hydro-
gen throughout the volume. The jet release mode
can certainly involve mixing limitations, but it
could also act as the ignition source due to the
potentially high temperature and velocity (see
Table XX in subsection 5.1.5).

First, priority has to be placed on preventing hy-
drogen detonations in the Loviisa containment,
where the steel shell is probably very sensitive
to any detonation loads or induced missiles. In
effect, this means that the hydrogen mole frac-
tions must be kept below coH2 ~ 10 %. With the
worst-case hydrogen generation rates and deto-
nation limits, it does not, however, appear self-
evident that local detonations can be completely
cancelled out. For this scenario, it might be of
interest to consider the response of lower com-
partment concrete structures to local detonations
(missile generation; threats to the steel shell and
penetrations). Finally, the combustion behaviour
of (subsonic or supersonic, pure or steam-dilut-
ed) hydrogen jets released into the lower com-
partment air should be explored also from the
"direct" combustion (local diffusion flame, de-
flagration, direct detonation) standpoint.
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6 HYDROGEN MANAGEMENT
STRATEGIES

In this chapter, we will briefly comment on the hydrogen management strategies
proposed for Loviisa (Tuomisto and Theofanous, 1991; 1994; Lundstöm et ai, 1995).
We will focus on principles — instead of quantification. It is emphasized that we are
not assessing, here, the adequacy of eventual strategies, but rather making some
preliminary identification of the most critical issues.

6.1 Enhanced mixing

The release of steam and hydrogen into the Lo-
viisa ice-condenser containment certainly in-
volves a large risk of containment failure if there
is no convection currents "ventilating" the lower
compartment. This is because the lower compart-
ment can become inerted by steam released at
the same time as hydrogen (can be expected in
some scenarios), or by nitrogen if oxygen is con-
sumed by hydrogen combustion (can occur es-
pecially with hydrogen-dominated release).
When such gas mixtures enter the ice section of
the ice condenser, where controlled ignition is
hard to implement, the hydrogen mole fraction
can exceed the detonation limits. The ignition can
occur accidentally or due to ignitors placed above
the ice section (in the ice-condenser upper ple-
num or the upper compartment dome), with con-
siderable risks of a steel dome failure. Conse-
quently, it is difficult to think of any hydrogen
management stratc5y in Loviisa without circu-
lation between the lower and upper compartment.

Whereas the current plans of IVO are to demon-
strate natural circulation-driven "ventilation" and
mixing, the U.S. ice-condenser plants mainly rely
on forced fan-cooler ventilation, which brings
upper compartment air into the lower compart-
ment; note also that the U.S. plants do not have
two 90° ice-condenser sectors, but only one
-180° sector. The benefit of the natural circula-
tion approach is its passivity in circulation. By
contrast, the initiation of circulation may require
active measures, such as opening of the ice-con-
denser doors. In fact, it appears that active meas-
ures will be required for scenarios where the
doors are not "slammed" open by the primary

system blowdown (or just to prevent complica-
tions by non-uniform door openings). The active
initiation measures, on the other hand, can be
conducted prior to the core degradation phase,
which can involve particularly harsh containment
conditions. If the passive circulation through the
ice condenser sectors and the active fan-cooler
ventilation are the two extreme choices, one could
also play with an idea of an intermediate choice,
where the lower compartment gases flow into the
upper compartment through "a chimney". The
first technical difficulties of such an approach
would be to arrange the flow areas (and lateral
extent) comparable to the ice-condenser sectors.
The potential for hydrogen stratification in the
lower compartment, and the steam bypassing the
ice condenser, could cause great problems, too.

Summarizing the discussion above, it is easy to
appreciate the advantages of the natural circula-
tion approach under design at IVO. For the final
phenomenological assessment, one needs to, first
of all, demonstrate the existence of the big circu-
lation loop, and, secondly, to develop a valid
method of quantifying the flow rates. Our main
concern is that the upper compartment is warm-
er than the ice condenser, and thus basically strat-
ified, when there is still a substantial amount of
ice in the ice condenser. After the ice has melted,
we believe that the circulation flow rates can,
first, be even larger than with ice, however the
gases released to the lower compartment may
manage to buoy and stratify into the upper com-
partment. By cooling the containment via exter-
nal spray, one can probably maintain the upper
compartment cooler than the lower compartment
(sump).
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6.2 Deliberate ignition

To approach the ignition limits by an almost uni-
form hydrogen concentration in the containment
does not, at first sight, appear as a very sound
option in the Loviisa containment. Such a strate-
gy can only be accepted if the ignition limits are
demonstrated to be significantly below the lev-
els that can cause excessive whole-containment
pressurization or local detonations (incl. semi-
explosive, flame propagation-induced, jet com-
bustion). The margins do not appear to be large
in Loviisa, however with very good mixing they
might be sufficient for allowing even "big burns".
In the following, we will try to compare the mer-
its and concerns of the combined strategy of ef-
fective natural circulation and deliberate ignition.

The hydrogen source is in the lower compart-
ment, which is therefore the natural location of
highest hydrogen concentrations. If the ignition
takes place there with low hydrogen concentra-
tion, and elsewhere the concentrations are even
lower, the combustion process remains peaceful.
One can think of at least three potential prob-
lems in this context, as discussed below.

Locally high hydrogen concentrations in the low-
er compartment. It is hardly possible to totally
cancel out locally high hydrogen concentrations.
Nevertheless, one can try to design the igniter
locations and distance in such a way that "mini-
mum detonation volumes" cannot be created
without prior ignition. The present glow plug
system includes a total of 66 igniters divided
between two redundancies. If all the plugs are
glowing, the inter-plug distance is ~5—10 m in
the lower compartment and the ice-condenser
lower plenum. While this might be enough to
prevent detonations started at a hydrogen mole
fraction of -10 %, smaller distance could be re-
quired for higher initial hydrogen concentrations.

Hydrogen enrichment in the ice condenser. This
possibility is basically related to two critical fac-
tors, namely vertical stratification and high steam
concentrations in the lower compartment. The
most problematic stratification-induced scenar-
io is the stratified gas flow into the ice condens-
er, without ignition and subsequent combustion-

induced mixing. If the hydrogen-rich gases mix
with the ice condenser gases, the hydrogen mole
fraction may get high without ignition as the ice
basket section does not include ingniters. High
steam concentrations in the lower compartment
could also lead to relatively high hydrogen con-
centrations in the ice section. However, even with
the potential for higher hydrogen concentrations
in the ice condenser, three mechanisms may act
to prevent detonations there: (a) high hydrogen
concentrations can buoy gas mixtures into the
upper compartment, (b) effective natural circu-
lation through the ice sectors can work against
significant cross-section-wide hydrogen enrich-
ment, and (c) the relatively tight, yet "side-vent-
ed", ice section geometry and the abundance of
cold surfaces may act against deflagration/deto-
nation propagation.

Stratification or spray-induced hydrogen enrich-
ment in the upper compartment. The potential
concerns induced by these scenarios — local det-
onations or a deflagration large enough to effect
high quasi-static pressurization — can probably
be circumvented by a proper igniter system de-
sign and precautions for a detrimental activation
of the internal or external spray system. The most
obvious choice appears to be to increase the
number of ignitors (now there is only four plugs
at the dome top) and to make sure that the exter-
nal spray is activated before the steam mole frac-
tion gets high in the upper compartment.

The effective natural circulation and mixing ap-
pear mainly beneficial from the hydrogen com-
bustion point of view. Without any major con-
vection, the accumulation of hydrogen is bound
to happen. Furthermore, the ice-condenser con-
tainment of Loviisa is particularly vulnerable to
the combustion loadings with initially high hy-
drogen concentrations.

Deliberate ignition is, on the one hand, never
without any risks, but it can, on the other hand,
decrease the risk of hydrogen detonations if the
ignitors are reliable and placed close to each other.
Without deliberate ignition or some means of
preventing the formation of flammable gas mix-
tures, the risks are certainly unacceptable. Where-
as the prevention of hydrogen combustion by
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inerting does not appear viable in Loviisa, the
slow recombination could do the job with a small
amount and low rate of hydrogen generation.

The most critical questions about the use of de-
liberate ignition are related to the potential igni-
tion limits and the potential gas compositions in
various parts of the containment (at the time of
ignition). The margins between ignition (flam-
mability) and detonation limits (say, hydrogen
mole fraction 4...8 % vs. 10...20 % in air with no
steam) are not large, and some core meltdown
scenarios may involve high hydrogen generation
rates. Consequently, it is difficult to prevent lo-
cally high concentrations, and one needs to re-
late the maximum igniter distance with the min-
imum possible detonation volume or the mini-
mum detonation of danger to containment integ-
rity. The present glow plug system does not ap-
pear fully adequate in this sense.19

6.3 Recombination

Catalytic recombination of hydrogen and oxy-
gen does not have any negative effects from the
hydrogen combustion point of view. It has, there-
fore, been accepted in several countries. Further,
the recently developed recombiner designs have
been found to operate well under the containment
conditions that can be expected in a severe acci-
dent (e.g., Heck et al., 1995; Rohde and
Chakraborty, 1994).

The general objective of the recombiner instal-
lation is to remove the maximum conceivable
amount of hydrogen, almost completely, in a time
period of the order of one day. This could require
the installation of about 40 Siemens-design re-
combiners, for instance (Heck et al., 1995). In a
large German PWR, the corresponding hydrogen
recombination rates is of the order of ~ 1300kg/
24h -0.015 kg/s. While the recombination rate
increases with hydrogen and oxygen concentra-
tions, the above-given value shows that only a
fraction of typical in-vessel hydrogen generation

rates can be removed by recombiners. The high-
ly exothermic nature of the hydrogen-oxyden
reaction is the main design factor limiting the
maximum rate of recombination per catalytic
surface area: the same flow that brings the hy-
drogen and oxygen also has to cool the plate. In
order to multiply the recombination rate, one
needs to multiply the number of recombiners (cat-
alytic surface area), with the restrictions of oxy-
gen provision (by natural circulation) and bulk
gas heatup (mitigated by structural heat losses).
If the released power is large, one needs to re-
member that it may affect the natural convection
patterns; consider, for instance, a recombination-
induced heatup of the upper compartment gases
in Loviisa.

In summary, recombineis cannot probably miti-
gate fast hydrogen generation rates. Their main
objective is to gradually "eat" the hydrogen,
which is, preferably, being well-mixed into the
containment atmosphere. If, in addition, the
amount of fast-produced hydrogen is relatively
small, a large-scale deflagration can be avoided.
The potential problems that remain if only slow
recombination is used, are locally high hydro-
gen concentrations (with high generation rates)
and large-scale deflagrations (with a large amount
of fast hydrogen production). In most Western
PWRs, the large deflagrations are not a major
problem, and that is why a dual strategy of re-
combiners and igniters has been proposed by Sie-
mens (Heck et al., 1995). The potentially "gray"
area of such an approach is the demonstration of
no locally high hydrogen generations and deto-
nations, that is, ignition at low hydrogen concen-
tration and no big uniformities between the igni-
tors. Nevertheless, one may constitute that the
risks are bigger without igniters, and ask if we
can retard from trying to decrease the risks. In
Loviisa, one also has to consider the possibility
of large deflagration loadings, which are largely
dependent on the initial hydrogen concentration
(ignition limit).

19 It may be of interest to compare the present number of glow plugs in Loviisa (66) to the 150 igniters proposed for a large
German PWR containment.
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7 INTEGRAL PICTURE
In the previous chapter, we tried to depict the potential merits and concerns related to the
hydrogen management strategies proposed for Loviisa (Tuomisto and Theofanous, 1991;
1994; Lundstöm et ai, 1995). In this chapter, we make some quantitative estimates about
the conditions that could be problematic for the fulfilment of the primary objectives. We
use the results of previous chapters, however we try to be much more brief. In this sense,
the discussion can be considered as a quantitative summary of the present "back-of-the-
envelope" study. The discussion proceeds more like notes than a structured "integral"
picture (model). This is an intentional choice, as we are here mainly interested in
exploring major pitfalls, and potential counteractions against them, rather than
proposing an integrated assessment methodology. It is emphasized that the quantitative
results presented in this chapter should be considered as tentative orders of magnitude.

7.1 Provision of effective
convection and mixing

We presume that the big circulation loop (up-
wards through one ice condenser sector and
downwards through the other) can be demonstra-
ted or even "forced" by suitable door openings
(first only in one sector and later in the other, for
example). In this case, we are talking about cir-
culation flow rates of the order of ~ 10... 100 m3/
s. The flow rates are probably closer to the upper
half of this range, especially if all ice condenser
doors are forced open (not just the lower doors)
and a substantial fraction of the other ice sector
has melted. The flow rate increases with the lo-
wer compartment temperature.

In the following, we assume a volumetric cold-
air flow rate of -50...80 m3/s into the lower com-
partment, corresponding to a lower compartment
temperature -60...90 °C and steam fraction
-18...64 % (saturation) at pressure ~1.1 bar. Ta-
king into account cold air expansion due to hea-
tup, and the steam mole fraction in the lower
compartment, the outflow rate has to be -74...300
m3/s (see subsection 5.1.2) to pass out the inflo-
wing air. Some of this flow may be counter-cur-
rent against the inflow, but the balance remains
approximately the same.

If about one fifth of the above-given cold-air in-
flow is oxygen, the oxygen provision into the
lower compartment is -0.48...0.78 kmol/s. This
is enough to burn hydrogen at the rate of
-0.96...1.5 kmol/s (1.9...3.1 kg/s), which corres-
ponds to the whole-core Zircaloy oxidation rate

of0.25...0.40%/sor250...400%/1000s.Nobulk
oxygen starvation can be developed by hydro-
gen combustion in the lower compartment. The
initial amount of oxygen in the containment is
-500 kmol, of which -40 % can be consumed by
combustion of hydrogen generated by 100 %
whole-core Zircaloy oxidation.

The circulation above removes steam from the
lower compartment at the rate of -9.5... 130 kg/s.
Because the steam release rate is, in most severe
accident scenarios, lower than the lower remo-
val range, the lower compartment temperatures
can drop even lower than 60 °C. Steam-inerting
(mole fraction above -50 %) is, in any case, not
expected. After the hydrogen generation has be-
gun, hydrogen combustion (diffusion flames, def-
lagrations, recombination) can keep up the tem-
peratures and buoyancy-induced natural flow
rates.

If the hydrogen mole fraction is -5 %, the hyd-
rogen "venting" rate is -0.30...1.1 kg/s, which is
equivalent to a whole-core Zircaloy oxidation rate
of 38... 140 %/1000s. If we assume that the cold-
air inflow contains ~4 % of hydrogen, the hyd-
rogen inflow rate is -0.20...0.31 kg/s; the diffe-
rence to the above-given "venting" rate is
-0.10...0.80 kg/s (13...100 %/1000s), which
needs to be injected in order to reach an average
hydrogen mole fraction of-5 % in the lower com-
partment. With a hydrogen mole fraction of -8
%, the "venting" rate is -0.48...1.8 kg/s, and if
the inflow contains -7 % of hydrogen, the hyd-
rogen inflow rate is -0.34...0.55 kg/s; the diffe-
rence, -0.14... 1.2 kg/s (18...150 %/1000s), is the
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Table XXIV

tOH2,2

» « , X & H 2

8%

7%

6%

5%

Hydrogen release rate

7%
340 kg
44%

0.14...1.2
(2400...280)

(and time) leading to different quasi-steady mole

6%
290 kg
37%

0.18...1.3
(1600...220)
0.12...1.1
(2400...260)

5%
250 kg
32%

0.23...1.4
(1100...180)
0.17...1.2
(1500...210)
0.11...0.94
(2300...270)

4%
200 kg
26%

0.28... 1.5
(710...130)
0.22...1.3
(910...150)
0.16...1.0
(1300...200)

0.11...0.80
(1800...250)

fractions.

0%
0 kg
0%

0.48...1.8
(0)
0.42...1.6
(0)
0.36...1.3
(0)
0.30...1.1
(0)

quasi-steady injection rate. In this way, we can
estimate the quasi-steady hydrogen injection rate
needed to reach a certain hydrogen mole fracti-
on in the lower compartment (wH2,l), when the
inflowing upper compartment gases contain so-
mewhat less hydrogen (wH2,2). By scoping the
complete range of interest, we obtain results of
Table XXIV for the quasi-steady hydrogen in-
jection rate (kg/s); in the parentheses, we give
the approximate hydrogen generation times (s)
required to reach the upper compartment hydro-
gen mole fraction throughout the containment.

It is probably unrealistic to assume the upper-
range flow rates, because adequate steam sour-
ces cannot exist. If, on the other hand, the flow
rates are enhanced by higher combustion-indu-
ced lower compartment temperatures, the volu-
metric flow rates can be up two times larger than
the lower range above (see subsections 5.1.2 and
5.3.1); however, the raised temperature also drops
the gas densities and mass flow rates. In effect,
we feel it is best to use first the left-hand values
of the ranges of Table XVI, and consider the right-
hand values as more extreme cases. Table XIV
tells us that with effective natural circulation
around the containment, the average hydrogen
mole fraction in the lower compartment cannot
exceed that of the upper compartment by more
than 1 %, if the hydrogen injection rate does not
exceed -0.1...0.2 kg/s (whole-core Zircaloy oxi-
dation rate 13...26 %/1000s).

The orders of magnitude above show that with
effective natural circulation, the bulk containment
conditions can remain essentially uniform pro-

vided that the steam and hydrogen release rates
are not excessive. Here, we do not examine the
local mixing conditions (jets, plumes, stratifica-
tion, etc.).

7.2 Prevention of large
deflagration loadings

A large deflagration starting from a uniform hyd-
rogen mole fraction of ~4 % cannot probably thre-
aten the containment integrity, but if the hydro-
gen is stratified to about half of the volume, the
burn can be almost complete and the loadings
relatively large (see subsection 5.3.2).

Table XXIV indicates the hydrogen release cha-
racteristics leading directly to one large deflag-
ration; of course, hydrogen release rates lower
than indicated can have the same result. A large
deflagration can also occur after a number of
small ones provided that the total amount of hyd-
rogen produced is larger than the minimum re-
quired to reach the ignition limit throughout the
bulk of the containment. For enough hydrogen
to "bypass" the small deflagrations, the hydro-
gen generation cannot be much faster than indi-
cated above, or, alternatively, the small deflag-
rations have to be incomplete indicating a low
ignition limit. These additions mean that the
scenarios of Table XIV, which appear reasonab-
le, are not the only ones, and that a large deflag-
ration can develop with effective natural circu-
lation. With this in mind, one is mainly intere-
sted in the ignition limit and the efficiency of
any recombination system.
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With the order-of-magnitude recombination ca-
pacity proposed for German PWRs (see section
6.3), the recombination of 780 kgH2 (100 % Zir-
caloy oxidation in Loviisa) takes -50000 seconds.
If one wishes to reduce the amount of hydrogen
substantially in a time scale of -1000...4000 s,
the recombination capacity needs to be an order
of magnitude higher. While this appears unreaso-
nable, one can try to optimize the natural circu-
lation flow rates. Such an optimization, howe-
ver, can be disturbed by uncertainties in the fol-
lowing factors: hydrogen generation characteris-
tics, quantification of natural circulation flow ra-
tes, flow rate dependence on accident case and
timing, and minimum flow rates needed to pro-
vide effective local mixing.

Based on the discussion above, we are inclined
to make a very simple conclusion: the absence
of excessive loadings by whole-containment def-
lagrations can only be demonstrated by ensuring
a low containment base pressure (say, -1 bar)
and by confirming ignition at a low (say, -4...5
%) hydrogen mole fraction in the upper compart-
ment. These conditions are also consistent in the
sense that low steam mole fractions indicate
easier ignition; the effective natural circulation
may, in addition, enhance turbulence and mixing,
which generally decrease the ignition limit. The
igniter locations can play a central role, because
the upward propagation of the hydrogen com-
bustion flame is possible at lower mole fractions
(above -4 %), while downward propagation re-
quires mole fractions (above -9 %) close to the
detonation levels (above -10 %). One might ar-
gue that this is a positive factor, because any def-
'agration in the lower compartment or the ice
condenser can propagate into the upper compart-
ment before there is a lot of hydrogen, yet we do
not think this is a solid approach. Any deliberate
ignition — if selected — has to be ensured by
igniters, inasmuch as the ice condenser is a very
special configuration and its role in suffocating
(small flow routes, perforated plates, cold surfa-
ces) or accelerating (higher hydrogen concentra-
tions, turbulence generation by intervening struc-
tures) the flame front is yet unclear. If, on the
other hand, the containment base pressure and
steam mole fraction are relatively high, the situ-

ation appears much more difficult to define. The
ignition limits may be higher and any accident
management actions, such as the external spray,
may induce sudden changes in gas composition,
natural convection patterns and turbulence level
(not to mention the influence of internal spray
activation).

7.3 Prevention of excessive
detonation loadings

Without any detonations, there are no excessive
detonation loadings. By demonstrating effective
natural circulation throughout the containment,
the average hydrogen mole fractions can be kept
below the levels of concern, in each compartment.

The first important factor of uncertainty are the
local ignition limih and the margins to the de-
tonation limits. If we are talking about a gap mi-
nimum of a few percent in hydrogen mole fracti-
on (-4...9 % vs. -10...20 %), it seems nearly
impossible to cancel out the formation of detona-
tion mixtures.

The detonation requires also a minimum mixtu-
re size (see subsection 5.3.3), which depends on
the mixture composition. If one can agree on the
maximum hydrogen concentration that can exist
in the containment, one can place the igniters clo-
se enough to ignite the mixtures before they get
too large in volume. With the lower-range de-
tonation limit (-10 % hydrogen), the igniter dis-
tance can be a few meters (less than -5.. . 10 me-
ters); with higher hydrogen concentrations, smal-
ler distances are needed.

The most problematic situations are naturally
those where pure hydrogen is released at high
rate, and the vicinity of the release site is steam-
free. If one cannot demonstrate that there are no
such situations (this is hardly possible), one needs
to examine the direct combustion behaviour (dif-
fusion flame, deflagration, detonation) of super-
sonic or subsonic hydrogen jets released into the
air. We suggest that such studies also be con-
ducted to explore if the lower compartment struc-
tures can withstand the potential loadings wit-
hout major failure or missile generation.
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8 CONCLUSIONS

In the following, we summarize the major find-
ings and conclusions of the present study. It is
emphasized that the statements represent our
current subjective judgments based on this fair-
ly quick survey of the subject.

The hydrogen management strategy, under de-
sign for the Loviisa ice-condenser containment,
has been proposed to be based on effective gas
circulation between the lower and upper com-
partment. We consider this approach to be, in
principle, the best one. Namely, if there are no
effective convection currents "ventilating" the
lower compartment, the hydrogen concentration
can get too high, particularly locally. Without
effective "ventilation", the lower compartment
may also get inerted by steam (or later even by
nitrogen), and the inerting can disappear fast as
the gases flow into the ice condenser and on-
wards. In fact, we believe that effective convec-
tion is the only way to deal with hydrogen inside
the Loviisa containment.

If the "ventilation" depends on natural circula-
tion through the ice condenser sectors, as pro-
posed by IVO, a great emphasis is placed on dem-
onstrating the circulation pattern and quantify-
ing the flow rates under various containment con-
ditions (timing, ice inventory, etc.). Concerning
the test results from the scaled-down VICTORIA
facility, we feel that the Froude number scaling
is basically valid. By contrast, quite special scal-
ing distortions may be induced by the ice-con-
denser heat transfer characteristics, the structur-
al heat losses, and the nature of the flows (lami-
nar vs. turbulent). The onset of the "big circula-
tion loop" — upwards through one ice-condens-
er sector and downwards through the other —
must be understood particularly well, though also
the flow rates need to be scaled to reactor condi-
tions.

If steam-rich air does not penetrate through the
ice section without condensation and cooldown,
the ice-condenser gases are heavier than the up-
per compartment air. The "breakup" of this up-
per compartment stratification cannot be accom-
plished by hydrogen without the danger of deto-
nations, and thus one must be careful not to in-
duce this by helium in the VICTORIA tests. The
only rational way to circulate cold gases through
the upper compartment is to create asymmetry
between the ice-condenser sectors. The two-sec-
tor configuration may — perhaps by its very na-
ture, with cold gases "rushing" down — be un-
stable enough to start up the "big loop", after
which there, certainly exists asymmetry. Never-
theless, any distortions caused by scale or test
performance have to be cancelled out, unambig-
uously. The ice asymmetry could, if needed, be
created also by suitable door openings and clos-
ings.

With effective natural circulation between the
lower and upper compartment, the hydrogen may
be distributed almost uniformly into the contain-
ment. Under such circumstances, the large de-
flagrations — concerning at least a significant
part of the upper compartment — probably can-
not be prevented for all possible accident pro-
gression and hydrogen generation scenarios. The
minimum hydrogen concentration required for
ignition (presuming deliberate ignition) and the
local gas compositions at the time of ignition (up-
per compartment stratification, etc.) will be cru-
cial here. It may be possible to accept large de-
flagrations by keeping the containment base pres-
sure down and by demonstrating ignition at low
hydrogen concentration.

One can foresee three possibilities of avoiding
large deflagrations: low hydrogen generation,
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efficient combustion in the lower compartment,
and efficient recombination. We comment on
these as follows. The total hydrogen generation
may be much larger than that required for a
whole-containment deflagration. Efficient hydro-
gen combustion can be accomplished in the low-
er compartment, if the circulation rate is opti-
mized and the ignition occurs at a relatively high
hydrogen concentration indicating complete
burns (presuming deliberate ignition); the flow
rate optimization means that the flows have to
bring enough oxygen and effect good mixing
conditions, but they should not "ventilate" hy-
drogen too efficiently. Needless to say, such op-
timization is disturbed by many uncertainties.
Catalytic recombination is the most reliable meth-
od to reduce the amount of hydrogen in the con-
tainment atmoshere. The information available
on recombination capacity, however, indicates
that the hydrogen removal rates are fairly low
and thus efficient only in scenarios with slow or
low hydrogen production.

In addition to large deflagrations, one needs to
consider the potential for hydrogen detonations
(explosions). The detonation potential depends
on hydrogen release characteristics, local mix-
ing conditions, bulk convection conditions, and
the hydrogen concentrations needed to ignite the
mixture or to cause a detonation. With effective
gas circulation throughout the containment, the
average compartment-specific conditions prob-
ably cannot sustain detonations (presuming de-
liberate ignition). The margins between the de-
flagration and detonation ranges of hydrogen
mole fraction are quite small, however the mini-

mum detonation development lengths can be used
to consider the maximum distance that can be
allowed for ignition of deflagrations. Whereas
the intermixing of hydrogen (jet, plume, strati-
fied layer) and air may be limited locally, the
minimum detonation length scales decrease fast
with increasing hydrogen mole fraction, hence
setting no reasonable, absolute, minimum length
scale. Because the maximum hydrogen genera-
tion rates can be high, it may be questionable if
localized detonations can be completely ruled out.
We suggest further studies to be conducted on
the structural response of localized detonations,
as well as the direct combustion behaviour (dif-
fusion flame, deflagration, detonation) of super-
sonic or subsonic hydrogen jets released into the
lower compartment.

The benefits of catalytic hydrogen recombina-
t: m are unquestionable, and it remains to be seen
what kind of capacity can be designed for Lovii-
sa. Deliberate ignition may have, on the one hand,
some negative effects if it is compared to a situ-
ation where no ignition sources exist. On the other'
hand, we cannot see how one could allow for such
"randomism" in Loviisa, especially when the
severe accident conditions create a large number
of potential ignition sources (electric systems,
high temperatures, procure pulses, chemical re-
actions, etc.) and any measures of preven'ing
hydrogen combustion (inerting) appear unfc
ble. Putting it bluntly, the actual risk may remmii
much larger without deliberate ignition. If the
deliberate ignition approach is maintained, as
expected, we anticipate that the present glow plug
system probably requires some modifications, at
least in the number and location of igniters.
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