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OPENING COMMENTS OF SESSION CO-CHAIRMAN MILLER

In this session we will hear presentations by nine speakers, many of whom have traveled great
distances to share the results of their work. Their work is characterizing the challenges of reactor
accidents to nuclear air treatment systems.
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REVISION OF REACTOR ACCIDENT SOURCE TERMB AND
IMPLICATIONS FOR NUCLEAR AIR CLEANING REQUIREMENTS

- Leonard Scffer
Office of Nuclear Regulatory Research
US Nuclear Regulatory Commission
Washington, DC 20555

Abstract

Current NRC reactor accident source terms used for licensing are
contained in Regulatory Guides 1.3 and 1.4 and specify that 100% of the
core inventory of noble gases and 25% of the iodine fission products
are assumed to be instantaneously available for release from the
containment. The chemical form of the iodine fission products is also
assumed to be predominantly elemental (I,) iodine.” These assumptions
have strongly affected present nuclear air cleaning requirements by
emphasizing rapid actuation of spray systems and filtration systems
optimized to retain elemental iodine.

Severe accident research results have confirmed that although the
current source term is very substantial and has resulted in a very high
level of plant capability, the present source term is no longer
compatible with a realistic understanding of severe accidents.

The NRC has issued a proposed revision of the reactor accident
source terms as part of several regulatory activities to incorporate
severe accident insights for future plants. A revision to 10 CFR 100
is also being proposed to specify site criteria directly and to
eliminate source terms and doses for site evaluation. Reactor source
terms will continue to be important in evaluating plant designs.
Although intended primarily for future plants, existing and
evolutionary power plants may voluntarily apply revised accident source
term insights as well in licensing.

The proposed revised accident source terms are presented in terms
of fission product composition, magnitude, timing and iodine chemical
form. Some implications for nuclear air cleaning requirements are
discussed.

I. Introduction and Backdround

Radionuclide releases, that is, the type, quantity, timing and
energy characteristics of the release of radiocactive material from
reactor accidents ("source terms") are deeply embedded in the
regulatory policy and practices of the U.S. Nuclear Regulatory
Commission (NRC). The NRC's reactor site criteria‘V require for
licensing purposes that an accidental fission product release from the
core into the containment be postulated to occur and that its
radiological consequences be evaluated assuming that the containment
remains intact but leaks at its maximum allowable leak rate.

The characteristics of the "“source term" into the containment,
which must be distinguished from a release to the environment, is
contained in Regulatory Guides 1.3 and 1.4%3, but is derived from the
1962 report TID-14844'“, and consists of 100% of the core inventory of
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noble gases and 50% of the iodines (half of which are assumed to
deposit on interior surfaces very rapidly). '

Iodine fission products and the chemical form of iodine have
played a key role. Regulatory Guides 1.3 and 1.4 specify that the
lodine is assumed to be instantaneously available for release, and also
specify that the iodine chemical form is assumed to be predominantly
(91 percent) in elemental (I,) form, with 5 percent assumed to be
particulate iodine and 4 percent assumed to be in organic form. These
assumptions have significantly affected the design of engineered safety
features, which have largely been optimized to remove elemental iodine.

Use of the TID-14844 release has not been confined to an
evaluation of plant mitigation .features such as sprays and filtration
systems and site suitability alone. The regulatory applications of
this release cover a wide range, including the basis for (1) the
post-accident radiation environment for which safety-related equipment
should be qualified, (2) post-accident habitability requirements for
the control room, and (3) post-accident sampling systems and
accessibility.

Severe accident research insights®’ have confirmed that although
the TID-14844 release is very substantial and has resulted in a very
high level of plant capability, nonetheless, based upon the large
amount of information obtained on severe accidents since the
publication of TID-14844 about thirty years ago, the present recipe is
no longer compatible with a realistic understanding of severe
accidents. It has both conservative and non-conservative aspects. The
assumption of an instantaneous appearance of a large fraction of the
core inventory of noble gas and iodine isotopes within containment has
long been recognized as highly conservative. It has also become clear
that neglect of other important nuclides released into containment,
such as cesium, may be non-conservative. Use of the TID-14844
prescription in its present form may force plant designers to include
design features that may not enhance safety and that focus, instead,
upon certain aspects of the prescription (e.g., very rapid closure of
certain containment isolation valves and filter designs emphasizing
removal of elemental iodine). Similarly, wuse of the present
prescription may cause designers not to focus on other important
aspects of plant accidents (e.g., release of cesium and potential
containment failure under severe accident conditions).

The NRC is currently in the process of reviewing designs for
future nuclear power plants and the NRC staff is applying these
important research insights towards resolution of key issues associated
with the licensing of these designs. Although these insights are
intended to be applied toward licensing of future light water reactors,
they are also expected to be made available for voluntary use by
existing reactor licensees.

A revision of the NRC's reactor site criteria (10 CFR 100) has
also been proposed!®. The sizes of the exclusion area and low
population zone (LPZ) are presently determined by the assumed source
term and the dose criteria in Part 100 and regulated indirectly by the
credit given for fission product cleanup systems such as sprays and
filter systems as well as, the allowable containment leak rate. Hence,
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siting dose calculations actually have affected plant design,
particularly fission product cleanup systems related to iodine, more
than siting.

Because siting dose calculations are not strongly influencing
reactor siting, and because improved source term insights are important
in understanding how future plants should be designed to cope with
potential severe accidents, source term and dose calculations will be
eliminated for siting and relocated, on an interim basis, to Part 50,
where they will continue to be used for plant design purposes.
Exclusion area size and population density criteria are to be stated
directly in Part 100. These proposed rule changes are expected to be
issued for comment by late summer 1992.

A final revision of 10 CFR 50 to incorporate updated source term
and severe accident insights will also be undertaken, with an Advance
Notice of Proposed Rulemaking (ANPR) for comment presently expected to
be issued in about autumn 1992.

This paper presents the NRC proposed revised accident source terms
and discusses some possible implications of these for nuclear air
cleaning requirements.

II. Revised Accident Source Terms

overview of Severe Accident Progression

A major NRC research effort began about 1981 and has been under
way since then to obtain a better understanding of fission product
transport and release mechanisms in light water reactors (LWR) under
severe accident conditions. This 1mproved methodology on severe
accident source terms has been reflected in NUREG-1150‘" which provides
an updated risk assessment for five US nuclear power plants. An
assessment of the chemical form of iodine found within containment as
a result of a severe accident has also been carried out'®.

Despite differences in plant design and accident sequences,
analyses of severe LWR accident sequences indicate that they can be
generally categorized in terms of phenomenolog1cal phases associated
with the degree of fuel melting and relocation, reactor pressure vessel
integrity, and, as applicable, attack upon concrete below the reactor
cavity by molten core materials.

Initially there is a release of coolant activity associated with
a break or leak in the reactor coolant system (RCS). Assuming that the
coolant loss cannot be accommodated by the reactor coolant makeup
systems or the emergency core cooling systems, fuel cladding failure
would occur with a release of the activity located in the gap between
the fuel pellet and the fuel cladding.

As the accident prograesses, fuel degradation begins, resulting in
a loss of fuel geometry accompanied by gradual melting and slumping of
core materials to the bottom of the reactor pressure vessel. During
this period, the early in—vessel release phase, virtually all the noble
gases and 51gn1f1cant fractions of the volatile nuclides such as
iodine, cesium, and tellurium are released into containment. The
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amounts of volatile nuclides released into containment during this
phase are strongly influenced by the residence time of the radioactive
material within the RCS during core degradation. High pressure
sequences result in long residence times and significant retention and
plateout of volatile nuclides within the RCS, while low pressure
sequences result in relatively short residence times and 1little
retention within the RCS and consequently higher releases into
containment.

If failure of the bottom head of the reactor pressure vessel
cccurs, two additional release phases may occur. Molten core debris
released from the reactor pressure vessel into containment will
interact with concrete structural materials of the cavity below the
reactor (ex-vessel release phase). As a result, quantities of the less
volatile nuclides may be released into containment. Ex—vessel releases
are influenced somewhat by the type of concrete in the reactor cavity.
Limestone concrete decomposes to produce greater quantities of €O and
CO, gases than basaltic concrete. These gases may, in turn, sparge some
of the less volatile nuclides, such as barium and strontium, and small
fractions of the lanthanides into the containment atmosphere. Large
quantities of non-radiocactive aerosols may also be released as a result
of core—concrete interactions. The presence of water in the reactor
cavity overlying any core debris can significantly reduce ex—vessel
releases (both radioactive and non-radioactive) into containment,
either by cooling the core debris, or at 1least by scrubbing the
releases and retaining a large fraction in the water. The degree of
scrubbing will depend upon the depth and temperature of any water
overlying the core debris. Simultaneously, and with a longer duration,
late in-vessel releases of some of the volatile nuclides, previously
deposited in the reactor coolant system during the in—vessel phase,
will also occur.

A summary of the release phases and their estimated durations for
pressurized water reactors (PWR) and boiling water reactors (BWR) is
shown in Table 1.

Table 1 Release Phase Durations.

RELEASE PHASE DURATION, PWRs DURATION, BWRs
(HOURS) . (HOURS)
Coolant Activity | 10 to 30 seconds” 30 seconds”
Gap Activity 0.5 1.0
Early In-Vessel 1.3 ' 1.5
Ex-Vessel 2 3
Late In-Vessel 10 10
* Without approval for leak-before-break. Coolant activity phase

duration is assumed to be 10 minutes with leak-before-break approval.
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Accident Selection

The NRC has issued a draft report for comment(?’ proposing revised
LWR reactor accident source terms. A key choice to be made in defining
an accident source term is the severity of the accident or group of
accidents selected. Since reactor pressure vessel failure is estimated
to be a possible result of a core damage accident, but is highly
uncertain, it was considerd appropriate to select an accident source
term based upon a complete core-melt, that is, reactor pressure vessel
failure and subsequent core-concrete 1nteractlons. The basis for the
revised accident source terms is an accident source term that is
representative of the mean or average release fractions associated with
a complete core-melt accident occurring at low pressure. Low pressure
sequences were chosen because (1) a large fraction of the risk
significant sequences analyzed in NUREG-1150 were low pressure
sequences, (2) future plants are expected to have the capability to
r idly depressurlze the reactor coolant system, and (3) the fission
p.. duct release into containment from low pressure sequences is
typically somewhat greater than that for hlgh pressure sequences. It
must also be emphasized that the characteristics of the revised source
terms do not accurately represent any single accident sequence, but
instead combine aspects of a number of core-melt sequences occurring at
low pressure.

Fission Product Composition and Magnitude

The proposed accident source terms, 1nclud1ng their composition,
magnitude, timing and duration, are shown in Tables 2 and 3 for BWRs
and PWRs, respectively.

Table 2 BWR Releases Into Containment”

_ éapob" ‘Early Ex—Vessel

: . . | Release | In—Vessel

EDuration (Hours) 1.0 1.5 3.0

Noble Gases ] o.05 0.95 0 0

'Iodlne | o0.05 0.22 0.37 0.07

‘cesium | o.0s 0.15 0.45 0.03
| Tellurium 0 0.11 0.38 0.01
Iforbhtium}fv_ 0 0.03 0.24 0
learlum ' 0 0.03 0.21 0

‘Ruthenium 0 0.007 0.004 0

Cerium 0 0.009 0.01 0

Lanthanum : 0 0.002 0.01 0
* vValues shown are fractlions of core inventory.
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The rate of release of fission products into the containment
is assumed to be constant during the duration time of each phase.
The releases shown for the ex-vessel phase are assumed to be for a
dry reactor cavity having no water overlying any core debris.
Where water is covering the core debris, aerosol scrubbing will
take place and reduce the quantity of aerosols entering the
containment atmosphere.

Chemical Form

Results from Referemce 8 indicates that iodine entering the
containment is at least 95% CsI with the remaining 5% as I plus HI,
with not less than 1% of each as I and HI. Once the iodine enters
containment, however, additional reactions are likely to occur. 1In

: . .
A = b
an agqueous environment, as expected for LWRs, iodine is expected to

dissolve in water pools or plate out on wet surfaces in ionic form
as I'. Subsequently, iodine behavior within containment depends on
the time and pH of the water soclutions. Because of the presence of
other dissolved fission products, radiolysis is expected to occur
and lower the pH of the water pools. Without any pH control, the
results indicate that large fractions of the dissolved iodine will
be converted to elemental iodine and be released to the containment
atmosphere. Organic iodine will then be produced slowly over time
from the elemental iodine available. However, if the pH is
maintained at a value of 7 or greater, very little (less than 1%)
of the dissolved iodine will be converted to elemental iodine.

All other fission products, except for the noble gases and
iodine, discussed above, are expected to be in particulate form.

Table 3 PWR Releases Into Containment”
‘Gap Early Ex-Vessel ";':Lété?v 2

i Release | In—-Vessel -] In=Vessel °
Duration (Hours) 0.5 1.3 2.0 10.0
[ Noble cases 0.05 0.95 0 0
‘Todine = 0.05 0.35 0.29 0.07
Cesium . 0.05 0.25 0.39 0.06
Tellurium 0’ 0.15 0.29 0.025
[ strontium 0 0.03 0.12 0
Barium 0 0.04 0.10 0
 Rutheniunm 0 0.008 0.004 0
‘Cerium 0 0.01 0.02 0
Lanthanum ) 0.002 0.015 0
* Values shown are fractions of core inventory.
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Nonradioactive Aerosols

In addition to the fission products, large quantities of
nonradiocactive or relatively low activity aerosols will also be
released into containment.’ These aerosols arise from core
structural and control rod materials released during the in-vessel
phase and from concrete decomposition products during the ex-vessel
phase. The quantities released into containment for one PWR
(Sequoyah2 sequence and for one BWR (Peach Bottom) sequence, were
evaluated!'?, and are shown in Table 4. The aerosol masses shown may
have an effect upon pH level as well as on plant equipment such as
filter loadings.

Table 4 Non-Fission Product Aerosol Releases into Containment®

BWR BWR PWR PWR
In~Vessel Ex-Vessel In-Vessel Ex-Vessel
780 5600 350 3800

* Values shown are 1n kilograms.

III. Implications for Air Cleaning Regquirements

General

Fission products released into the containment atmosphere as
a result of a severe accident can also be removed, both as a result
of engineered features designed to accomplish this and/or by
natural processes. Engineered Safety Features (ESF) include
systems such as containment atmosphere sprays, BWR suppression
pools, and ESF filtration systems. Natural removal includes
processes such as aerosol deposition. :

Possible implications for nuclear air cleaning requirements as
a result of revised accident source terms fall into 4 areas. These
arise from (1) revised insights on iodine chemical form, (2) the
presence of other nuclides, in addition to iodine and the noble
gases, released into containment, (3) revised timing and duration
of fission product releases, and (4) the presence of quantities of
non-radioactive aerosols. These are discussed below in connection
with commonly utilized removal features.

Containment Sprays

Containment sprays are used in many PWR designs to provide
post-accident containment cooling as well as to remove radioactive
aerosols. Sprays are effective in reducing the airborne concentra-
tion of elemental and particulate iodines as well as other
particulates, such as cesium, but are not effective in removing
noble gases or organic forms of iodine. Typical PWR containment
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spray systems are capable of ragidly reducing the concentration of
airborne activity. Nourbakhsh!'"’ has examined the effectiveness of
containment sprays, as evaluated in NUREG-1150 in decontaminating
both in-vessel and ex-vessel releases. The overall effectiveness
of spray systems, given in terms of a decontamination factor (DF),
and assuming no containment failure, ranged from about 30 to 40 for
PWRs and 10 to 20 for BWRs. Once the bulk of the activity has been
removed, however, the spray becomes significantly less effective in
reducing remaining fission products.

The NRC's Standard Review Plan (SRP), Section 6.5.2¢2
currently indicates that the pH level of the containment sump
solution should be maintained at values at or above 7, commencing
with spray recirculation, to minimize revolatilization of iodine in
the sump water. Current guidance states that containment spray
systems be initiated automatically, because of the instantaneous
appearance of the source term within containment, and that the
spray duration not be less than 2 hours. ‘

Revised source term insights suggest that spray systems are
highly effective in the removal of particulate aeroscls, both
radioactive and non-radiocactive. Revised insights on timing imply,
however, that spray system actuation might be somewhat delayed for
radiological purposes, but that the spray system should operate
over a longer period of up to about 10 or more hours.

BWR Suppression Pools

BWRs use pressure suppression pools to condense steam
resulting from a loss—of—coolant accident. Prior to the release to
the reactor building, these pools also scrub radioactive fission
products that accompany the steam. Regulatory Guide 1.3 does not
allow credit for fission product scrubbing by BWR suppression
pools, but SRP Section 6.5.5'") has been revised to allow such
credit. The pool water will retain soluble, gaseous, and solid
fission products such as iodines and cesium but provides no
attenuation of the noble gases. Calculations for a BWR with a Mark
I containment!'¥ used in NUREG~1150 indicate that DFs ranged from
1.2 to about 4000 with a median value of about 80. The variation
in DFs for different release phases has also been examined'"?,
Median DFs during the in-vessel release phase ranged from 50 to 80,
whereas for the ex-vessel phase these were markedly lower and
ranged from about 7 to 10. Hence, the suppression pool has been
shown to be effective in scrubbing some of the most important
radionuclides such as iodine, cesium, and tellurium, as these are
released in the early in-vessel phase.

Suppression pool bypass is an important aspect that places an
upper limit on the overall performance of the suppression pool in
scrubbing fission products. For example, if as little as 1 % of
the fission products bypass the suppression pool, the effective DF,
taking bypass into account, will be less than 100, regardless of
the pool's ability to scrub fission products.
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Although decontamination factors for the suppression pool are
significant, both for radiocactive as well as non-radioactive
aerosols, a key question is the potential for iodine re-evolution.
Re-evolution of iodine was judged to be important in WASH-1400 for
accident sequences where the containment had failed and the
suppression pool was boiling. There is presently no requirement
for pH control in BWR suppression pools. Hence, it is possible
that suppression pools would scrub substantial amounts of iodine in
the early phases of an accident, only to re-evolve it later as
elemental iodine. Therefore, if credit were to be given for long-
term retention of iodine in the suppression pool, maintenance of
the pH at or above a level of 7 would need to be shown. The effect
on the pH level of additional materials 1likely to be in the
suppression pool as a result of a severe accident, such as cesium
borate or cesium hydroxide and core-concrete decomposition
products, may be important in this regard and is presently being
investigated for the NRC by ORNL. It is important to note,
however, that this is not a matter of concern for present plants
since all BWRs employ safety-related filtration systems designed to
cope with large quantities of elemental iodine. Hence, even if the
suppression pool were to re-evolve significant amounts of elemental
iodine, it would be retained by the existing downstream filtration
systemn.

Filtration Systems

ESF filtration systems are optimized to remove and retain
radioactive iodine released during postulated accident conditions.
Regulatory Guide 1.52" provides NRC guidance in the design and
evaluation of these systens.

Charcoal adsorbers can be provided, as indicated in Regulatory
Guide 1.52, to remove from 90 to 99 % of the elemental iodine and
from 30 to 992 % of the organic iodide, depending upon the specific
filter train design. Because of the presence of HEPA filters and
demisters, it is clear that particulate aerosols will also be
effectively removed.

Revised accident source terms may have several implications
for ESF filtration systems. Present ESF filtration systems, while
effective in removal of particulates, are not sized to handle the
mass loadings of non-radiocactive aerosols that might be released as
a result of the ex-vessel release phase However, ESF filtration
systems are often employed in BWRs in conjunction with suppression
pools. Under these conditions, or if significant quantities of
water are overlaying molten core debris, large gquantities of
nonradioactive (as well as radioactive) aerosols will be scrubbed
and retained by these water sources, thereby reducing the aerosol
mass loads upon the filter system.

A second implication of revised source term insights for ESF
filtration systems is the impact of revised understanding of the
chemical form of iodine within containment. Present ESF filtration
systems presume that the chemical form of iodine is primarily
elemental iodine, and these systems include charcoal adsorber beds
to trap and retain elemental iodine. Assuming that pH control is

370

N




22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

maintained within the containment, a key question is whether

charcoal beds are necessary. Two gquestions appear to have a
bearing on this issue and must be addressed, even assuming pH
control. These are (1) to what degree will CsI retained on

particulate filters decompose to evolve elemental iodine? and (2)
what effect would hydrogen burns have on the chemical form of the
iodine within containment? Based on preliminary information, CsI
retained on particulate filters as an aerosol appears to be
chemically stable provided that it is not exposed to moisture.
Exposure to moisture, however, would lead to CsI decomposition and
production of iodine in ionic form (I"), which in turn would lead
to re-evolution of elemental iodine. Although ESF filtration
systems are equipped with demisters and heaters to remove
significant moisture before it reaches the charcoal adsorber bed,
an additional concern is that the demisters themselves may trap
some CsI aerosol. At the present time the question of whether
charcoal adsorbers could be eliminated from ESF filtration systems,
assuming pH control, remains unresolved.

Water Overlying Core Debris

Significant depths of water overlying any molten core debris
after reactor pressure vessel failure are likely to scrub and
retain particulate fission products. The question of coolabillty
of the molten debris as a result of water overlying it is still
under investigation. At the present time, the degree of scrubbing
as a function of water depth is under investigation by the NRC and
its contractors.

Existing data‘’® indicate that both subcooled as well as
boiling water layers having a depth of about 3 meters had measured
DFs of about 10. Hence, significant depths of water overlying any
core debris, in conjunction with other systems, such as filters,
are seen as providing a highly effective means of coping with large
masses of released aerosols.

Aerosol Deposition

Aerosol deposition depends upon several natural processes that
remove aerosols from the containment atmosphere over a period of
time. Of these, gravitational settling is generally considered to
be the most important, and is influenced by the degree of aerosol
agglomeration.

Containment atmosphere aerosol removal rates were also
evaluated!'’” for the NUREG-1150 plants plus LaSalle. Typical
removal rates, or lambdas, for natural aerosol deposition ranged
from about 0.2 to 0.4 per hour. The major factor to be noted in
natural aerosol dep051tlon is its relatively slow rate compared to
engineered features, such as sprays. Spray systems are capable of
reducing the containment atmospheric concentration by about an
order of magnitude in about 15 to 20 minutes, but natural aerosol
deposition processes will require 4 to 10 hours, depending on the
plant and sequence, fort'the same reduction factor.
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V. Conclusions

Revised reactor accident source terms based upon a complete
core-melt accident, and making use of improved insights with regard
to fission product timing, composition and iodine chemical form
have been issued by the NRC for public comment.

Preliminary implications for nuclear air cleaning requirements
suggest that existing air cleaning systems, together with sources
of water such as BWR suppression pools and other water sources
provided to cool core debris can provide a high degree of
mitigation for such releases. Hence, reactor designers should
recognize that nuclear air cleaning requirements may be
accomplished both by conventional, existing systems as well as by
combining these with other plant features. Additional aspects
regarding timimg and the need to retain the capability to remove
elemental iodine, however, remain to be determined.
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-A T AIR LEAKAGE ANALYSIS IN A NUCLEAR FAC
-MET 3 M

Tony Farajian, Gurinder Grewal, and Robert J. Tsal
Fluor Daniel Inc.
Irvine, CA

Abstract

This paper explains application of the T-Method for calculating air leakages
and pressure differentials in a nuclear facility following a Design Basis
Accident (DBA).

The nuclear facility ventilation systems are designed to maintain
confinement of airborne radioactive material during normal operation and after
a DBA. The confinement is achieved by maintaining the negative pressure below
the outside atmospheric pressure. The ventilation exhaust capacity, required to
maintain negative pressures in the facility during normal operation, is estimated
using building components 1leakage data. However, following a ODBA, the
ventilation system equipment, ductwork, shielding windows, doors, etc. may be
damaged and create new leakage paths. The system designer needs to know the
exhaust airflow capacity required to maintain radioactive material confinement
in the facility following a DBA.

The T-Method is a new computational tool for hydraulic networks optimization
and simulation. Simple numerical computation in conjunction with airflows,
pressures, and fan characteristics simulation for a complicated tree-network
makes this method an efficient tool for studying air leakage flows and pressure
in a facility following a DBA.

I. Nomenclature

C = Jocal loss coefficient, dimensionless

D = duct diameter, m [in]

D, = equivalent-by-friction diameter of rectangular duct, m [in]
D, = equivalent-by-velocity diameter of rectangular duct, m [in]
H = duct height, m [in]

Ks = Sectional flow conductivity coefficients, dimensionless

Kt = Flow conductivity coefficients for a subtree, dimensionless
Kt,,, = System flow conductivity coefficients, dimensionless

L = duct length, m {in]

P = pressure, Pa [in.H,0]

Pdn = pressure at downstream node, Pa [in.H,0]

P.. = fan total pressure, Pa [in.H,0]

P, = System total pressure, Pa [in.H,0]

Pup = pressure at upper node, Pa [in.H,0]

Q = duct airflow, m*/s [cfm)
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Pup = pressure at upper node, Pa [in.H,0]

Q = duct airflow, m’/s chm]

Q. = fan airflow rate, m’/s [cfm]

Q.. = system airflow, m’/s [cfm]

Re = Reynolds number, dimensionless

v = mean air velocity, m/s [fpm]

W = duct width, m [in]

DP = total pressure Toss, Pa [in.H,0]

DPex = excessive pressure in a path, Pa [in.H,0]

DPs = system pressure loss, Pa [in.H,0]

DP,, = System pressure loss, Pa [in.H,0]

DPp = path pressure loss, which is the sum of pressure losses for all sections
in a path, Pa [in.H,0]

f = friction factor, dimensioniess

g. = dimensional constant, 1.0 (kg-m)/(N-s?) [32.2 (1b,-ft)/(1b~-s?)]

y = degree of node

e = absolute roughness factor, m [ft]

q = air density, kg/m® [1bm/ft*]

m = kinematic viscosity, m?/s[ft?/s]

Subscripts: r = Return part of the system
s = Supply part of the system

I. Introduction

The protection of the public and the environment from radioactivity is of
paramount importance in the design of nuclear facilities. The ventilation
systems of the nuclear facilities provide confinement of radioactive material by
maintaining negative pressure differentials in the facility during normal
operation and after a Design Basis '‘Accident (DBA). The negative pressure
differentials in the facility assure that the air leakage is always from the
outside into the facility and, within the facility, from clean areas towards
areas with increasing potential of contamination. The exhaust air is filtered
through multiple stages of HEPA filters for protection of the public and the
environment. The facility exhaust fans of larger capacity than the supply fans
will compensate for leakage into the facility. The facility inleaka?e is
calculated using leakage data from available sources in the literature."” The
calculated leakage rate is increased by an appropriate safety factor to size the
facility exhaust fans. The outleakage from the facility after a DBA is prevented
by stopping the supply fans and operating one exhaust fan. The damage to the
ventilation system equipment, ductwork, shielding windows, doors, etc. may create
new leakage paths in the facility following a DBA. These leakage paths can only
be postulated, because it is impossible to predict accurately the extent of
damage to the facility. If the operating exhaust fan capacity is significantly
larger than actual leakage into the building, then the building pressure becomes
excessively negative and hinders safe exit of the operating personnel.
Conversely, if the exhaust capacity of the operating exhaust fan is not
sufficient to maintain significant negative pressure in the building or minimum
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velocity across confinement openings, then confinement of radioactive material
within the building can not be assured.

The T-Method simulation technique is used for studying airflow leakage
distribution and pressure differentials in a facility and for optimum sizing of
the exhaust fans for post DBA operation.

11. T-Method Theory

T-Method was initially developed for fan-duct system optimization using
life cycle cost as the objective function and was further developed to simulate
steady state performance of an existing fan-duct system. The theory, calculation
procedures, and simulation techniques are fully published.®

The pressure losses at nodes of an airflow network will always balance in
accordance with the Kirchoff’s Law. If the network design does not provide this
balancing, the flow rates will balance themselves and the total flow and pressure
loss will match the fan performance curve. The purpose of the T-Method
simulation is to find actual flow and pressure losses in a network.

The T-method is based on the same tee-staging concepts as Dynamic
Programming'**® and incorporates the following major procedures:

1. System condensing. Condense the branched tree system into a single
imaginary duct section with identical hydraulic characteristics and the
same owning cost as the entire system.

2. Selection of an operating point. Determine the system flow and pressure
by locating the intersection of fan and system curves.

3. System expansion. Expand the condensed imaginary duct section into the
original system with the distribution of actual pressure losses.

A. Definition of Parameters
The Darcy-Weisbach equation for round and rectangular airflow path is

2

Round: RN EES B !z-g (1a)
C
£l ve p

Rectangular: AP = ( 'D; +2C) 7o (1b)
C
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where the equivalent-by-friction diameter is

D - 2 X (2)
Introducing the equivalent-by-velocity diameter for a rectangular path
D, = 1.128 (H W)°° (3)
and the coefficient y
Round: 4 =fL+ZCD (4a)
Rectangular: u = % +3C) D, (4b)

Then substitute g into the Darcy-Weisbach equation (la and 1b) to obtain the
following equation for a single duct pressure loss

Round: AP = 0.811 g'(l: upt D70 (5a)
Rectangular: & - 0.811 ;! y p? D5 (5b)

Since D and D, are the same for round and equivalent round rectangular paths
it is possible to identify flow in terms of a diameter and a pressure loss by
using coefficient . Thus

Q = 1.1107 (‘u—g‘-.'f-)“"5 p2:5 (ap) 0-5 (6)

By introducing the variable Ks

Ks = 1.1107 (Fg-;-)°'5 p2-5 (7)
the pressure loss at duct section becomes
o - ()° | (8)
and flow is
Q = ks ap0-5 (9)

Physically, the sectional coefficient Ks is path conductivity.

377




“22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

B. Condensing two duct sections connected in series.

The system in Figure 1 contains two paths connected in series. Let us

introduce an imaginary duct section (1-2) called condensed.

satisfy the following conditions:

® flow of the condensed section (1-2) must
be the same as the flow of the original
sections; namely

Qo= = Q (10)

® pressure loss of the condensed section
(1-2) must be equal to the sum of the
pressure losses for the original
sections as named below

1-2 (11)

This section musu

Figure 1. Two Sections

Connected in Series

From Equations 8, 10, and 11 following relationship is derived

Ksj_p = (Ks'l'2 + KsE2 )

-0.5

(12)

C. Condensing duct sections connected in parallel.

When condensing two sections, 1 and 2,
in parallel into an imaginary section (1-2)
(Figure 2), the condensed section must satisfy
the following conditions.

Flow:

Ql__z = ql + 02 (13)

Pressure: (14)

&Py p = &Py = &P,
After substituting Equation 9 into Equation
13, the relationship between the

characteristics of a condensed duct section
and the original ducts is

Ksl_2 = Ks1 + Ks2 (15)
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D. Condensing a tee

Let us condense the tee shown in Figure
3 containing one node, two children (sections
1 and 2) in parallel, and one parent (section
3) in series (see Terminology Section VII for
definitions). First, condense the parallel
sections 1 and 2 using Equation 15. Thus

l(sl_2 - Ks1 + Ks2 (16)

Then using Equation 12 condense sections (1-2)

and 3 in series to obtain Equation 17.
Figure 3. Condensing a Tee

Kt = [(Ks +Ks )% +ks2 795 an
1-3 1 2 3

E. Condensing a subsystem

The purpose of condensing a
subsystem is to decrease the tree depth
from the maximum to 1 by a series of
repetitive calculations using Equation
17 for all tees. The starting tee must
be any infant tee. For the 5-section
system illustrated by Figure 4, the
starting tee is 1-2-3. This tee must be
condensed into the imaginary section (1-
3) by using Equation 17. Then the tee
(1-3)-4-5 condensed into the imaginary
root section (1-5). Therefore, the
entire subsystem is condensed into one

section only. The number of operations
is equal to the number of internal nodes Figure 4. Condensing a Tree
minus one.

A practical condensing procedure rule is that the next section can be

selected only when its children sections have already been used in previous
calculations.
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F. Operating Point Selection

The T-method is based on condensing the entire system into one single
root section. The cumulative coefficient of conductivity for the system,
Kt,,,, is the last step for the condensed root section. Therefore, from
Equation 9 we obtain Equation 18, where Ks is replaced by Kt,, for the
condensed system.

sys Kteys 8Psys

Q (18)

Since sts- Qfan and APsys- l’sys - Pfan the actual operating point is where

the system curve, represented by Equation 18, and the fan performance curve
intersect.

6. Expansion

The expansion procedure distributes the available fan pressure
throughout the system sections. Unlike the condensing procedure, the
expansion procedure starts at the root section and continues in the direction
of the terminals. Substitute Q,., and Q, from Equation 9 into Equation 13, and
rearrange with respect to Q,. Thus,

0.5 0.5
Apply Equation 15 for two duct sections in parallel and substitute
AP?;S by Qy_, / Ky_p to yield the following equation.
Section 1: Ql - 01-2 T1 (20)
where
Ks1
= Ks; + Ks, (21)
Section 2: QZ - °1-z T2 (22)
where
I, 2 (23)
2 5; + Ksy

Analogous equations can be derived for each duct section excluding the
root section. Coefficients ‘T and T for the root sections are always equal
to 1l ‘

’ r s

as well as any other section with no brothers (degree of node is 1).
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H. Iterations

The T-Method is iterative 1ike most other existing analytical and

numerical flow distribution methods, except Dynamic Programming.'®

Many

parameters, such as the C-coefficients for junctions and transitions, depend

on airflows and are not known at the beginning.

The operating point on the

fan curve performance is selected after the cumulative system coefficient Kt,,

is known.

In order to calculate pressure loss and duct size in each section, equal
air velocity is assigned to all duct sections, except for the presized

sections.

This step in the simulation process is known as data initiation.

The T-method converges very efficiently, and usually three iterations are
sufficient to obtain solution with a high degree of accuracy.

A. System Description

A typical application for a nuclear facility is illustrated in Figure 5.
The building is divided into three confinement Zones.
designed for handling highly radioactive material and are designated as
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Zone I. The cell operating areas surrounding the Zone I are classified as
Zone II. The equipment room has minimum potential for radioactive
contamination and is classified as Zone III. Zones II and III are divided
into east and west areas. The Zone I exhaust system contains the airborne
radioactive material within the hot cell following a DBA. The confinement is
achieved by maintaining airfiow into the hot cell. The hot cell pressure is
to be maintained between -25 and -45 Pa (-0.1 and -0.18 in.WG) following a
DBA. The T-Method simulation is applied for calculating negative pressure in
zhe cell and air Teakage into the cell under different scenarios of facility
amage.

The exhaust system consists of an exhaust fan and a 2-stage HEPA
filtration unit. The exhaust air from the Zone ! is filtered and exhausted
through the stack.

CONFINEMENT
BOUNDARY

AMBIENT

®
Q@
@
@

{
{
{

®
®
-1 L e e

Figure 6. Network Model

B. Network Model

The exhaust system is sized based on the maximum credible breach in the
confinement boundary. All credible failures of the facility boundary
following a DBA and associate airflow paths are identified. A network model
representing the airflow paths is developed (Figure 6).
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Following are the postulated failure scenarios in the building after a DBA:

-- Outside air intake ductwork in the equipment room is broken creating
open flow paths to the ambient,

-~ Supply and exhaust ducts in the operating areas are broken creating
open flow paths between the Zone II area and the equipment room,

-~ Shielded viewing window between the operating areas and the Zone I
confinement boundary is broken, causing open flow path between the two
areas,

-- The piping to the Zone I confinement boundary is broken creating leakage
flow path between the Zone Il areas and the Zone I cell.

Network Description

1) Flow path into the equipment room from outside ambient

through damaged outside intake ductwork ................. Sections 1, 5
2) Flow path between floors through damaged ducts .... Sections 2, 3, 6, 7
3) Flow paths into the cell through broken shie]ding

WiNAOWS ...ovvriniiiiiieerenneeeeearenocernassecsancscsnnnons Section 4
4) Flow paths from the ambient through air lock doors.

The interior airlock doors are considered open in the

ANATYSTS tiitiiteerreenntertaneontaserecasorsanssssneanas Sections 8, 9
§) Flow path into the cell through broken pipes ....ccccevveene Section 10
6) Air leakage into Zone I through emergency exit

QOOr iiiiiiiiiiieesitesatoteenoterancesneccrsncsanonnnons Section 11

7) A dummy section to link Sections 11 and 4 for the purpose of
network modeling by the T-Method. (No air resistances

is considered across this section) .......ccvvevnnnnsn «+... Section 12
8) Hot cell connection to the exhaust duct system ........ «e... Section 13
9) Exhaust duct ....cciiiiiiiiiiiiiienennens Cetesrenannes «eese. Section 14
10) HEPA Filter Plenum ......cciiiiinnneniancronncesnssancnnnes . Section 15
11) Isolation damper ........vvievvnneennee teetrcresncans ceeses. Section 16
12) Exhaust Stack entrance ....covviviiiiiieeeerineecsanenconens Section 17
13) Exhaust Stack ......... Ceesesarsstaeaecansesraann ceesssssess Section 18
14) Exhaust Stack Exit .....icviiiiiiineenernnronnececcannnns ... Section 19

Input Data

The master input data in the T-Method includes air temperature, duct
roughness, kinematic viscosity, air density, fan motor efficiency, etc. The
fan curve is represented by a number of fan flow-pressure points. These
points are confirmed by the program output as the fan curve intersects with
the system curve. Computer program indicates if intersection between the fan
and system curves is obtained.

Local resistance C-coefficients and size of each section are part of the
input data. Obtaining C-coefficients is one of the critical parts of analysis
by the T-Method simulation. The ASHRAE Handbook of Fundamentals is
recommended as one of the main sources to obtain C-coefficients for various
fittings and flow paths. C-coefficients used in this calculation are shown in
Table 1.
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Table 1. Local Resistance Coefficients

1 Entry 0.5 ASHRAE'”', p.32.27, 1-1

2 Entry, Exit [ 1.0+¢1.0 | ASHRAE'", p.32.27, 1-1, p.32.28, 1-2

3 Entry, Exit | 1.0+1.0 | ASHRAE"”, p.32.27, 1-1, p.32.28,

4 Orifice 0.9 Idelchik®, p.171

5 Entry 0.5 ASHRAE'”, p.32.27, 1-1

6 Entry, Exit | 1.0+1.0 | ASHRAE”, p.32.27, 1-1, p.32.28, 1-2

7 Entry, Exit | 1.0+¢1.0 | ASHRAE'”, p.32.27, 1-1, p.32.28, 1-2

8 Exit door Variable | ASHRAE", p.23.15, Fag.11.,2032’50(&/0.3)““, L
AP=C(Q/A)%/2, C=5260 A’AP™

9 Orifice 2.3 Idelchik'™®, p.171

10 Entry, Exit | 2.0 ASHRAE', p.32.27, 1-1, p.32.28, 1-2

11 Exit door Variable | ASHRAE”, p.23.15, Fig.11., Q=250(AP/0.3)°%®,
AP=C(Q/A)%0/2, (=5260 A’AP?

12 Dummy 0

13 Entry 0.5 ASHRAE”, p.32.27, 1-1

14 3 Elbows, 3.6 + ASHRAE", p.32.32, 3-6, and p.32.36, 4-4

Transition 0.58

15 Filter Variable | ASHRAE"', p.32.9, AP=C(V)%p/2, C=1780

16 Damper 0.52 ASHRAE™, p.32.47, 6-5 |

17 Entry 1.0 ASHRAE”, p.32.27, 1-1

18 None 0

19 Exit 1.0 ASHRAE‘:,ﬁp.32.28, 2-1

C. J-Method Computer Calculation

Case 1 considers all credible leakage paths shown in Figure 6. The T-

Method computer run for a preselected fan and an alternate fan are shown in
Table 2 and 3 respectively.
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Case 2

The network model for this case is similar to Case 1 except the flow
path through section 10 (pipe) is considered closed. The results of the Case
2 computer run are presented in Table 4.

Case 3

The network model for this case is similar to Case 1 except the flow
path through section 4 (shielding window) is considered closed. The results
of the Case 3 computer run are presented in Table 5.

Input Data Considerations

A large flow coefficient (100,000) is purposely assumed for the closed
flow paths to simulate no flow conditions for cases 2 and 3. The total
airflow through the system and pressure loss in the filters (section 15) are
substantially reduced in this case. C-coefficients that are flow dependent
are calculated by using equations presented in Table 1.

E. Analysis of the Results

Case 1 is simulated by the T-Method for a preselected exhaust fan. If
the cell pressure is higher (less negative) than the limits, a larger fan is
needed to achieve desired pressure in the cell. If the cell pressure is lower
(more negative) than the limits, a smaller fan should be selected. This
procedure is repeated until a satisfactory fan is selected.

The T-Method output results for Case 1 are presented in Tab]e 2. The
results indicate that an exhaust fan with a capacity of 6.62 m®/s at 1612 Pa
will maintain a negative pressure of -65.2 Pa in the hot cell (section 12).
Since this pressure is much lower than the desired range of 25 to -45 Pa, a
smaller fan is needed. The results with a new fan of 4.88 m®/s at 1236 Pa
capacity indicate a negative pressure of -34.9 Pa in the hot cell (Table 3).
This pressure is within the desired limits. The selected exhaust fan is then
evaluated for Cases 2, and 3.
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The exhaust fan throttling is necessary for Cases 2 and 3 to prevent excessive
negative pressures in the hot cell.

Table 6. Summary of Results.

Case No. Fan flow, m*/s Fan break horse- Confinement

e 1 Fan pressure, Pa_| __ power, kW _

Case 1: all paths | 4.88 m’/s 9.57 kW 34.9 Pa

are opened 1236 Pa '

Case 2: Section 4.30 m%/s 480.2 Pa

10 is closed 1411 Pa 10.39 kW

Case 3: Section 4| 4.30 m%/s 10.39 kKW 478.7 Pa

is closed 1411 Pa ' '
| -

The T-Method provides a technique for simulating effects of exhaust fan
operation on pressure differential and l1eakage airflow in a facility following
a DBA. This simulation can! be used to perform "what if" type analyses by
changing exhaust fans, and number and size of the leakage paths. The results
are used to optimize selection of the exhaust fans, safety classification of
components, and pressure controls.

VII. Terminology

The following terminology is adapted from Horowitz and Sahni
Figure 4 for example.

®  Refer to

Ancestors of a node - All sections connected to the given node on the parent’s
side. The ancestor of the node 1-2-3 is section. 5.

Brother - Child section 1inked to the same node as the current section.
Children and parent - Duct sections connected at the same node. The parent
section is the one which collects or distributes the total flow. The rest are
children sections. Children sections 1 and 2 have parent section 3.

Degree of a node - The number of children of the node. The degree of node 1-2
is 1.

Degree of a tree - The maximum degree of any node in a tree. The degree of
tree for the system in Figure 4 is 2 (no crosses or pentagons).
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Descendants of a node - A1l sections connected to a given node on the
children’s side.

Down node - The node where the section is linked to its children.

Infant section - Terminal section which has either terminal brothers or no
brothers at all. Sections 1 and 2 are infant sections.

Infant tee - A tee which consists of parent and infant sections. Tee 1-2-3 is
an infant.

Internal sections (nodes) - Duct section or node which is not a terminal:
Sections 3 and 5. '

Node level - The maximum number of nodes (including terminals) in any path
- within a tree or subtree.

Parent and children - Duct sgctions connected at the same node. The parent
section is the one which collects or distributes the total flow. The rest are
children sections. Terminal sections have no children and root sections have
no parents.

Path - A set of descendants connected in series, for example 1-3-5.

Root - The oldest parent section in a subsystem, mostly the duct section
connected to the fan or to the outside air. Section 5 is the root.

Subtree - Same as descendants of a node.

Tee - Sections linked at the same node. The tee 1-2-3 consists of Sections 1,
2, and 3.

Terminal sections (nodes) - Sections connected to the terminals: Sections 1,
2, and 4.

Tree - A system of duct sections connected at nodes (junctions) with no
circuits. Only unique path can be determined for any section in a tree
connected to the root.

Tree depth - The maximum node level for the whole subtree.

Upper node - The node where the section is linked to its parent. For Section
1 the upper node is the intersection of the Sections 1, 2, and 3.

YII. References

1. Koontz, R.L. et.el "Conventional Bui]dings for Reactor Confinment", Atomic
International, A Division of North American Aviation, P.0. Box 309, Canoga
Park, California

2. Tsal, R.J.; Behls, H.F. and Mangel,R. "T-Method Duct Design. Part I:
Optimization Theory" and "Part II: Calculation Procedure and Economic

Analysis." ASHRAE Transactions, Vol. 92, Part 1A, pp. 347-361, 1988.

391




22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

3. Tsal, R.J.; Beh]s, H.F. and Mangel, R. "Duct Design. Part III: T-Method
Duct Simulation."™ ASHRAE T[§n§gg1jg , Yol. 96, Part 2, 1990.

4. Bellman, R.E. Dynamic programming. New York: Prinston University
Press, 1957.

5. Tsal, R.J. and N.Z. Shor “The use of the steepest descent method for

ca]cu'latmg flow distribution in a duct system." ical
operation research, No.2. Kiev: Institute of Cybernetics Pubhcatmn, 1967.
6. Tsal, R.J. and Chechik, E.I. Th e of n_HVA

Kiev: Budivelnick Publishing House. Avai'lab]e from the Library of Congress,
Washington D.C. ,Service Number TD153.T77, 1968.

7. ASHRAE Handbook - 1989 Fundamentals. Chapter 32, Duct Design. Atlanta:
American Society of Heating, Refrigerating and Air-Condnioning Engineers,
Inc.

8. Idelchik, Handbook of Hydraulic Resistance, Second edition, Hemisphere
Publishing House, New York, 1986

9. Horowitz, £.; and Sahni, S. Fundamentals of Data Structures. New York:

Computer Science Press, 1976.

DISCUSSION
PARKER, C. W.: For the simulation method discussed, would it be possible to assume an atmospheric
pressure transient - such as that described in Regulatory Guide 1.76 for a design basis tornado -
and determine building wall differential pressures during the event?

TSAL: T-method calculates only steady-state flow for different regimes.
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THE EXPERIENCE WITH THE EFFECTIVENESS OF FILTERING SYSTEMS
FOR THE RADIOACTIVE FALL-OUT
FROM THE CHERNOBYL ACCIDENT IN GERMANY

Dr. H. Braun
Federal Ministry for Environment, Nature Conservation and Reactor Safety
Husarenstr.. 30
5300 Bonn
GERMANY

Abstract

The reactor accident in Chernobyl on April 26, 1986 lead to the release of approximately
2-1012 MBq of aerosol bound activity. The aerosols were transported by the air around the world.
In Germany the survalence monitors at nuclear power plants registered an increase in the air born
activity due to the accident. More than 80% of the aerosol bound activity was removed by the inlet
filters at the nuclear power plants. The 131] activity was mostly in gas form, approx. 70% to 80%,
and was therefore not retained in the filter systems.

1. Introduction

On April 26, 1986 in Block 4 of the Chernobyl nuclear power plant a series of events lead to
the most serious accident in the history of the civil nuclear power industry. The accident did not
occur during normal operation but rather as a result of an extraordinary situation in which a poorly
planned experiment ignored normal safety precautions. Reconstruction of the situation that lead to
the accident indicates that the reactor went through two uncontrolled power excursions. The first
excursion lead to reactor pressure tube damage causing the coolant to boil. This caused a rapid
increase in the pressure which burst the reactor tubes blowing the 1000 t shield covering the reactor
into the roof of the reactor building. The hole in the roof allowed the radioactive gases, aerosols
and larger particles from the core to escape into the environment. The second excursion lead to a
chemically cause explosion, due to a zirconium water reaction creating hydrogen. The explosions
and the thermally driven plume above the core melt down drove large amounts of radionuclides into
the atmosphere, from where they were transported around the world. It is estimated that a total
activity of 2-1012 MBq in condensible fission products plus again as much activity in nobel gases,
85Kr and 133Xe, was released over the 10 days after the accident(D),

2. Nuclide Spectrum and Release Histor

After the reactor accident at Chernobyl the Russian officials made measurements of the par-
ticle bound radionuclides in the air above the reactor at various times after the accident, table 1(1),
The values are listed in percent of the total activity measured. The nuclide spectrum is missing the
noble gasses since they are not particle bound. For example missing in the nuclide spectrum are
133Xe and 85Kr which made up a large portion of the released activity but were not captured in the
sampling device's filter since they were not bound to air carried particles. Likewise the portion of
1317 which was in gas form is not accounted for in this table.

Characteristic of this accident was the release of large amounts of radionuclides over a time
span of about 10 days. Only 25% of the activity was released on the first day, about 74 - 81-1010
MBq(). The majority of this was released within the first few minutes coupled to the initial reactor
core melt down and the two explosions. The nuclide spectrum for this phase was nearly identical to
the melted fuel enriched with noble gases and highly volatile compounds, especially tellurium.
During the next 4 days after the explosions the release rate died down exponentially until on April
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29 it was approximately 1011 MBg/d. The release rate continued to decrease until May 2 when the
release was measured to be about 7.4-1010 MBq/d. The radionuclides from this second phase were
carried into the atmosphere by the heat driven plume caused by the melted down reactor core. The
nuclide spectrum was similar to the nuclide spectrum release by the explosions. In the period from
28 April to 2 May 40 t of B,C, 800 t of granit, 1800 t of sand and 2400 t of lead were dumped onto
the reactor by helicopter.

TABLE 1: Activity bound to aerosols, measured above the Reactor after the accident in
1986 in % of the total emission of aerosols
Date after the Accident
April May

Isotope*

26 29 2 3 4 5
95Zr 4.4 6.3 9.3 0.6 7.0 20
95Nb 0.6 0.8 9.0 1.3 8.2 18
99Mo 3.7 2.6 2.0 4.4 2.8 3.7
13Ru 2.1 3.0 4.1 7.2 6.9 14
106Ru 0.8 1.2 1.1 3.1 1.3 9.6
1317 5.6 6.4 5.7 25 8.2 19
132Te + 1321 40 3] 17 45 15 8.6
134Cs 0.4 0.6 0.6 1.6 0.6
136Cs 0.3 0.4 0.5 0.9
137Cs 1.4 3.7 1.3 2.2
140Bq 3.2 4.1 8.0 33 13 12
140 4 11 4.7 15 2.3 19 17
141Ce 1.4 1.9 7.6 0.9 6.4 15
144Ce 1.6 2.4 6.1 5.1 11
147Nd 1.4 1.7 25 2.1 54
239Np 23 3.0 11 0.6 2.8 6.8

In bold type face the nuclides which dominated the fall out in Germany.
* Radioactive nuclides in the gas form are missing, e.g. 85Kr, 133Xe and iodine.

On May 3 a third phase began with a rapid increase in the quantity of radionuclides being
released.  Volatile fission products such as iodine and cesium, were proportionally over-
represented, compared to the initial spectrum, while the non-volatile oxides such as oxidized
cerium, barium and zircronium, were under-represented. Nine to ten days after the actual accident
the radionuclide release reached 40% of the original release rate. The cause of this increase in the
release rate can be explained by the heating of the badly damaged core, which was now insulated
from the environment. The increased temperature caused fission products to migrate out of the core
matrix and caused chemical changes in the core material, which lead to the increased amount of
fission products escaping into the atmosphere in the form of aerosols(1).

The release was stopped by special actions from the Russian officials, which included injec-

ting liquid air into the damaged reactor building to reduce the temperature. As a result of the liquid
air injection the reactor core began to cool and air shafts were created so that further cooling due to
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natural convection occured. The cooling lead to a rapid decrease in the activity release. By May 9
the release rate had been reduced to 4-108 MBq/d and by May 20 to about 7-101! Bq/d(®.

Nuclide T n

Radioactivity in the air is continuously monitored from ground based sensors in Germany
including the surveillance monitors at nuclear power plants. The first air carried radionuclides from
Chernobyl to arrive in Germany were registered in Berlin, Munich and Regensburg on the night of
April 29 through April 30. On May 1 radioactivity was registered in Freiburg, Offenbach a.M. and
Saarbriicken. Finally on May 2 activity in the air was measured in the extreme west of Germany in
Aachen, Essen and Norderney. In the northérn areas of Germany, Hannover and Schleswig, only a
minimal increase over the normal background was registered. The contamination in southern
Germany was the highest. The highest daily averages for the total activity concentration in the air
for selected cities are listed below(2),

Southern Germany
Regensburg 31 Bq/m3 on April 30
Munich 54 Bg/m? on May 1

hern German
Hannover 1.7 Bq/m3 on May 4
Schleswig 0.7 Bg/m3 on May 6.

By Mag 10 the activity concentration in the air at all the German monitoring stations was
belecw 1 Bg/m32), The German annual average activity in the air is normally below 1.1 mBq/m3,
In 1986 due to the Chernobyl accident the annual average was 116 mBq/m3, where Munich had the
highest with 434 mBq/m3 and Schleswig the lowest with 7.6 mBq/m3(?). The nuclide spectrum was
dominated by short lived nuclides with a small fraction of long lived volatile fission products. The
dominate nuclides registered in Germany were, 103Ru, 131] 132Te/132] 137Cs, 134Cs and
140Ba/140La, Strontium isotopes were also registered in small amounts. The 8%Sr concentration was
7.5% of the 137Cs concentration and 99Sr 1.2%. An increase in the alpha activity in the air was not
registered. This was confirmed by many laboratory nuclide specific measurements which found no
increase in the actinides(@).

In Fig. 1 the average monthly air born radioactivity from all the monitoring stations is
plotted against the month. The peak values from Chernobyl are significantly higher compared to
the air born activity from the nuclear tests, in the year 1971.

4. Fil las R i ili

The ability of a filtering system to remove dust and aerosols from the air depends on the
filter type. The most important classification parameter for a filter is its retention grade, which
depends on the particle size. Filters are divided into various classes, A for coarse grade filters, B
for fine dust and C for aerosol filters. Most filter systems are multi-stage with a coarse filter
followed by fine filters.

Table 2 shows the filter classes and their percent retention as a function of particle size@®), The
filter classifications in table 2 column 2, are the European EUROVENT standards® and in column
3 the older German DIN 24185 standards(4), The columns 4 to 8 in table 2 give the percent of the
particles having that diameter which are retained by the filter class. For example an EU 6 filter will
retain 30% of the particles with diameter between 0.5 an 1.0 um. The retention percentages in
table 2 are average values. The actual value for a particular filter can vary greatly depending on the
filter material and construction.
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ACTIVITY CONCENTRATION IN THE AIR
I MONTHLY AVERAGES FOR GERMANY
data collected by the German Weather Service
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Figure 1 shows the total air born activity averaged over Germany from 1971 to 1986.

To calculate the expected reduction in the concentration of radioactivity in the air after filtering,
information about the activity distribution as a function of particle size is needed. The percent
activity distribution with respect to the particle size is shown in table 3®). The first row is the 1311
activity, note that 80% is in the gas form according to these measurements. The second row is the
total activity bound to aerosols, excluding 1311, as a function of particle size and the following 3
rows are the activity distribution of the 3 leading radionuclides. The measured activity distribution
is expected to be representative for middle Europe.

5._Filter System in Nuclear Power Plants

Licensing procedures in Germany require that nuclear power plants monitor their surroun-
dings to control the release of radionuclides. The power plants monitor the outside air before
bringing it into the reactor building. The incoming air is filtered through a multi-stage filter
system. The exhaust air is also filtered through a multi-stage filter system before being released.
At all stages the air is monitored for the presence of radioactive aerosols. The multi-stage filters
are composed of a coarse filter to retain the large dust particles, followed by fine and aerosol filters.
After the Chernobyl accident the monitors at German nuclear power plants registered an increase in
the radioactivity in the air. The aerosol activity was partially removed by the filtering system so
that the air leaving the nuclear power plant had less activity than the air entering the plant. In the
following sections data from the nuclear power plants at Philipsburg and Grafenrheinfeld are given
which demonstrate the efficiency of the filtering systems at eliminating radioactivity from the air.
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TABLE 2: Filter retention as a function of filter type and particle size

Filter- Filter Class Average retention for different particle diameters in %
group
() ()
EUROVENT| DIN 0.3- 0.5- 1.0-
< 03 um 0.5 pm 1.0 pm S um > 5um
EU 1 A -0 -0 -0 -0 70
EU 2 B, -0 -0 -0 ~10 80
Coarse
EU 3 -0 -0 -0 - 20 90
B,
EU 4 -0 -5 ~ 10 - 35 95
EUS . 710 20 30 65 98
C
. EU 6 ~ 15 30 50 80 99
Fine
EU 7 C2 - 25 50 70 90 " 100
EU 8 C, - 35 70 90 95 ~ 100

(a) European standard
(b) Older German standard

3.1 Nuclear Power Plant at Grafenrheinfeld
The radioactivity arrived at the nuclear power plant at Grafenrheinfeld (KKG) in the night of

April 30 and reached its maximum value between 14:20 and 21:30 on May 1. The incoming air
was monitored with a set of temporary monitors from April 30 to May 11. The nuclides 131I and
137Cs dominated the nuclide spectrum with significant amounts of 132Te/132] and 134Cs being
present. Niobium and Ruthinium were detected in trace amounts().

In table 4 the activity concentration in the air is given before and after filtering the incoming
air. The air was passed through a multistage filter (class A, B2 and C) and the activity concentra-
tion monitored by the normal instrumentation in the power plant. The temporary monitoring
devices located outside the reactor building probably under-measured the 137Cs concentration since
measurements of the 137Cs in the filters indicated a 10 times higher activity concentration outside
than was expected from the calculations using the filter retention specifications and the air flow
volume. This would mean that the retention of activity in the filters is better than the data in table 4
indicates. The low retention of 131] can be explained by the large percentage of iodine in the gas
form which was not retained by the filtering system, and due to the filter material, glass-wool.
Using charcoal filters, as are implemented in the exhaust air filtering systems, a larger percentage
of the iodine could be retained.
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TABLE 3: Activity distribution as a function of particle size
Isotope Activity per particle size in %
gasform < 03um} 0.3-0.5 um|0.5-1.0 um [ 1.0-50 um | > 5 um

1311 80 7 7 4 2 0

Aerosol* | = ---- 7 26 43 23 1
B31Cs [ - 9 25 43 23 0
18Ry [ - 9 26 40 20 5
12Te [ - 6 26 44 24 0

* Does not include 1311,

TABLE 4: Activity concentrations before and after the Inlet filter at KKG
Outside Bg/m3 | Inside Bg/m3 Removed activity
Time Period 1317* / 137Cs 1311* / 137Cs 1311* /137Cs
April 28, 10:00 to May 5, 10:00 5.1/0.31 3.3/0.052 35% / 83%
May 5, 10:00 to May 12, 10:00 1.06 / 0.073 0.62 / 0.0051 41.5% / 93%

* total iodine activity, gas plus aerosol bound.

5.2 Nuclear Power Plant at Philipsburg
The radioactivity arrived at the nuclear power plant at Philipsburg (KKP) in the night of

April 30. The incoming air was filtered through a multi-stage filter consisting of a coarse filter
followed by a fine dust filter and an aerosol filter stage, filter class B2 and C respectively®. The
radioactivity in the filters was analysed once a week. The results of the analysis are given in table
5. The 131] values include the elementary (gas form), organic bound iodine and the aerosol bound
iodine. The ratio of organic to elementary 1311 was 1:4 in agreement with the measurements pre-
sented in table 3 of section 4, The values listed under "Aerosol" are the sum of the aerosol bound
activity from the nuclides, 193Ru, 106Ru, 132Te, 134Cs, 137Cs, 140Ba and 140La. At the beginning
the activity was dominated by 132Te, while later 137Cs and 193Ru dominated the nuclide spectrum(®).
The data shows that the filters were not very effective in reducing the 131 concentration. This can
be attributed to the large percentage of 131I that was not bound to aerosols and therefore was not
retained by the filters. Furthermore the data shows that after the initial contamination by 131I the
building and filter system desorbed iodine over the following weeks so that the concentration inside
the reactor building was higher than outside. v

398




22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

TABLE §: Activity concentrations before and after the Inlet filter at KKP

Outside Bq/m?® | Inside Bg/m? Removed activity
Time Period + 1311* / Aerosols | 131I* / Aerosols 1311* / Aerosols
April 28 to May 4 12/ 11 9/ 1.3 25%/ 88%
May 5 to May 11 0.3/ 0.07 0.5/ 0.005 -193%
May 12 to May 18 '0.04/ 0.02 0.07/ 0.0003 -/ 98%

* total iodine activity, gas plus aerosol bound.

Discussion and Conclusi

Using the data from sections 4 and 5 a comparison can be made between the expected
removal of activity from the air due to filtering and the actual measured reduction. This is accom-
plished for each filter type by multiplying the percent retention for the particle size from table 2 by
the percent of the activity found on this particle size. This results in the percent of the activity
retained in the filter dependent on the particle size. The sum of these retained percentages gives the
percent of the total activity which the filter removed. For multi-stage filters the percent of the actj-
vity passing through the previous filter stage is used as the input for the next stage and the sum of
the retained activity percentages is summed after passing through all the stages. In table 6 a sum-
mary of the results from calculating the expected retention for multi-stage filters typically used to
filter the incoming air in a nuclear power plant is compared to the measurements presented in tables
4 and 5.

TABLE 6: Expected and measured retention values for filtering systems

theoretical measured
EU4 & EU7 / EU4 & EU8 week 1 / week 2
137Cs 68.5% / 82.5% 83% / 93% (KKG)
Aerosols 68.9% / 82.9% 88% / 93% (KKP)
1317 total 10.2% / 13.0% 35% / 41.5% (KKG), 25% / -- (KKP)
1311 bound 51.1% / 65.2% no data

The calculated 83% retention of activity in the filters for aerosol bound activity, which
includes 137Cs, compares very well with the 83% and 88% retention measured in the first week
after arrival of the activity. The data shows that the retention percentage is better when the filters
are exposed to less activity, as was the case in the second week. For aerosol bound activity where
it can be assumed that the particle size is the determining factor, the retention can be estimated
fairly well.

The retention for 1311 does not compare well with the expected retention from the calcula-
tions. There are a number of factors which can possibly explain this. Firstly the retention depends
strongly on the amount of 13!I which is in gas form which could vary from region to region.
Secondly the determination of the total 1311 depends on how well the 13!I gas can be determined,
which will depend on the sampling techniques used at the different power plants. Another critical
factor is the chemical reactivity of iodine gas. Iodine is more chemically reactive in gas form than
when it is bound to aerosols and can therefore react more strongly with the filter material than when
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it is bound up on aerosols. This means the retention of iodine can't be calculated simply by using
particle size but has to consider the surface chemistry of the filter-iodine interaction in order to
accurately estimate its retention.
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DISCUSSION

MILLER: I take it from what you are saying, then, that in the period after the Chernobyl accident
there probably was a considerable loading of normal air conditioning filters in businesses, etc.
with cesium particles and that when servicemen changed the filters, they got a significant dose.
Is that true?

BRAUN: That is true.

KOVACH: Current U.S. source term research expects Cs and iodine to be present as CsI. Your
paper indicates that even after long transport from Chernobyl there is a separation of cesium
activity from iodine activity. Do you think this is significant for current source term studies?

BRAUN: We think this is very important with regard to the source term evaluation. Measurements
of iodine performed by helicopter sampling directly above the Chernobyl reactor showed high
amounts of iodine in the gaseous form. Up to May 1986 it was 30%. From May 8 until the May
19, 1986, 90% of iodine was present in the gaseous form.

KOVACH: [intended to ask a question on the first paper. I doubt that there will be much
elemental iodine. A serious accident, by the heat of the melt, will generate enormous amounts
of organic material. When there is no,oxygen, it can get worse because large molecules will be
in the air and irradiation will produce enormous amounts of radicals that will react. Therefore,
I don’t think the figures we have to date are the right ones because most of the experiments have
been conducted under clean conditions whereas in a reactor accident, we have nothing but
extreme conditions. We have to remember that we have tons of organics, e.g., insulation, oil,
grease, and the like, in the reactor building and heating up all that stuff will generate enormous
amounts of organic reactants.

MILLER: So, the German Nuclear Power Plants were actually acting to clean up the air after the
accident.

BRAUN: That is right. We always tested the carbon filters with radioiodine, 1-131. The grass from
my lawn was one of the strongest samples I ever tested.

MILLER: Because of the cesium, you are not going to be eating mushrooms for years, perhaps
thirty?
BRAUN: I like to eat them, but certain mushrooms just concentrate cesium: twenty thousand

bg/kilogram is the mushroom radiation concentration.
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AEROSOL PENETRATION THROUGH A SEISMICALLY
LOADED SHEAR WALL

Charles R. Farrar and Steven P. Girrens
Los Alamos National Laboratory
Advanced Engineering Technology, MEE-13/MS ]J576
Los Alamos, New Mexico 87545 USA

Abstract

An experimental study was performed to measure the aerosol penetration
through a reinforced concrete shear wall after simulated seismic damage.
Static load-cycle testing, to stress levels sufficient to induce visible shear
cracking, was used to simulate the earthquake loading. Air permeability tests
were performed both before and after the simulated seismic loading damaged
the structure. Aerosol penetration measurements were conducted on the
cracked shear wall structure using 0.10 mm monodisperse particles. The
measured aerosol number penetration through the cracked shear wall was
0.5%.

Introduction

Under normal operating conditions, the ventilation system in reinforced
concrete facilities that handle hazardous materials provides a negative
pressure differential that prevents unfiltered leakage from the building. A
loss of the ventilation system would allow the air pressure inside the building
to equilibrate with the external ambient air pressure. Normal or extreme wind
loading on the building will result in regions where the external stagnation
pressure is up to 7 kPa less than the internal pressure. This condition creates
a driving potential for air leakage from the facility. A design basis earthquake
(DBE) event could cause structural damage and ventilation system failure,
thereby reducing the building's resistance to unfiltered exhaust. Fires that
typically occur after an earthquake can also generate the pressure differential
necessary to cause exhaust from the facility.

Estimating the leakage rate from a facility after a DBE event requires that
the air permeability of the concrete walls, which have been loaded to their
seismic-design limit, be quantified. If the leakage can be shown to be small,
the requirements for using backup power systems to maintain the negative air
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pressure can be relaxed. The term "small" is not quantified because its
definition will depend on the toxicity of the material being confined. If the
leakage is large, information concerning the airflow rates through damaged
walls can be used in the design 'of the ventilation system to prevent the
exhaust of toxic material from the facility.

The objective of this study was to measure the aerosol penetration
through a reinforced concrete shear wall after the wall was loaded to stress
levels that induce shear cracking. An experiment designed to satisfy this
objective was developed by constructing a single-prototype shear wall test
structure, simulating seismic loading by static load cycling the structure,
measuring the airflow before and after damaging the wall, and performing
aerosol penetration tests on the cracked structure. The test structure
construction, simulated seismic testing, and air permeability measurements are

described in detail by Girrens and Farrar(1) and are briefly outlined in this
paper. Because air permeability is a function of crack parameters, only the

data published on gas permeabilities in undamaged concrete(2-6) could be
used to verify the experimental results. These data were used to verify the
air permeability measurements made on the undamaged test structure.

Test Structure

A shear wall structure was selected for the initial study because this
structural element forms a significant portion of the confining barrier and
provides the dominant lateral load-carrying capability in reinforced concrete
facilities that confine hazardous materials. The test structure fabricated
contained a 150-mm-thick shear wall, as shown schematically in Figure 1. Two
layers of reinforcement (ASTM A615 Grade 60, No. 3 rebar, 10 mm-diam)
were placed throughout the model. Vertical layers were spaced at 75-mm
centers, providing a 1.15% wall reinforcement ratio by area. Horizontal layers
were spaced at 150-mm centers, providing a 0.41% wall reinforcement ratio by
area. A minimum 25-mm cover was provided for all reinforcement. The
concrete used to place the model was purchased from a commercial source.
The structure was left in its form for a 28-day curing period, and exposed
surfaces were kept moist and covered with a tarpaulin. Table 1 summarizes
the mix portions, and Table 2 lists the measured concrete properties. Mix
portion, wall geometry, and reinforcement were based on the design of a
typical facility that handles hazardous materials.
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Table 1 Concrete mix constituent portions.

Constituent = Weight (N)

Sand 13 500
Coarse aggregate 15 200
Cement 5480
Water 1930

Table 2 Measured concrete properties.

Ultimate Tensile Modulus
Compressive Strength of Elasticity
trgngth (MPa) (MPa) (MPa)
Average 42.0 3.6 3.19x 104
Minimum 394 3.0 2.83 x 104
Maximum 46.0 4.1 3.36 x 104

Simulated Seismic Testing

The model was constructed in place on the load frame base used in the
cyclic testing. A hydraulic actuator was used to load the structure. Force
input was monitored with a load cell located between the actuator and the
test structure. A steel load frame was assembled adjacent to the test
structure on which to mount the actuator and load cell as shown in Figure 2.
Displacement transducers were placed against the outside of the model to
measure overall structural deformation.

The structure was loaded for 3 cycles, each to nominal base shear stress
(NBSS) levels of +0.41 MPa, +0.90 MPa, and +1.31 MPa. In this context, NBSS
is defined as the applied force divided by the cross-sectional area of the shear

wall (0.19 m2). Complete load reversals were applied to represent the forces
induced in a structure during seismic excitation. These quasi-static load cycles
simulate an earthquake by applying the positive and negative shear forces
associated with a DBE to the structure. The magnitude of the maximum shear
stress corresponded to the actual design limit for the facility under study.

The structure showed linear response through all of the load cycles. The
linear response indicated that the structure experienced no internal damage
when loaded up to the maximum nominal-design shear stress of 1.31 MPa.
The structure was then subjected to one 1.97-MPa NBSS load cycle. The
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Figure 2 Air permeability test setup.
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structure cracked on the first load increment above the 1.31-MPa NBSS level.
The actual shear wall crack pattern is shown in Figure 3. Most of the shear
cracks identified appear to have penetrated completely through the wall.

Air ili Resul

Air permeability measurements were made on the shear wall before and
after subjecting the test structure to static load cycling. The air permeability
was determined by pressurizing one side of the test structure slightly above
atmospheric levels and recording the transient-pressure decay associated with
the air leakage through the shear wall.

An aluminum cover plate was attached to the structure to accommodate
structure pressurization (see Figure 2.). The cover plate provided resistance
and sealing support for internal pressurization. Square (7.0-mm) Buna-N O-
ring cord stock and flooring contact cement were used to form an airtight seal
between the concrete face and the cover plate. Helium leak tests were
performed to ensure that the aluminum cover plate seal and fittings were not
leaking. The interior surfaces of the side walls, and the top and bottom slabs
on the side of the shear wall to be pressurized were spray painted with three
coats of epoxy paint to ensure impermeability. Internal pressurization of the
test structure did not exceed 4.8 kPa gage. The pressurized volume, 0.21 m3,
was filled with dry bottled air and purged with a vacuum pump three times
before filling the volume for testing. Pressure levels were monitored with a
digiquartz pressure transducer having a range of 0 to 0.2 MPa and a
resolution of 0.0007 kPa. After pressurization, transient internal pressure,
atmospheric pressure, and internal temperature were monitored with a data
scanner.

Air permeability testing was initiated 11 weeks after removing the model
forms. During those 11 weeks, the relative humidity was 20 to 30%.
Transient pressure and temperature data were recorded over a period of
several days. The volume (or block) was initially pressurized to approximately
82.7 kPa and allowed to decay over a period of 3 days. After the 3-day
period of data collection, the volume was again repressurized. The actual
data used to compute the permeability were the specific values recorded at
midnight each day. This sampling provided an average of the daily variation
in temperature, which was necessary because the experiment was located
outside. The average permeability measured before loading the structure was

7.9 x 10-17 m2,
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The transient pressure and temperature data measured after load cycling
the structure up to a shear stress of 1.31 MPa produced similar air-
permeability results. No internal damage occurred to the structure during the
load cycling, and, thus, the concrete air permeability was not affected. The
average air permeability, 7.4 x 10-17 m2, computed after the 1.31 MPa load
cycling is in agreement with the preload data.

Airflow measurements were also made after the test structure was
damaged. The shear cracking had a significant effect on the air leakage
through the shear wall. Helium leak-testing equipment verified that significant
leakage was occurring through the shear cracks in the wall. Both transient
and steady-state airflow data were taken. The average value of pseudo air
permeability, corresponding to the transient airflow data taken with the

cracked wall, was 3.5 x 10-15 m2.

A flowmeter was attached to the air-charging orifice on the aluminum
cover plate. While maintaining an approximately constant pressure in the
block, the airflow through the shear wall was monitored for 168 hours. The
steady airflow through the shear wall was 3.1 cm3/s. The pseudo air
permeability corresponding to the steady flow rate, and an average pressure
gradient of 4.8 kPa, was 3.0 x 10-15 m2. Thus, air permeability in the shear
wall increased by a factor of 40 after the wall experienced shear cracking.

Amsglle&t_l\iemgd

Aerosol penetration tests were also conducted by pressurizing the
upstream side of the cracked shear wall above ambient conditions to drive a
steady airflow through the wall. A second cover plate was installed to
enclose the downstream ambient pressure side of the test structure,
permitting the measurement of the accumulation of nontest particles for a
background particle distribution. Figure 4 is a schematic drawing of the
aerosol penetration test setup. Throughout the penetration tests, the ambient
pressure measured inside the downstream volume remained constant at
77.9 kPa. The steady airflow through the wall stabilized at 1.5 cm3/s, for an
average pressure gradient of 2.8 kPa. The 2.8 kPa pressure gradient was
selected for the penetration test because this value corresponds to the
negative pressure gradient calculated for the worst case wind-loading
condition on the hazardous materials building under consideration.
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When a steady airflow was achieved, a mondisperse aerosol of spherical
polystyrene latex (PSL) particles was injected on the upstream side of the wall

] tha ad 1 hhaf
and allowed to come into equilibrium in the pressurized volume before

sampling. Samples were extracted through a penetration in the cover plate,
then run through a laser aerosol spectrometer (LAS) to measure the aerosol
challenge to the shear wall. Samples were also extracted from the
downstream side of the wall, then analyzed with the LAS to measure the
penetrating particle distribution.

Aerosol Penetration Results

The spherical particle diameter selected for the monodisperse PSL
aerosol was 0.1 mm. The degree of dispersity of an aerosol is characterized
by a, the relative standard deviation, or the ratio of the standard deviation of
the particle sizes to the mean particle size. A criterion for monodispersity can
be expressed by a < 0.2. An 0.23 a value was calculated for the aerosol
challenge to the wall. Table 3 is a summary of the measured aerosol challenge
distribution and the penetration distribution; these distributions are shown
‘graphically in Figure 5. The total aerosol penetration through the cracked wall
was 0.5%.
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Figure 5 Distributions of aerosol particle challenge and penetration.
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Table 3 Aerosol particle distributions.

Particle Size Challenge Penetration Penetration

{(um) (counts/min)  (counts/min) — (%)__
0.065 146 0.4 0.27
0.07 126 0.4 0.32
0.075 80 0.3 0.38
0.08 106 0.5 0.47
0.085 176 0.8 0.45
0.09 332 1.4 0.42
0.095 760 3.2 0.42
0.10 606 2.3 0.38
0.11 164 1.3 0.79
0.12 132 2.2 1.67
0.13 114 1.1 0.96
0.14 108 0.5 0.46
0.15 102 0.6 0.59
0.16 88 0.4 0.45
0.17 78 0.3 0.38

The most penetrating particle sizes were 0.11 to 0.13 mm. The explanation
of why the predominant penetrating particles are slightly larger than the
predominant challenge particles is uncertain. Limitations on aerosol
penetration through cracked concrete would likely include high pressure
gradients that would induce inertial impaction, and physical crack dimensions
that would limit particle size. Particle penetration associated with low
pressure gradients and smaller particle size would be limited by the filter
efficiency of the cracked concrete. The filter efficiency for the cracked shear
wall panel tested is 99.5%. To put this value in perspective, the filter efficiency
of graded sand (1.8 m, 50 mesh) under a 1.2-kPa pressure gradient,
challenged by 1-mm dust particles, is also 99.5%.(7) Though shear cracks will,
in general, extend completely through a shear wall, the cracks will have a
tendency to close tightly when the load is removed. This tendency for shear
crack closure is probably responsible for the high filter efficiency in the
damaged wall.
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Summary

The objective of this study was to measure the aerosol penetration
through a reinforced concrete shear wall after simulated seismic damage.
Accomplishing this objective required fabricating a 150-mm-thick shear wall
test structure, representative of a wall in a typical facility that handles
hazardous materials, with standard concrete mix and rebar materials.

Static load-cycle testing was used to simulate earthquake loading. The
initial load-cycling levels did not damage the shear wall. However, a higher
level load-cycle (shear stress above 1.31 MPa) resulted in damage (shear
cracking) to the structure. Airflow measurements taken after the structural
damage occurred, show that the cracking resulted in a factor of 40 increase in
the air leakage through the shear wall. The steady airflow through the
cracked shear wall, corresponding to a pressure gradient of 4.8 kPa, was

measured to be 3.1 cm3/s.

Aerosol penetration measurements were conducted on the cracked shear

wall structure. The sample collection airflow was maintained at 1.5 cm3/s,
with an average pressure gradient of 2.8 kPa. An 0.10-um monodisperse PSL
aerosol was injected into the steady airflow. The aerosol penetration through
the cracked shear wall was 0.5%. The corresponding filter efficiency was
99.5%.

An accurate estimate of the total aerosol leakage from a facility after a
damaging seismic event would include the additional leakage that can occur
around penetrations. Because cracking is a function of the concrete's material
properties, reinforcement, and loading, discretion must be used when
applying the results presented in this study to studies of other facilities.
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BETA EXPERIMENTS ON AEROSOL RELEASE DURING MELT-CONCRETE INTERACTION
AND FILTERING OF THE OFFGAS

H.G.-Dillmann*, H. Pasler*, H. Alsmeyer *#

Kernforschungszentrum Karlsruhe GmbH
*Laboratorium fir Aerosolphysik und Filtertechnik
**Institut fiir Angewandte Thermo- und Fluiddynamik

Postfach 3640, W-7500 Karlsruhe 1
Federal Republic of Germany

Abstract

The BETA facility is a test rig for core melt accident experi-
ments. This rig is described. Up to now, 7 melt-concrete interac-
tion experiments have been carried out. Results of sampling and ana-
lysis are given for the aerosol size distribution and the chemical
components of the simulating fission products added in the offgas 1li-
ne. The size distribution ranges from 0.1 to 1 pm. High-volatile ae-
rosols are found in the samplers. The erosion data in downward and
radial directions are summed up. The initial melt used in the tests
was produced by a thermite chemical reaction of 300 kg steel, 80 kg
Zircaloy 4 and 50 kg oxides with A1203, SiO2 and Ca0. The starting
temperature is typically 2250 K. In induction heating the net power
inputs may differ between 200 kW and 1000 kW. A metal fiber filter
is installed in the offgas line as a protection against the environ-
ment. The data of the filter will be presented. The amount of col-
lected aerosols is in the range of 1.5 to 3.7 kg/per experiment. A
video clip will be presented showing the melt and the optically visi-
ble difference in the offgas with and without filtering.

I. Layout of the BETA PFacility

The Beta Facility was built to enable us to determine the behav-
ior of molten metal interacting with concrete. It serves to simulate
the behavior of a core melt in concrete with a view to determine the
rates of penetration of melts into concrete and to obtain data on the
resulting containment loadings. A further aspect has been to obtain
information on the aerosol loading of the containment in terms of the
behavior over the time of the particulate size distribution and aero-
sol masses released.

Figure 1 shows the schematic layout of the facility. Condi-
tioned concrete crucibles equipped with thermocouples are filled with
a thermite melt (Fig. 2). The melt front of the concrete can be
traced by means of the thermocouples. The melt can be heated and
kept in the liquid state by induction heating of up to 1000 kW at
27 MHz which simulates the decay heat. An offgas line is routed from
the crucible to the outside via two 90° bends. It accommodates a
number of analytical instruments for gas analysis and for collecting
aerosol data. The offgas temperature in the experiments is about
250 °cC. '
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One particular goal consists in the determination of the fission
products released. They are thrown into the melt by means of lances
at defined points in time and serve as inactive simulants. The re-
spective amounts have been entered in Table 1.

Table 1: Main Parameters for the BETA Experimentg

BETA Initial Melt Fission Product Mockups Planned

Test ~ 2200 K and Additives Heating
Power

300 kg Fe+Cr+Ni
vV 5.1 80 kg Zry-4 none 400 kW
50 kg Aly03
+Si0z+Cal

1 kg Mo, 0.5 kg ZrTey,

V 5.2 similar to Vv 5.1 |[1.5 kg CeO2, 1 kg BaO, 200 kW
: 0.5 kg Lajy03, 0.5 kg SroO,

6 kg B4C in steel containers

1 kg Mo, 1 kg CeOy,

V 5.3 |similar to V.5.1 |1 kg BaO, 0.5 kg Laz03, 800 kw
*10.5 kg Sro,

6 kg B4C in steel containers

As some of the fission product simulants are toxic, a stainless
steel fiber filter module has been installed in the offgas line and
designed for a volume flow rate of about 500 m3/h (1),

The Laboratorium fiir Aerosolphysik und Filtertechnik (Laboratory
for Aerosol Physics and Filter Technology) operated two sampling sy-
stems in the offgas line (350 mm inner dia., inclusive of insulation
about 600 mm dia.), one installed at about 1.5 m distance from the
crucible outlet and comprising 3 + 1 samplers, the second sampling
system placed some 4 m more 'further distant in direction of blowdown
and comprising S + 1 samplers. The layout has been represented in
Fig. 3. For simplification of volume flow control the bypass sampler
is always open from a defined point in time on, while the pump is
running. The bypass is closed at defined times of measurement and,
at the same time, a sampler is opened for a defined period of time.

Depending on the goal pursued in the respective experlment, dif-
ferent times of sampler opening are chosen. The duration of exposure
chosen is about 30 s for determination of the particulate size dis-
tribution. Rather large amounts of aerosol are needed for wet chemi-
cal analyses to be performed. Therefore, 2 min. opening time were
usually chosen in that case. The times of sampler, K opening correlated
with the times at which the material lances dropped the fission prod-
uct simulant. The rate of penetration into concrete was about 40 cm
during 30 - 45 min., depending on the grade of concrete.
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. Figure 1: Schematic View of BETA Facility in Zr Related Tests

II. Layout of the Filter in the Offgas Duct

As both high temperatures occur in the melt-concrete reaction
and Hz is released and ignited at the outlet, a commercially avail-
able metal fiber filter is used similar to that described in (1, 3)
and installed as venting filter for pressure relief in all German
LWRs. A sufficient amount of operating experience with that filter
is available as regards the loading, behavior in moist environment,
removal behavior, and mechanical loadability. The filter consists of
two stages, a high-loading pre-filter stage and a free space preced-

ing the fine filter stage in order to prevent condensed water from
penetrating (Fig. 4).

With this filter decontamination factors of 8500 were achieved
in preliminary experiments in which uranin had been used. This cor-
responds to HEPA quality. As a rule, decontamination factors of

~ 10,000 were measured for aerosols with rather large particulate
diameters (2, 1),

417




22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

Y1080
#1830

JII. Results :

The amounts of
filter loading in
each BETA experiment
were determined by
weighing of the fiber
cores. Depending on
the type of concrete
used and on the way .
the experiment was ‘ '
conducted (duration,
power input), 1.5 to
3.7 kg of aerosols
were entrained from
the melt and carried n bt e
to the filter over a e R '
distance of about ‘ Thermotouples:
10 m. The loaded gas 01 13 bewd oo f| o Nicm
stream consisted of aaond O Lwww ||| - poorwe
argon as the cover AT g {0l wsmemwasn
gas, supplied at a EREN T LA N LT i
rate of about 150 - Ahad A

1

H
350 m3/h’ as well as \?)31!3120 3 '; A

H

:

3

!

1015

§50

Y 200
8 gaaa i
3 dana ;gg
Hz, HZO' CO' C02 re- s s .'!. ’.; O 400
. 1% K0 Ve ) n [TATRY )
leased in the melt- PR 5
! * )

»
1 3

. (50
by 500
550

s
n

concrete interaction
so that a maximum e
rate of 500 m3/h had 2if23i300 120 38 35 120 0884

to be filtered.
4\—\ fm:n:ions inmm
Figure 2 '

Crucibles Used in BETA ExperimentsV5.1,V5.2,V 5.3

Figures 5 - 12 show by way of example scanning electron
micrographs (SEM). 'Micrographs 11 and 12 show excessive loadings
which are typical of too long opening times of the valves at the sam-
plers. Some of the micrographs show a distribution of particulate
sizes as described by the computer codes for a primary aerosol with a
high fraction of very small particulates from the melt-concrete reac-
tions (Figs. 13 and 14). This distribution of particulate sizes must
be expected for the relatively long period of melt-concrete reaction
and must be taken into account in the design of the venting filters.

Particular phenomena are evident from Figs. 5 - 8. Reactions
and condensation processes took place which had brought about bizzare
shapes of aerosols. Similar aerosols were found also in subsequent
experiments. They are probably attributable to the' fission product
simulants added by means of the material lances.
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In Table 2 the locadings and aerosol rates have been entered
which were determined by weighing.

Table 2: Aerosol Data From Filter Samples; V 5.1
Filter Time Collected Mass Concentration Aerosol
Mass With Without Rate
(s | (m) |Ac-Cover Gas|Ar-Cover Gas| (ng/s)
MV1 73-317 15.8 583 1170 60.3
MV2 440-739 28.9 | 873 2423 53.5
MV3 1205-2046 7.4 79 246 : 4.5
MV4 73- 204 12.4 855 lSZOl 111
MV5 204- 281 11.7 1370 4110 105
MV6 440- 739 17.7 534 1480 32.7
MV7 825-1205 7.7 182 525 10.8
Mvs 1205-2046 21.0 118 367 6.7

Typical compositions of the aerosols as determined in wet chemi-
cal analyses are given in Table 3. The analyses were made by the
Institut fiir Materialforschung (Institute for Material Research) of
KfK. It appears that the highly volatile aerosols accumulate to a
much higher extent in the offgas line than could be anticipated from
the input.

IV. Some Remarks on the Video Clip

It is not intended to show by this film the phenomena of melt-
concrete interactions but rather to demonstrate the function of the
offgas filter.

The first scene shows the melt contained in the concrete cavern
as well as a dropping lance with the simulant material.

The second scene shows the offgas line running in the open.
About one minute after tapping of the melt, gas and aerosols are re-
leased. It can be concluded from the evolving smoke that no filter
had been installed in the offgas line. The H; and CO is ignited out-
side and burns off.

In the third scene burning of the filtered gases can be seen and
later condensing vapor fractions, but no release of smoke
particulates.
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Table 3: Chemical Composition of Aerosol Samples
Selected aerosol Samples from BETA V 5.3

p——

.mpler MV1 MV 4 MV3 MV8 BP1 BP2

Time
Interval 40-70 40-70 | 405-480 810-930 0-1000 0-1000
[s]

Mass [mg] 10.04 77.9 0.41 0.66 43.39 78.21
si 5.09 5.41 <9.0 14.40 8.81 7.90
ca 0.38 0.20 <15 <10 0.18 0.28
Al 1.12 2.10 4.0 <23 135 1.30
Mg 2.86 1.32 0.29 0.27 1.02 2.49
K 14.95 17.29 9.47 11.09 11.42 13.92
Na 8.32 3.43 4.38 208 | 372 5.38
Ti <01 0.005 <05 1.05 0.011 0.021

0.25 0.51 <15 <10 0.51 0.47
Elements of Metal Melt [%]

Fe 0.48 068 | <10 <0.8 0.87 - 0.81
Cr <0.3 015 | <20 <13 0.26 - 0.23
Ni <03 0.19 <25 <15 < 0.1 <0.1
Zr < 0.1 0.015 <0.5 <0.3 < 0.05 <0.01
Sn < 0.5 0.66 <5.0 9.05 1.63 1.66

1.25

Simulated Fission Products [%]

Mo <1.0 <01 <83 <5.2 <03 <0.2
Ce <05 <05 <40 <25 <01 <01
Te <1.0 <05 <11.0 <70 <05 <03
Ba 0.56 0.086 <13 <038 0.20 0.60
Sr 0.60 0.061 <0.5 <03 0.34 0.72

La <05 < 0.1 <40 <25 < 0.1 < 0.1
Other ELements (%]
Zn

(Numbers preceded by "<" indicate the chemical detection limit)

Te from ZrTe, in V 5.2 is released; typical concentration in the
aerosol 20 to 60 %.
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ACTIVATED CHARCOAL BEDS FOR PASSIVE MITIGATION OF THE
RADIOACTIVITY RELEASE FROM SEVERE ACCIDENTS.
HEAT TRANSPORT AND DYNAMIC NOBLE-GAS WATER-VAPOUR COADSORPTION.*

F. Castellani®, G. Curzio®, F. d'Erricoe®, S. Lanza®,
A. Mori*, G. Rossi®, G. Sgalambro®°

° DCMN, Universita di Pisa, I-56126 Pisa
°c ENEA—-AMB, I-56126 Pisa
%00 ENEA~DISP, I-00144 Roma

Abstract

A typical severe accident sequence involves the combined loss
of large amounts of cooling water and radioactive fission
products. A possible approach to the reduction of the
radioactivity release is the design of activated charcoal beds
capable of withstanding the maximum pressure and holding the
gaseous products long enough to reduce their activity while
effectively exchanging their decay heat. Two of the main problems
arising are confronted here: the characterisation of a filter
response to dynamic transients and the determination of its bulk
thermal conductivity.

I. Introduction,

In view of the possible resumption .of. nuclear power
production in Italy, ENEA-DISP, the Italian regulatory body for
nuclear safety, recently entered a joint research project with
DCMN, the Department of Nuclear Engineering of the University of
Pisa. The objective of this collaboration is the analysis of the
safety characteristics of new reactor designs.

* Work partially supported by ENEA-DISP.
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According to the INSAG-3 Report, (1) "the principle of defence
in depth is implemented primarily by means of a series of
barriers," which provide "for the confinement of radiocactive
material at successive locations. The reliability of the physical
barriers is enhanced protecting each of them by a series of
measures."

Therefore, the protection of the containment, the ultimate
barrier against the release of fission products, is of fundamental
importance. Venting is one of the options investigated for the
prevention of early failure of the containment. This may result in
a large release of radioactive material into the environment,
particularly noble gases which constitute the bulk of the activity
transferred to the containment during the first stages of severe
accident sequences. (2/3,4) '

ENEA-DISP and the General Electric SBWR project team have
analysed the possibility to employ the Off-Gas Treatment System
(OGTS) for filtered containment venting, either through an
extension of the normal duty or through the design of new
dedicated systems.

Within this fnamework, DCMN-Pisa was assigned the task of
analysing the noble gas retention properties of charcoal filters
in the presence of massive amounts of water, and the thermal
conductivity of wet charcoal. From these data we may derive the
decontamination factor (DF) provided by charcoal filters during a
severe accident, and their capability to exchange the heat
released by steam condensation and fission product decay.

Upon successful completion of this study,'the applicability
of the system described in Figure 1 will be demonstrated.

This consists of:

- a condensing pool, containing at least 500 m3 of water and an
equivalent volume of air. Steam condenses here, water and
entrained solids are then removed by a filter/demister.

- a set of charcoal columns. These are operated in parallel so
that the pressure drop due to the high vepting flow rates is
minimised.
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Figure 1. SBWR primary containment venting through off-gas

charcoal following a severe accident.
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In order to reduce the pressure values, minimum pipe line
diameters are 8 to 10 inches, depending on the line length.

The present study will show whether a drier should be
inserted before the OGTS.

Our estimates indicate that this system would effectively
operate during accident sequences involving a containment failure
after over ten hours. (5/6) Preliminary dose assessments also reveal
that standard OGTS would keep the effective-dose release below
values requiring sitge evacuation. (3)

Charcoal columns are usually employed in nuclear power plants
as radioactivity-release delaying devices, and not as part of the
containment system. Their role is to retain radioactive noble gas
mixtures containing, in particular, Xenon isotopes until their
radioactivity has fallen below assigned values. In order to
achieve a DF equal to' 1000, a typical design figure is a 30 day
delay for Xenon under standard working conditions, i.e., with
dried air and constant temperature.

Adsorption processes of Krypton and Xenon on charcoal are
similar and may be correlated.(?) For the experimental
investigations, however, Krypton is a better' choice than Xenon
since its adsorption coefficient is an order of magnitude lower,
thus making retention tests proportionally quicker. Moreover, 85Kr
may be conveniently employed as a tracing isotope due to its long
mean life.

The behaviour of charcoal beds must be analysed as a function
of temperature and humidity of the air, and in terms of heat
removal capability, in order to employ standard OGTS's, or other
dedicated systems, for accident mitigation purposes.

Based on these observations, we planned the series of tests
described in Table 1, aiming at the following objectives:

- determination of the dynamic adsorption properties of noble
gases on activated charcoals;
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modelling and simulation of the co-adsorption of noble-gas and
water—-vapour;

-~ measurement of the thermal conductivity of charcoals, also in
the presence of water.

Table 1. Summary of the experimental programme (Kags: adsorption
coefficient measurements, Dg: diffusivity measurements).

e ——
‘-r T oc % T oc
|Relative 0 20 40 Water/
Humidity Charcoal*”
0 Kads Kads

40 Kags | Kads

60 Kags | Kads
L so Kags

Reference working conditions were chosen in terms of surface
velocity (10 + 20 times the normal service values), temperature

(equal to or greater than ambient values), and relative humidity
(up to 80%).

Table 2. Typical analyses of NORIT 2030 charcoal.

Apparent bulk density (dry basis) g/l 525
|Pellet diameter mm 2.9
Moisture, as packed wt %

“Total ash content i wt ;
“Abrasion resistance (ASTM) _ % 99
[Pore size distribution:

Micropores (under 1 nm) cm3/g 0.26
Transition pores (1 - 100 nm) cm3/g 0.06
Macropores (above 100 nm) cm3/g 0.35
Total internal surface area from

benzene adsorption according to B.E.T|. m2/g 700
Ignition temperature (ASTM) °C above 450
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All our tests were carried out employing Norit R2030
"charcoal. This 1is a steam activated, extruded charcoal,
particularly suitable for gas retention purposes thanks to the
large internal surface of its fine micropores. The manufacturer-
declared main characteristics of this charcoal are reported in
Table 2.

The ability of Norit R2030 to adsorb noble gases has been
tested extensively. Our experimental apparatus is shown in Figure
2. A B85Kr-traced gas pulse is injected into the flow of dry air
passing through a charcoal loaded container. This is a stainless
steel cylinder, 58 mm in diameter and 600 mm in height. These
dimensions were chosen in order to optimise the elution time in
the case of DBA flow rates.

1 CARRIER GAS BOTTLE
2 COLD TRAP
3 DAMPER VALVE
4 GEIGER MULLER TUBE
5 KRYPTON INJECTION SYSTEM
_ 6 ACTIVATED CHARCOAL
7 THERMOSTATIC BATH
8 DETECTION CELL
9 NaI(Tl) CRYSTAL
10 GEIGER MULLER TURE
11 FLOW RATE METER
12 COMPUTER
@ ® g 13 CRYOSTAT
14 HUMIDIFIER
Q [R-H.] E‘—D 15 HUMIDITY GAUGE

1
©

@

]

oaliHe @y |

Figure 2. Adsorption measurement apparatus.
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The charcoal is dried at 110 °C for 24 hours before filling
the container. This is kept on a vibrating plate during the
in order to prevent preferential path

loading operations
formation. The cylinder is then immersed in a thermostatic bath at

temperatures ranging from 0 to 60 °C. The adsorption coefficient

of Norit R2030 for 85Kr may be determined from the analysis of the

elution curves.(8) The typical shape of such curves is shown in

Figure 3. A plot of the adsorption coefficient versus temperature

for dry charcoal and dry air flows is reported in Figure 4. Our
9)

data are consistent with the results of similar studies. ¢
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Figure 3. Typical Krypton-85 elution curve.

In order to analyse the behaviour of charcoal in the presence
of vapour, a system for the generation of air with the desired RH
values was inserted in the circuit of Figure 2. This is a cylinder
which contains a constant amount of evaporating water and is
connected to the dry air line. The evaporation is caused by the
presence of a heater inside the container, while the water 1is
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continuously supplied by a small volumetric pump. The level of
water is kept constant by controlling both the heating power and
the pump flow rate. '

107 F v T v T

Acdod L AMA

Kads = 3.8e-2 * 107(909.5/T)
[ R"2 = 0.996

Adsorption Coefficient Kads (cm*3/g)

10

2.5 3.0 3.5 4.0
1000/T

| Figure 4. Adsorption coefficient as a function of temperature for
Krypton on dry charcoal.

With this set-up, the previously described tests shall be
repeated in order to determine the Krypton adsorption coefficient
for charcoal in equilibrium with a humid air flow.

The same apparatus is also employed in the simulation of the
impact of a severe accident on the radioactive-gas retention
capability of an activated charcoal bed. In this case, the
response of a charcoal column is analysed in terms of elution
curves following the arrival of both a humid air front and a
mixture of Krypton and humid air. Data are acquired by means of a
mass spectrometer connected to the output of the charcoal column.
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With this approach, both the contents of vapour and of
several other gases in the air may be monitored accurately and
simultaneously.

The thermal conductivity is necessary in order to derive the
temperature profiles, and their time histories, inside the
charcoal columns.

We realised an apparatus generating temperature transients in
activated charcoal beds and inferred the thermal conductivity from
the variation of the charcoal temperature. This coefficient, in
turn, will be introduced into the theoretical model describing the
heating of charcoal beds due to steam condensation and radioactive
decay.

We chose fo employ a cylindrical system for simple analytical
modelling and easy experimental procedures. The apparatus consists
of a waterproof stainless steel cylindrical vessel (58 mm
diameter, 600 mm height) which is loaded on a vibrating plate with
the charcoal to be tested. The container is immersed in a
thermostatic bath until it reaches the equilibrium temperature Ty,
then it 1s transferred into another thermostatic bath at
temperature T;.

A data acquisition system records the temperature reading of
a sensor (a 0.5 mm type-K Chrom-Alumel thermocouple) placed in the
centre of the cylinder. The correct positioning of the temperature
sensor is guaranteed by keeping it inside a sheath which is
gradually extracted while the cylinder is loaded.

Heat transfer along the axis is assumed to be negligible
given the ratio between diameter and height of the cylinder. The
thin thermocouple wire has no significant effect, either.
Thermostatic bath and cylinder-wall temperatures are monitored as
well.

We performed some preliminary tests with charcoal previously
dried at 110 °C. We operated in the 23 + 60 °C temperature range
and both Tg > Ty and Tg < Tj3.
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Figure 5. Mid-axis temperature as a function of time.

Figure 5 shows an experimental plot of temperature versus
time, against the solution of the following differential equation:

where Tg and T; have been previously defined, and 4 is the radius
of the cylinder.
This mathematical description of the physical phenomena does

not treat separately the two processes of diffusion and
adsorption, the term De is therefore to be intended as an effective

diffusion coefficient. This approach is often successfully adopted
when lattice diffusion takes place along with a reversible

trapping phenomenon such as adsorption.
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The analytical solution is then:

_T_:ﬁ=1_;ze;nea%tJo<ran)
To - T1 a an Ji(a on ) (1)

n=l1
where Jg(x) and J1(x) are Bessel functions of the first kind of
zeroth and first order, and oap's are roots of Jg(a ap) = 0.

This approach implies the assumption of negligible variations
of Deg over our working temperature range. Therefore, we made tests
with various Tg and T; in the 23 + 60 °C interval, always finding
De values between 4.2 1073 and 4.6 1073 cm?/s.

In the case of Figure 5, Tg was set at 23 °C and T; at 60 °C.
The best fit of the experimental data resulted from a choice of
De = 4.6 103 cm?/s.

The thermal conductivity k was then calculated as 5.8 10-4
cal/cm s °C, from D¢ = k/Cp, and based on a heat capacity C 0.24
cal/g °C and a bulk density p = 0.525 g/cm3.

Table 3. Summary of the diffusivity measurements and the
conductivity calculations.

Relative De

Humidity (cm2/s) (cal/cm.s.°C) |
0 4.6 1073 5.8 1074
0 4.2 1073 5.3 1074
0 4.2 1073 5.3 1074
0 4.6 1073 5.8 1074
0 4.6 10°3 5.8 10~4
0 4.6 1073 5.8 10-4
5 4.0 1073 5.0 1074
5 4.0 103 5.0 1074
10 3.6 10~3 4.5 1074
10 3.3 103 4.1 1074
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Further tests were performed employing charcocal first dried
at 110 °C and then humidified with amounts of water corresponding
to 5 and 10 per cent in weight. Again, we found that our simple
diffusive model effectively describes the experimental results.
This might imply that the heat capacity per unit volume may be
still considered constant. In this case, k could be calculated from
the previously employed C p value.

The complete series of our tests is summarised in Table 3.
Our values of the coefficient k for dry charcoal are markedly
higher than those reported in literature.(10,11,12,13) The latter
were derived under stationary conditions, though, whereas we
worked with temperature transients.

Therefore, the next step of our research programme shall
involve measurements with a constant temperature gradient through
the charcoal bed. For this purpose we devised the apparatus shown
in Figure 6, which allows for the realisation of assigned
temperature steps (AT) between inner and outer walls of a
cylindrical shell loaded with charcoal. .

The thermal conductivity may be inferred from the power
required by'the central heater in order to maintain a certain AT
through the charcoal bed. An extensive series of tests is
currently under way with both dry and wet charcoal.

IV. Conclusions.

The experiments carried out so far demonstrate the wvalidity
of the testing facilities designed and realised at DCMN—Pisa. '

Our preliminary results confirm the conservative nature of
the assumptions underlying the ENEA-DISP estimates of the highest
OGTS temperature reached after a severe accident.

Following the entire programme of tests, all necessary data
will be available to assess the applicability of venting for
noble-gas removal during severe accident sequences.
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Figure 6. Thermal conductivity measurement apparatus.
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DISCUSSION

WILHELM: What will bc duration of the wet airflow in the dynamic adsorption coefficient
measurements? Just the duration of the experiment.

CASTELLANI: The duration is a few hours. In all our past experiments, we have waited a few
hours until equilibrium conditions are reached with constant air flow rate. The same procedure
shall be adopted for wet air flow experiments.

WILHELM: You measure the dynamic coefficient independent of time but the shock pool will warm
up first and then it will pick up water and change very much the dynamic coefficient.
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. DESIGN OF A PREFILTER TO IMPROVE
RADIATION PROTECTION AND FILTERING EFFICIENCY OF
THE CONTAINMENT VENTING SYSTEM

by Maurice V. Kaercher,
Electricite de France
Lyon, France

Abstract

The sand bed filters installed on all French pressurised water reactors (PWR)
were intended to retain the source term of radioactivity, inside the containment, 24
hours after the beginning of core meltdown but because of its size, the sand filter is
outside the containment and therefore after operation, the source term which may be
inside the sand filter could provide very high radiation levels on the site.
To cope with this a prefilter was designed that was to be located inside the containment
and would retain the source term there. This paper describes the main results of the
R&D programs implemented in 1991 and 1992 to develop the prefiiter. It covers the
following items :

- introduction,
- short presentation of the venting system,
- description of laboratory tests performed in various conditions of temperature and
pressure with :
hydroscopic aerosols (CsOH),
non-hydroscopic aerosols (TiO 5, SiO 5, SZn),
a mixture of both,
- assumptions on quantities and sizes of aerosols in two main accident scenarios
(core melting and core concrete interaction),
- main results on filtering efficiency, pressure drop, capacity of retention and choice
of accurate metallic media,
- basic design requirements for the prefilter,
- conclusion.

1. Introduction

After a short description of the current French venting system which was
presented at the 21st conference in San Diego (title : Design and full-scale test of a sand
bed filter), this paper points out the improvement of the venting system by a compact
prefilter installed inside the reactor building.

The tests presented in this paper were performed in collaboration with :

Institut de Protection et de Sdreté Nucléaire (IPSN) of the Atomic Energy
Commission (AEC),

AEC Laboratories in Saclay,

PALL INDUSTRIES SA in Paris,

PALL Laboratories in Portsmouth (GB).
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2. I i f the current venting system

ipti i ration m figure 1
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Figure 1 : General Diagram
The decompression-filtration system consists primarily of :

- the new prefilter

- a containment penetration with double insulation comprising two valves in
series located outside the containment, and as close to it as possible,

- an orifice plate reducing pressure to atmospheric,

- a sand bed filter,

- a device for measuring radiation released,

- an independent evacuation duct located inside the normal effluent stack of the
plant,
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2.2. Description of the sand bed filter (see figure 2)

De f/' ) - Iniet
e

Torus collector Light concrete ficor

Figure 2 : Sand bed filter section

The sand filter is a stainless steel vessel with diameter 7.32 m, height 4 m,
empty weight 12 t and operational weight 92 t.

The sand bed support comprises an expanded clay layer with a basket system
for gas recuperation and a cellular concrete floor in the filter bottom.

The filters are fully thermally isolated.

For all sites except Fessenheim, this filtration system is installed on the roof
of the nuclear island building, PWR 900 MWE series is fitted with a system common
to two plants.

2.3. Operating condition
From the principle viewpoint, it seems worthwhile recalling first of all that
safety depends on containment. This fundamental principle should not be brought
into question by the existence of a venting device permitting a controlled opening to
be made in this containment. In consequence it would be preferable to postpone as
long as possible, and if possible to avoid putting this device into operation, by takmg
into account its mechanical resistance properties.

This being specified, the decision to put the system into operation then out of
service is the responsability of the Power Station Director in conjunction with the
local and national level of the authorities who are in charge of crisis management.
The system is put into operation by opening the containment isolating valves (after
closing the incoming conditioning air). The internal containment pressure is then
about 5 bars.
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The specific start-up criteria of the system are specified in the Severe Accident
Intervention Guide prepared by Electricité de France after discussions with the Safety
Authorities.

2.4. Qualification tests

Thermal-hydraulic, filtration, thermic and salting-out tests were performed to
qualify the decompression filtration system. These tests were tarried out in 1990 on a
full scale filter on the FUCHIA loop in Cadarache.

2.4.1. Description of qualification tests

An Air-stream mixture (35% air, 65% steam at a temperature of 140°C) was
blown through the sand filter for 50 h.

During the first 25 h, caesium aerosols were generated by means of plasma torches
with an AMMD of 1 um at a flowrate of 513 g. Iodine was introduced in molecular
form at a flowrate of 70 g/h.

During the following 25 h neither aerosols nor iodine were generated.

2.4.2. Results

The decontamination factor (DF) on caesium and iodine was evaluated by :
- measuring caesium and iodine concentration above and below the sand filter,
- measuring caesium aerosols AMMD and concentration with impactors
(ANDERSEN 2000), above and below the sand filter.
- three-dimensional cartography in the sand by means of core samples.

The main results were :
- The AMMD of caesium aerosols measured above the sand filter was close 1 pm
(standard deviation about 2.3), '
- the diagram (see figure 3) gives the DF for caesium hydroxyde measured on the
sand filter as a function of time,
- for iodine, an average DF of 10,
- a very low salting out was noticed during the period without aerosols generation.

Puritying coeftficient

800 -
700 ~o

600 o~ — ——f.

500 ~—<9
400
300 |
200
100
0

o} 3 10 A1 2'0 2‘5
Time (hours)
Figure 3 : decontamination factor for caesium hydroxyde
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2.5. Radiation protection
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The surveys undertaken showed that,
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protection, biological shieldings were necessary for direct and indirect dose rate
values (skyshme) induced by the limit values corresponding to the radloactlvxty

tnanmad in tha filtar far tha mac
lldppw 411 Ulv 11l 1Vl Wl 1o

LI u]yUUIG

naceimicticr hunnthac) is wi ith an avésama aanena
PGDQIIIII

Wiul aii eXireine source lcllll

Designing sky shine protection was not easy because of the high costs and the
limited mass of a structure acceptable from a seismic point of view.
So studies were led to find new solutions to cope with irradiation problems. These
protections would be unnecessary if we could stop 90% of the radioactivity inside the
reactor building by a coarse filter called a prefilter.

Preliminary tes

of metallic

edia wi

cesium

EDF designed a prefilter that was small enough to be installed inside the reactor
building and had a DF of more than 90 %, making shyshine protection unnecessary.

Our first reasearches led us to test metallic medias called FH 150 produced by
PALL. These medias were tested with the same aerosols (CsOH) as those used for the
qualification of the sand bed filter. The results are the following :

- in dry air, we observed a small pressure drop (see figure 5) and a high DF (see

ﬁgure 4),

- in air mixed with steam we observed, at the beginning of the test a very small
pressure drop ; and then a very strong increase in pressure drop which led to the
flow through the media stopping (see figure 5). This was attributed to the
hydroscopic character of CsOH aerosols.

Cartridge FH 150
FLow: 10 m3/h Dry Air
Temperature: 150 °*C
Aercsols: CsOH (2u)
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Figure 4 : Decontamination factor (CSOH)
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4. Tests of metallic medias with insoJuble aerosols (Ti0,)

Tests performed with insoluble aerosol (Ti O2) in air mixed with steam did not
show any strong increase in pressure drop (see figures 6).
400 -
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[ A Temperature: 150 °C

Aerosols: Ti02
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Figure 6 : Pressure drop (TiO )

These different behaviors of metallic filtering medias led us to further our
knowledge of the nature, the quantity and the radiological activity of aerosols.

S. Investigations of assumptions concerning aerosols

Two groups were considered to investigate assumption concerning aerosol :

- In-vessel release
In this case, only the volatile aerosols produced by core melting were considered.

In filtration tests, these aerosols were modelled by CsOH aerosols which are the
most severe for the prefilter.

- Ex-vessel release

In this case there would be, mixed aerosols in the reactor building, some coming
from the core melting, others, non radioactive, coming from concrete degradation.
We also stress the fact that the continuous production of non-radioactive concrete
aerosols would make radioactivity inside the reactor building decrease by
agglomeration and redeposition.

This phenomena was modelied by the code AEROSOLS B2 (ESCADRE system
designed by AEC-IPSN) and it was shown that after a 7.5 h of venting system
operation, the proportion of radiactive aerosols and the radioactivity inside the
reactor building would be divided by a factor of 10. So 7.5 h would be the
minimum time of operation required for the prefilter : after this it could be

bypassed.
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During operation of the prefilter a mass flow of 5 kg of aerosols per hour was
blown through it. This corresponded to a total mass of 37.5 kg. Only 1.5 kg of
these aerosols were radiactive : so the proportion of CsOH aerosols in the mixture
to be filtered was about 5 %.

It was verified that the total 37.5 kg mass of aerosols would cover all the flows of
concrete aerosols production. Filtration tests showed that this aerosol mixture had
no hygroscopic behaviour.

6. Main results of filtration tests

The filtration tests were performed on a PALL filtering cartndge (FH200 +
PFM40) with a mixture of air, steam and the following aerosols :

- soluble aerosols : CsOH,
- insoluble aerosols,
. - mixture of soluble and insoluble aerosols.

Insoluble aerosols were produced by commercial powders of the corresponding
size (AMMD = 2p).

6.1. Filtration tests with CsOH aerosols
These tests were performed in AEC Laboratories in Saclay (schematic diagram of
the loop. figure 7). The main results are given in figure 8. We observed a better
efficiency of the compound cartridge FH 200 + PFM40 which was plugged at 500
g/m2of CsOH.

Ejector

Filters

Ejector

vauTyal Jelth

I

=

Asrosols cone-ntntlan R [

Yenturt 3 m¥/h Reasurement

AIR/OIO{.B INPUT

Asroscols concentration
waasurement

]

Figure 7 : schematic diagram for AEC test loop

449




22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

S0 -
Pressure loss (daPa)
o 3 +]
00 4
I
r
]
=0 i
- Air (35%) Steam (65%)
(2) | | h Flow: 10 m3/h
! Temperatura: 150 °C
300 4
! PFY 40 + FH 2000
4 ™ | »
=0 4 ®a . &P 2002
| am 100
20 { L
.
150 < o |
[
a2
LI !
100 +
|
] 1
50 <} |
T @ u n!
|

b ) ] !

[ # | I | n ; Collected mass (g/m2)
0 .IEE!Lﬁf; + + st
¢ 100 0 X0 400 S0 60

Figure 8 . Pressure drop (CsOH)
6.2. Filtration tests with insoluble aerosols

These tests were performed in PALL Laboratories in Porsmouth (GB) with SiO 5
and TiO , aerosols. The main results are given in figure 9.

The results showed

- a moderate increase of pressure drop,
- a positive contribution due to the fall of aerosol coating,
- afiltering efficiency of higher than 90 %.
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Figure 9 : Pressure drop (FH200 + PFM40)
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6.3. Filtrati ith mixture of nd insoluble aerosol

These tests performed in AEC Laboratories in Saclay. The mixtures used were :

- pure zinc sulfur (as a reference point),

- zinc sulfur +
- zinc sulfur +
- zinc sulfur +

5 per cent of CsOH,
65 per cent of CsOH,
90 per cent of CsOH.

The main results are given in figure 10. We observed :

- the same behaviour for the mixture with S % of CsOH as for pure zinc sulfur.
- a hydroscopic behaviour for the mixture with 90 % of CsOH.
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Figure 10 : Pressure drop (FH200 + PFM40)

Therefore a small proportion of CsOH did not alter the normal behaviour of the

cartridge.
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7. Design and efficiency of the prefilter '

The prefilter was. made using the PALL filtering cartridge FH 200 + PFM 40 with
a surface of 33 m2.

Thanks to the results of laboratory tests, the filtration surface can catch 37.5 kg
of aerosols with a pressure drop less than 500 mbar.
To avoid filter clogging, a check valve (opening pressure | bar) bypasses the prefilter.
Moreover, concerning in-vessel release, the prefilter is able to catch 5 kg of CsOH with
a small pressure drop.

8. Conclusions

The first prefilter was being installed at Golfech 2 in October 1992 and all the
French PWR reactors will be equiped with prefilters between September 1992 and end
of 1994.

This prefilter will be tested in full scale on the FUCHIA loop to confirm its
efficiency. This test will also put into relief the contribution of the prefilter to the
increasing of the purifying coefficient of the venting system.

DISCUSSION

KOVACH: In the early part of the paper, you mentioned that you are dealing with an insoluble
aerosol. There is no difference between a dry stream and a wet stream. However, when you
showed the data for silicon dioxide there was a fairly significant difference in the pressure drop
buildup between the wet and dry streams. Do you think this is unique for SiO, or would it occur
with other insoluble aerosols, also?

KAERCHER: Your question is, is there any difference in the pressure drop when we use silicon oxide
between air flow and air plus inflow, is that correct?

KOVACH: Yes.
KAERCHER: We didn’t observe many difference in case of TiO, aerosols.
WILHELM: What is the medium of the filter? Is it metal, fiber, or a mixture of both?

KAERCHER: The medium of the prefilter is made with sinter-consolidated steel fibers which provide
high load capacity and low pressure drop.

DILLMANN: Do you have a lot of problems with the venting system throughput?. That is one point
I am interested in. In our calculations, we see concrete-melt interactions for a long time in the
aerosol production range. You have an aerosol production rate that decreases as concrete and
melt interact. This, I can’t believe.

KAERCHER: The flowrate of core concrete aerosols is connected to the scenario. A nearly constant

production (instead of a strong decrease) will boost agglomeration and redeposition of fission
product aerosols inside the reactor building and consequently improve the prefilter efficiency.
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EXPERIMENTAL STUDY ON AEROSOL REMOVAL EFFECT BY POOL SCRUBBING
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1-3, UCHISAIWAI-CHO, 1-CHOME, CHIYODA-KU, TOKYO, 100, JAPAN

Masaki Matsumoto
NUCLEAR POWER PLANT ENGINEERING DEPARTMENT, HITACHI Lid.
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ABSTRACT

During BWR severe accidents, radioactive aerosols released from a degraded core
are expected to be removed in a suppression pool as a result of "scrubbing effect".

In order to understand the scrubbing effect, the authors carried out a scrubbing
experiment with a scrubbing pool, which is a cylindrical pressure vessel, 1 meter in
diameter and 5 meters high.

The aerosol removal efficiencies were systematically measured, varying eight
parameters selected from a mechanistic scrubbing model. Bubble behavior in the pool
vater was also observed during the tests.

By comparison of mechanistic scrubbing models and test results, the authors
developed a simplified model for aerosol removal effects by pool scrubbing. The sim-
plified model predicts decontamination factors by scrubbing effect as a function of
five parameters.

Calculated decontamination factors by the simplified model are con51stent vith
measured DF within a deviation of the measurements.

1. INTRODUCTION

During a severe nuclear power plant accident, fission product aeroscls will be
generated from the degraded core and released into the reactar containment vessel. At
BWR plants, aerosols are expected to be discharged into and removed in a suppression
pool when drywell pressure increases or containment venting is initiated. This removal
effect is considered a potential safety feature of BWR plants.

The authors carried out a scrubbing experiment and measured decontamination
factors (DF) of pool scrubbing. Bubbles' sizes and rising up velocities were also
.observed. Test results, which also include DF obtained since the previous report(l),
indicated that particle diameter, scrubbing depth and carrier gas steam fraction are
dominant parameters for scrubbing effect. It was also confirmed that bubble diameters
represented a certain distribution.

Based on the results, an expression of a simplified model for aerosol removal

453



22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

effects was developed as a function of the selected parameters, referring to aerosol
removal mechanisms of a prototype SPARC code. By comparison of measured DF and the
simplified model, proportional factors in the simplified model expression were de-
rived. To confirm an availability of the simplified model, calculated DF vere compared
vith measured DF. .

11. TEST DESCRIPTION

A. TEST CONDITIONS

Table 1 shows test parameters and their ranges. Standard value vas selected for
each parameter. The tests were carried out while varying only one parameter to clarify
the influence by a specific parameter.

The aerosol material selected for the standard condition was polystyrene LATEX
particles vith mono-dispersed diameter and nearly unit density. Dispersed cesium
iodide (Csl) particles were also used as representative of fission product aerosols.

Table 1 Test conditions CARRIER CARRIER GAS
Parameter Standard Range INLET OUTLET
value |
=
Nozzle dia. (cm) 15 1,5,10,15
Scrubbing depth (meters) 2.7 0 - 3.8 STROBO
Water temperature (°C) 80 20 - 110 LAMP
Gas temperature (°C) 150 20 - 300
Steam fraction (vol.%) 50 0 - 80
Gas velocity (cm/s) 47 28 ~ 15000
Gas pressure (kg/cng) 2.0 0.4 -5.0
Particle dia. (micron) 0.2,0.3, 0.1 -2.0
0.5,1.1
Particle material LATEX LATEX &
0.5 - 1.9* T
Csl -
*) Aerodynamic Mass Median Diameter (AMMD).
Geometric standard deviation was 1.5 - 2.3.
B. TEST APPARATUS
Figure 1 shows scrubbing pool details.
The scrubbing pool is a cylindrical pressure INJECTION
vessel, 1 meter in diameter and 5 meters NOZZLE
high. It has five pairs of windows, 20 cm in VIDEO
diameter. A video camera is attached to the CAMERA
outside of each windov to observe bubble o

behavior. —

The LATEX particles were measured for
optical particle diameter and number concen-
tration by a laser scattering aerosol spec-
trometer. Cesium iodide particles were meas-
ured for aerodynamic mass median diameter
(AMMD) and mass concentration by conventional

Figure 1 Scrubbing pool details.
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Andersen impactors .and absolute filters, respectively.

Three types of injection nozzle were used: downward vertical vent pipes (5, 10
and 15 cm in diameter), a slice of typical BWR quenchers with 22 exit holes (1 cm in
diameter), a single upward orifice (1 cm in diameter).

Test procedure details were shown in the previous repor'tu) .

C. TEST RESULT

Based on the test reults, it vas confirmed that DF mainly depended on particle
diameter, scrubbing depth and carrier gas steam fraction.

It vas also confirmed that bubbles generated by pool scrubbing formed ellipti-
cal spheres, vhich vere flattened in the vertical direction (refer to Figure 2). A
distribution of their equivalent diameters always represents a certain log-normal
distribution without dependence on thermal hydraulic conditions (refer to Figure 3).
Since velocity depends on bubble diameter, the bubble rise velocity also represents a
certain value.

4 4
| Av.=0.62
Std.Dev.=0.15 NMD=5.7

Geom.Std.Dev.=1.6
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Figure 2 Bubble aspect ratio

distribution Figure 3 Bubble diameter distribution

111. MECHANISTIC SCRUBBING MODEL

A. SCRUBBING PHENOMENA

Carrier gas vwith aerosols, which has been injected into pool water, forms many
small bubbles. If carrier gas contains steam, condensation of steam will occur around
the injection point. Aerosols in the condensed steam are trapped in the pool water. An
aerosol removal effect by this process is called an initial steam condensation effect.

Residual aerosols remaining in the bubbles vwill be transported tovard the bubble
surfaces during the bubble rising period, by driving forces of gravitational settling,
inertial deposition, diffusional deposition and steam condensation (refer to Figure
4). The aerosols that arrive at the surface are expected to be retained in the pool
vater.
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CONVECTION
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Figure 4 Aerosol removal mechanisms

B. AEROSOL DEPOSITION VELOCITY

Table 2 shows aerosol deposition velocities accounted for by the prototype SPARC
Both gravitational settling velocity, Vs, and inertial deposition velocity,
Ve, increase in proportion to the square of particle diameter. Diffusional deposition
, Vd, mainly increases in proportion to particle diffusivity, which decreases
in proportion to particle diameter. Deposition velocity by steam condensation or
ion, Vv, depends on differences of thermal hydraulic conditions between the

code( ).
velocity

evaporat

bubble and the pool vater.

Table 2 Aerosol deposition velocity of the prototype SPARC code

Dol -C-
Gravitational settling velocity : vS=P"—'1)§uC—“
2.pp.Do2-
Inertial deposition velocity : Ve = Vb~ -Pp-Dp* -Ca -sin29
N 4u-Db
. . . . D-Vb
Diffusional deposition velocity : Vd=2 WY
Deposition velocity by steam T Wv
condensation or evaporation ) {Mw(Pt+Pw)}/(R-To)
Pp : particle density Wv : average vapor flux into a bubble
Dp : particle diameter Mv : average molecular veight
Cm : Cunningham correlation factor at the surface
g : acceleration due to gravity Pt : total pressure at pool surface
u : gas viscosity Pw : water vapor pressure
Vb : bubble rising velocity To : interface temperature
Db : bubble diameter R : gas constant
0 : angle measured from vertical D : particle diffusivity
pole
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C. SCRUBBING MODEL
Using the above aerosol deposition velocities, DF for pool scrubbing is given as

Hs .
DF = DFs-DFi-exp[(Vs+Vc+Vd-Vv)--—-—--§§— ) (1)
Vb Vg

vhere, Hs is scrubbing depth and Vb is bubble rising velocity, SB is bubble surface

and VB is bubble volume. DF by the initial steam condensation effect, DFs, is defined
as '

fi
DFs = —— (2)
fo

vhere, fi is inlet carrier gas flov rate and fo is outlet carrier gas flov rate after
thermal equilibrium has been attained around the injection point. fo depends on pres-
sure at the injection point and pool water temperature.

DFi is DF by an inertial impaction between injected aerosols and pool water
surface at the injection point. DFi is expected to increase in proportion to exp(Dp )
on the analogy of the inertial deposition velocity, where Dp is particle diameter. It
also depends on gas velocity in the injection nozzle, but it does not depend on scrub-
bing depth.

1V, SIMPLIFIED MODEL

Based on the test results, which vere obtained for the LATEX particles with the
vertical vent pipes and the simulative quencher, a simplified model for aerosol remov-
al effect by pool scrubbing vas developed.

A. EXPRESSION OF THE SIMPLIFIED MODEL

Based on the test results, Equation(1) can be reduced to a simplified expression
as a function of particle diameter, scrubbing depth and carrier gas steam fraction.
Bubble diameter and its rising velocity were assumed to be constant. Then, the simpli-
fied model expression is given as

DF = DFs-exp(A-Dp2) -exp{ (B-Dp2—C-Vv) -Hs) (3

vhere, A, B and C are proportional factors.

It has been generally predicted by scrubbing models that diffusional deposition
would occur at particle diameter of about 0.3 micro meter or below. However, DF did
not increase with decrease in particle diameter under test conditions of particle
diameter from 0.1 to 1.1 micro meter. This means that removal effect by diffusional
deposition did not occur at these conditions. Therefore, diffusional deposition veloc-
ity has been eliminated from Equation (3).

Deposition velocity by steam condensation during bubble rising period may not
occur because thermal equilibrium was assumed to have been attained at the injection
point. In that case, pool water evaporates into the bubble to maintain vapor equilib-
rium condition during the bubble rising period. Then, deposition velocity by steam
evaporation, Vv, always prevents particle depositions in a bubble. Vv should be called
an anti-deposition velosity.
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B. PARTICLE DIAMETER EFFECT ON THE DF

It is expected that DF strongly
d -nds on particle diameter. There-
ft , the authors firstly fixed a
prurile of particle diameter effect on
DF.

10

In(DF) = 2.8 + 15Dp*

Figure 5 shows the correlation 8
between In(DF) and square of particle
diameter under the standard condition.
This figure indicates that In(DF)

linearly increases with increase in 6
Dp2 vithin particle diameter range g
from 0.21 to 2.0 micro meters. By the £
least square method, the following 4

equation was obtained.

DF = exp(2.8+1.5Dp?) W

OPEN CIRCLE : MEASURED DF

C. SCRUBBING DEPTH EFFECT ON THE DF SOLID UNE : FITTING CURVE

According to Equation (3), DF

exponentially increases with increase 0o 1‘ ; ; j’ s

in scrubbing depth. The measured DF Dp? (micro meter?)

under the standard condition while

varying scrubbing depth also exhibits Figure 5. A gorrelation between In(DF) and
the same trends. Using proportional ng under standard conditions.

factors obtained by the least square
method, scrubbing depth effects on DF
for3)each particle diameter are given

as
DF = 1.56exp(0.807Hs) (0.21 micro meter) 5
DF = 1.54exp(0.924Hs) (0.31 micro meter) (6)
DF = 1.59exp(1.18Hs) (0.57 micro meter) ¥))
DF = 1.92exp(1.46Hs) (1.1 micro meter) (8)

D. DF BY INERTIAL DEPOSITION
DF(0), which is DF at Hs = 0 calculated by the above equations, must be a
product of DFs and DFi. DF(0) can be calculated for each particle diameter by Equa-

tions (5)-(8). Based on the least square method for DF(0) and Dpz. the following
equation was obtained.

DF(0) = 1.5exp(0.19Dp2) (9)

The constant coefficient of the above exponent must be DFs and the exponent term
itself must be DFi. Then, its index must be the proportional factor "A" in Equation
(3).

An effect of carrier gas velocity on DFi was omitted from Equation (9), since it
vas not observed in the tests with vertical vent pipes and simulative quencher, where
velocity ranged from 28 to 970 cm/s.

E. DF BY INITIAL STEAM CONDENSATION
As mentioned earlier, DF by initial steam condensation, DFs, was defined as a
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ratio of inlet carrier gas flow rate and outlet carrier gas flow rate. However, this
definition is available only when initial steam condensation occurs. Then, the ratio
should be defined as another symbol, Rs, given by

£i 100¢1-¥p)
Rs =~ . 100¢1-kp (10)
fo 100-5

vhere, Wp is steam fraction in a bubble after thermal equilibrium has been attained
and S is volumetric carrier gas steam fraction (vol.%).

Wp also can be considered as a ratic of saturated water vapor pressure and total
pressure in the bubble. Saturated vater vapor pressure, Ps, is given as

log(Ps[mmHgl) = a-b/(c+Tp[°C]) (11

The above equation is well-known as Antoine's equation. Values of the coeffi-
cients are as follovs.

a = 8.10765, b =1750.286, c = 235.0

Antoine's equation can predict Ps within ~-0.3% or +3.6%, where temperature is from 0
to 190°C. Using Antoine's equation, Wp is written as

lo{a—b/(c+Tp)}

Wp = (12)
P = "735.559(P+0.099997Hs+1,033227)

vhere, Tp is pool wvater temperature, P is pool surface pressure and Hs is scrubbing
depth. Then, Rs can be expressed as a function of S, P, Tp and Hs, using Equations
(10) and (12).

As mentioned earlier, DFs will be effective when a steam condensation occurs
around the injection point, but is ineffective when it does not occur. Therefore, a
relationship between DFs and Rs is given as

DFs(S,P,Tp,Hs) =/ Rs : Rs2l

<:l ¢ Rsl (13)
F. SIMPLIFIED MODEL
On the one hand, Equation (4) represents a particle diameter effect on DF at 2.7

meters in scrubbing depth, vhere DFs and DFi are included. On the other hand, Equation

(9) is a product of DFs and DFi. By comparison with Equation (4) and Equation (9), the
following correlation vas derived.

DF = 1.5exp(0.19Dp2)-exp(2.4+l.3Dp2) (19

Equations (5)-(8) represent scrubbing depth effect on DF at each particle diame-
ter, vhere the constant coefficients must be a product of DFs and DFi. Comparing with
Equation (14) and Equations (5)-(8), it is clear that the second exponent index in the
former equation must be equal to the exponent index in the latter equations. Comparing
of the two exponent index for each Hs or Dp, the following expression was derived.

DF = 1.5exp(0.19Dp2)-exp{(0.88+0.52Dp2)'Hs} (15)

An aerosol deposition velocity, which only depends on scrubbing depth, is in-
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cluded in the second exponent index on the right side of the above equation. This
suggests that an aerosol deposition mechanism, vhich is neither gravitational deposi-
tion nor inertial deposition, exists. Further consideration is required, since there
is only limited information on this mechanism. '

The constant coefficient of equation (15) was considered as DFs. Then, the sim-
plified model is given as

DF = DFs(S,P,Tp,Hs) -exp(0.19Dp2) -exp( (0.88+0.52Dp2) - Hs) (16)
Anti-deposition velosity, Vv, has been omitted from the above second exponent
index, since it could not confirmed that DF significantly decreased with an increase

in pool water temperature, including boiling conditions. However, temperature effect
on DF remains in DFs as it is predicred by Equations (10) and (12).

V. COMPARISON OF CALCULATED AND- MEASURED DF

The simplified model can predict DF by five parameters. They are particle diame-
ter, scrubbing depth, carrier gas steam fraction, pool water temperature and pool
surface pressure. Comparisons of calculated DF by the simplified model and measured
DF for the LATEX particles with the vertical vent pipes and the simulative quencher
are given belov.

Figure 6 to Figure 8 shov comparisons of measured DF and calculated DF for
particle diameter effect, scrubbing depth effect and carrier gas steam fraction effect
on DF, respectively. Results show that calculated DF is in good agreement with meas-
ured DF in every case.

1E+05 ¢ T 1E+05 ¢
t Hs : 2.7 meters i t SYMBOLS : MEASURED DF
[ Tp:80C | CURVES : CALCULATED DF
- P ;1.7 kg/em g [
1E+04 F 1E+04 E—S : 80 vo!.%
F f Tp:80C
; P :1.6 - 2.0 kg/cm?g
1E+03 | 1E+03 |
5 5
1E+02 | 1E+02 3
1E+01 F 1E+01
' SYMBOLS : MEASURED DF i
CURVES : CALCULATED DF
- L -l 1E+00
00T oa 1 3 10 04 1 2 3
PARTICLE DIAMETER (micro meter) SCRUBBING DEPTH (meters)
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Figure 6 Particle diameter effect Figure 7 Scrubbing depth effect
on DF. on DF.
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Figure 9 shows a comparison of measured
DF and calculated DF for pool water tempera-
ture effect on DF at pool surface pressure of
2.0 kg/cm?g. As the figures indicate, meas-
ured DF are hovering around calculated DF.

The comparison for pool surface pres-
sure effects on DF is shown in Figure 10.
Pool surface pressure range is so narrov that
there is only a little data to make compari-
sons. Based on the limited information, the
simplified model tends to predict smaller DF
than measured DF.

Figure 11 shows the correlation between
calculated DF and measured DF under all test
conditions. As this figure indicates, most of
the measured DF are within -50% or +100% of
calculated DF. The average ratio of calculat-
ed DFs and measured DFs is 1.0 and its stand-
ard deviation is 0.5. Considering the fact
that the deviation of measured DF at the
standard test condition wvas within factor two
(+100% to -50%), it can be said wvith a rea-
sonable degree of certainty that calculated
DF are in very good agreement with measured
DF.
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V1. DISCUSSION

As mentioned above, the simpli-
fied model is applicable to pool
scrubbing under a wide range of
conditions. However, a large uncer-
tainty remains in test conditions
vhere carrier gas steam fraction
exceeds 80 vol .X%.

Figure 12 shows scrubbing depth
effect on DF for subcooled and boiled
pool water, comparing with DF calcu-
lated by the prototype SPARC code!l’.
The SPARC code predicts that DF for
boiled pool water is smaller than
that for subcooled pool, since anti-
deposition velocity by steam evapora-
tion at boiling condition is calcu-
lated to be greater than that at a
subcoo] condition.

On the other hand, the marked
decrease in DF under boiling condi-
tions vas not observed during tests,
vhere carrier gas steam fraction was
under 80 vol.%. Based on it, the
authors did not include the effect of
steam evaporation in the simplified
model .

If carrier gas contains over a
few volumetric percent of non-con-
densable gas, heat transfer coeffi-
cient across the bubble surface
becomes very small. In this case,
deposition velocity by steam evapora-
tion would maintain a small value,
even if pool wvater were boiled. For
the reason, decreases in DF at boil-
ing conditions were not observed,
during tests with under 80 vol.% of
carrier gas steam fraction.

Several discussions in the

above few paragraphs are sumsmarized
as follows. DF at boiling conditions,
including over 80 vol.X of the steam
fraction, vill be decided by a combi-
nation of the following two factors.
The first factor is that DF increases
vith increase in carrier gas steam
fraction. The second is that DF
decreases vith increase in deposition
velocity by steam evaporation.
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Figure 11 A correlation between calculated DF
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VI1. CONCLUSION

During this study, aerosol removal efficiencies by pool scrubbing, which were
defined as decontamination factors, wvere systematically measured, varying the eight
parameters. The results show that DF mainly depends on three parameters: scrubbing
depth, particle diameter and carrier gas steam fraction. Based on prototype SPARC
models and measured DF for the three parameters, the simplified model was developed.
This simplified model can predict DF within the deviation of the measurements under
these test conditions.

This simplified model also can calculate total DF for complicated dispersed
aerosols, since it can predict each particle diameter effect on DF.
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DISCUSSION

GREENE: If aerosol is not uniformly distributed throughout the steam-gas bubble, will the
condensation DF be overpredicted by your model?

KANEKO: Yes, the model assumes aerosol is uniformly' mixed in the bubble and DF will be
proportional to the amount removed by condensation.
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"THE PHEBUS FP INTEGRAL SOURCE TERM EXPERIMENTAL PROJECT,
WITH EMPHASIS ON IODINE SELECTIVE FILTERING"

by
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PHEBUS FP PROJE!
at CEN Cadarache

* Commission of the European Communities (CEC)
Joint Research Centre, JRC-ISPRA
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ABSTRACT

The PHEBUS FP (Fission Product) Project is concerned with LWR severe fuel damage and
fission product source term experimentation.

Highly irradiated fuel pins are run in accidental conditions until significant UO7 melting
occurs. Structural material and fission product aerosols and vapours are swept into a scaled-down
primary circuit. A circuit leak is simulated and a reactor containment provided for long term FP
behaviour study. The fraction and nature of real radioactive fission product mixtures that reach
the containment, and theif behaviour in the containment are critical to accident source term
estimates and relevant to future filter system designs.

Considerable work is performed to measure the behaviour of the different airborne fission
products including the identification of the iodine species. Special interest will be devoted to the
possibility of the existence of airborne compounds for which the off-gas filter has not been designed
today. lodine chemistry is studied and monitored in the containment using on-line measurements
and filters as well as off-line sampling techniques.

The selective retention of airborne iodine at elevated temperature and high pressure was
preliminarily tested (at KIK Karlsruhe) with different sorbents to prove the operational capabilities
of iodine species samplers, used as an important means for the analysis of the containment
atmosphere. ‘

PHEBUS FP is a CEC-JRC and CEA-IPSN co-sponsored project operating in the existing
Cadarache based PHEBUS experimental reactor, with the direct participation of Canada, Japan,
Korca and the United States. '

1)CEA, CEN Cadarache, bat 245
F 131 Paul-lez-Duran
tel: 33.42254638 fax: 33.42257078
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1. INTRODUCTION

Hypothetical severe accidents in a pressurised water reactor (PWR) may lead to the release
of fission products to the environment. The amount of radioactivity released as a fraction of the
initial core inventory 1is referred to as "Source Term", the major objective to be studied in the
PHEBUS Fission Product pprogramme. The physical and chemical forms in which the various FPs
are present within the reactor coolant circuit (RCS) and in the containment building, in the course
of an accident sequence, determines the amount and composition of gas mixtures which could be
released, and the subsequent biological consequences, should the containment building be breached.

The PHEBUS FP experiments, which will be performed at the CEA’s laboratories in Cadarache
in France starting in spring 1993, will yield precious data, required for the development and validation
of computer models for the prediction of the release rates from the fuel pins and subsequent
behaviour in the RCS and containment vessel.

Instrumentation has been provided all along the simulated primary circuit and particularly in
and around the containment vessel, in order to follow, through on-line and post-test analysis, the
fission product history over about one week of experimentation. The first test FPT-0 will be run
with lightly irradiated fresh fuel, and used to test-out the facility. The five subsequent tests, one
per year, will use high burp-up PWR fuel followed by an experimental circuit and conditions
associated to particular reactor accident sequences.

The behaviour of fission product iodine deserves special attention due to its potential
radiological impact and to the complexity of the iodine chemistry. lodine escapes from the fuel
under accidental conditions, driven by temperature, insignificantly as elemental Ip, but mainly in
the form of CsI vapour or aerosols. In low pressure conditions only part of the Csl will deposit in
the primary circuit, the remaining part will reach the containment and will deposit onto the sump
surface. Readily soluble in water it then dissociates and hydrolyscs' into non-volatile I~ depending
on concentration, temperature, pH etc. Iodates can then be formed in the sump through decomposition
of HOL The important value in reactor safety studies is the partitioning coefficient i.e. aqueous
over gaseous iodine concentration, responsible for eventual release from a broken containment vessel.
This coefficient is affected by radiolysis, pH and mass transfer in the sump, but also by the formation
of organic iodine compounds by reaction of I with organic contaminants or in contact with paint,
volatile methyl iodide CH3l being the most common organic species.

2. THE PHEBUS FP EXPERIMENT

The PHEBUS FP installation is a 1/5000 replica of a 900 MWe PWR reactor, comprising the
reactor core using high burn-up fuel in a 20 rod array, the simulated circuit with a test matrix
specific reactor component (steam generator, pressuriser, relief tank, etc.) and a containment vessel
with sump (see Fig. 1). The existing PHEBUS reactor is used for the fuel irradiation and degradation
process, already successfully performed in the LOCA and SFD tests. A large stainless steel container
(caisson), in the new building adjacent to PHEBUS will contain the simulated circuit, downstream
of the fuel bundle, as main safety barrier. More physical circuit details are given in Ref [1],[2]
and summarized hereafter.
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31 In-pile test i taining_the fuel bundle (Fig. 2):

Fig. 2 gives a cross section of the test section at the level of the fuel. 20 PWR fuel rods,
irradiated up to 32 GWd/t in the BR3 (Belgium) reactor, are assembled by 2 AFA zircaloy grids
around one central steel clad AgIn,Cd control rod, insulated by a variable density zirconia shroud,
held inside the pressure tube. ‘

The bottom coolant inlet is closed prior to the experimental transient by a hydraulic "foot
valve”. During this transient a small controlled steam flow, later replaced by uncondensable gases,
carries the fission products and structural material aerosols up through the tubular section, with
a large temperature gradient, into the horizontal part of the primary circuit.

32, Pri ircuit (Fig. 3):

Due to geometric reactor constraints, the primary circuit has to start with a 5 m long
horizontal line, followed by the measurement zone «C», the steam generator U-tube (or other
experimental components) and the measurement zone «G», shortly prior to the containment inlet
(Fig. 3 shows the circuit inside the safety steel "caisson”). In the first scoping test FPT-0 the circuit
temperature is trace heated to 700°C, with a transition zone down to 150°C in the steam generator.

The circuit tubing will be fully replaced after each test, with the experimental component,
steam generator, replaced by another component or, by a minimum-retention line into the con-
tainment.

33, Contai t (Fig. 4):

The reactor containment is simulated by a 10 m3 vessel with a 0.1 m3 sump having reduced
free surface, for representativity reasons. Three cylindrical condensers are designed to keep the
containment walls dry, condensing out the surplus steam from the bundle, producing interactions
of their painted surfaces with the containment gas phase. Its condensates are recovered, flow
monitored and sampled for post-test chemical analysis. Three independent organic coolant loops
control temperatures of the condensers, the containment walls and the sump.

The following effects can be simulated and/or observed during the experiments (not
exhaustive  list):

- aerosol behaviour and settling,

- iodine chemistry checking the combined influence of the inventory, sump pH, gas and sump
temperatures, radiolysis, mass transfer and surface adsorption,

- interaction with paint,

- containment spray,

- depressurisation.

The containment is designed for mild incidental hydrogen deflagration; its inner surfaces
bhave to be decontaminated after each experiment.
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34. Effluent system;

The containment content will pass through a condenser followed by an aerosol and iodine
filter system for the purpose of gas cleaning and total mass balance calculation. The ultimate
destination of the gaseous effluents is a 100 m3 "atmosphere” tank, initially filled with nitrogen
and whose gas volume is used for recirculating/diluting, the hydrogen containing mixture from the
containment. The atmosphere tank will later be equipped with a palladium plate catalyst designed
by GRS Koln for automatic Hp depletion before a final release to the stack. Containment
depressurisation can become an experimental feature, if enough containment sampling instru-
mentation is available at the end of the aerosol and chemistry phase.

3. INSTRUMENTATION

The PHEBUS FP instrumentation plan is illustrated here but has been described in more details
in Ref [3], [4] and [5).

3.1. ON-LINE INSTRUMENTATION and SEQUENTIAL SAMPLING
3.1 Test-Secti Inst tion:

Relevant items of a long list of in-pile instrumentation are highlighted here:

- High temperature thermocouples, W/Re wires, Re sheathed and Ir coated will be mainly
used in the centreline of un-irradiated scoping-test fuel rods. In later experiments two
fresh fuel rods will be situated at the periphery of the bundle, otherwise made up of
highly irradiated fuel pins (pre-irradiated up to 36 GWd/t in BR3).

- ultrasonic thermometers in two bundle corner positions, both haying seven axial
measurement zones over the mid-core area. These rather sophisticated devices, fabricated
by the European Community Institute TUI at Karlsruhe, are supposed to measure up to
fuel melting when W/Re thermocouples have stopped operating properly. The advantage
of measuring axial profiles in one device is notable.

- the bundle temperature control for the experiment conduct, if all temperature sensors
fail, is handled by shroud outer surface "K"type thermocouples, using a pre-transient
correlation procedure.

- neutron flux measurements will be performed in the driver core, but also axially along
and close to the test bundle in order to survey fuel and AglInCd control rod material
relocation.

- in follow-up tests a sequential coupon device will be installed in a gradient zone on top
of the fuel for vapour deposit sampling at high temperature (1200 to 700°C).

1.2, Prim ircuit Instrumentation;
Fig. 5 shows a sketch of the circuit instrumentation as located on and around the primary circuit;
again some relevant items can be mentioned:

- flow rates of steam and hydrogen coming from the fuel will be gauged by several thin
thermocouples, correlating small temperature variations propagating along the flow lines.
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- the oxygen potential is measured at point «C», to get an understanding of the fuel
oxidising/reducing  conditions. '

- several vy spectrometers using high purity Ge detectors are located at relevant positions
along the circuit line, most important of which is the first ome at point «C», the closest
to the accidented fuel bundle, thus the first insight into the vy emitting source term. At
this point two spectrometers are dedicated to the on-line discrimination of moving versus
deposited FPs in the circuit line. This is a difficult task considering the "moving" tubing
(thermal expansion) linked to heavy shielding and collimator equipment. Other v spec-
trometers will survey gas and deposits in the steam generator’s cold leg and prior to the
containment inlet.

- INEL Idaho Falls provide us with aredesigned version of their PBF aerosol light extinction
photometer, a valuable on-line device for both semi-quantitative information on special
release events and experimental guidance for sampling,

- sequential gas capsules and filters together with impactors should give information of
the gas species and aerosol nature, density and granulometry at various times. Samplers
prior to the steam generator have to operate at 700°C, those after the SG at 150°C. The
timing of these samplers can be adjusted during the experiment evolution according to
the release phenomena.

- one thermal gradient tube (TGT) for the study of condensation patterns,' between 700°C
and 150°C, scparating FP species like Csl and CsOH. Only one TGT will be used at point
«C» because recovery for PTA and interpretation might be hazardous. Its temperature
control with transient gas through-flow is a difficult task.

3.13. Containment Instrumentation:

The containment instrumentation is illustrated on Fig. 6. Important on-line measurements are:
- wall and gas temperatures, pressure and sump level.

moisture, Hj, and O7 sensors in the gas phase, selective electrodes for I" ions and pH

in the sump. All these sensors are doubled for redundancy.

- «on-line» chemical separation of I- versus 103" ions, their ratio is co-responsible for
volatile iodine formation, is envisaged for later tests.

- the condensate flow is measured and led out of the containment for analysis.

- three yspectrometers continuously detect the activity of certain isotopes in the containment
gas phase, on the condensers’ painted surfaces and in the sump.

Sequential or off-line devices on the containment are:

- a sequential deposition coupon device, designed to recover 8 metal coupons exposed at
8 different time windows.

- sequential aerosol impactors of a modified ANDERSEN MK II type, foreseen for the
first scoping test; real on-line classifying will be performed on a diffusion type ball bed
stack in follow-up tests.

- a long series of filters and capsules to yicld more data on aerosols (to be compared to

impactors) and on gas and liquid composition for long lived isotopes.
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- airborne jodine species monitoring is a specially treated item in PHEBUS FP: eight
selective filters are installed, operating sequentially during a predetermined time sequence,
for the study of time-dependent iodine behaviour. Retained iodine concentrations will
be quantitatively determined post-test through sensitive ymeasurements within one week.
One quasi on-line selective filter equipped with a y spectrometer diode will follow the
species evolution over several periods of the long term chemistry phase of the experiment.
More details of the filters and their qualification tests are given in the following separate
paragraph 3.1.4.

- one painted coupon is maintained in the sump liquid for interaction, it will be recovered
post-test for a yscan and off-line surface analysis.

1.4 ir| in |

Monitoring different iodine species and concentrations in a post-accident containment is
crucial for the PHEBUS FP experimentation. In the same way the filtering of all iodine species
during power reactor containment venting is vital for accident management and health protection
by air cleaning.

Several experimental programmes have made use of iodine selective filters, however not
in the particular PWR containment severe accident conditions using real source term species.
Taking into account these requirements and knowing that condensation has to be avoided, the

iodine filter operating conditions have been defined as following:

The LAF II of the Kernforschungszentrum  Karlsruhe has offered their iodine test facilities
to carry out an extensive test programme addressing the two main objectives:
(@  selection of appropriate adsorber materials for elemental and molecular iodine,

@  testing of the filter assembly under real conditions: gas composition, temperature and
pressure.

(D Material preest series

Candidate adsorber materials for molecular iodine in steam containing gas mixtures were:
1) DSM 11: a porous silicic acid structure, KI impregnated,
2) silver coated copper "Knit-Mesh",
3) silver coated stainless steel 2 pm fibre fleece (see Ref. [6]).

Organic jodine can be retained by ID 625, a silver coated binary doped molecular sieve.
This material also retains I: it has to be located downstream of molecular iodine sorbents. This
zeolite has previously been extensively tested and reported upon in Ref. [7], only its operation
in 160°C steam had to be checked here.
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Both molecular iodine 131, and methyl iodide CH3131] have been produced and separately
blown in a steam/air mixture through the hot test bed: in order to avoid condensation the sorbent
temperature has to exceed the containment dew point temperature by a significant margin, 10 -
20°C: temperatures between 130°C and 180°C have been tested.

TAIFUN tests were run at 25 cm/s flow velocity over variable times (several minutes) and
concentrations ranging from 0.1 to 36 mg/m3. Nitrogen flushing was necessary for pre-test
conditioning and post-test activity removal. After dismantling the retained activity on the different
filters was determined by high sensitivity shielded v spectrometers. Automatic PC driven data
retriecval added to the test’s quality control.

Results of the material pre-test series can be summarised as follows:

1. At 180°C all materials tested reacted with or decomposed methyl iodide. Iodine species separation
cannot be guarantied at this temperature level with the materials used.

2. Knit-mesh filters show the highest removal of 131l in combination with the smallest retention
of CH3I-1311 (Table 1 and 2 for a 140°C test). Iodine already adsorbed on DSM 11 tends to
desorb contemporarily and displace the removed activity to downstream filter elements.

Material Residence Time I Removed

per Element
Table: 1 Knit-mesh 1 0.04s 96.63 %
Knit-mesh 2 0.04s 334 %
Knit-mesh 1+2 0.08s 99.97 %

Material Residence Time CH3I Removed

per Element
Table: 2 Knit-mesh 1 0.04s 0.29 %
Knit-mesh 2 0.04s 011 %
Knit-mesh 1+2 0.08s 0.40 %

3. ID 625 achieves very convenient

removal efficiencies

0.3 s, i.e. three filter eclements, is sufficient for a convenient

Material Residence Time CH3I Removed
per Element
Table: 3 ID 6251 0.1s 98.730 %
ID6252 0.1s 1.067 %
ID6253 01s 0.025 %
ID 6254 01s 0.002 %
ID 62514 04s 982 %

at 160°C (Table 3). A residence time of

removal efficiency.
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(i) TAIFUN integral lest series

The filter pack as shown in Fig. 7 is made up of a tubular housing, ID 25 mm, containing
the following components in three successive stages:

Fig.7 Selective lodine Filter

1: Aerosol Filter 3: Silver Zeolite
2: Silver Knit—Mesh 4: K| Charcoal

1. An aerosol filter, metallic PORAL or Quartz paper, depending on its minimum chemical
reactions with fission products; this item is not further discussed here,

2. Silver knit-mesh for molecular iodine, three 12 mm deep compressed elementsl),

3. Heavy metal doped silver zeolite for organic iodine, three or four 25 mm deep granular
beds. The zeolite granulometry ranges from 1.5 to 225 mmb).

The CH3l stage can contain three or four units, ie. the last filter element could also be
replaced by a potassium iodide impregnated charcoal bed (S.S. 207B) according to the needs.
The KfK TAIFUN facility has been previously described in Ref. [8].

The test conditions of a series of eight tests are listed in Table 4; the linear gas velocity
(face velocity) was kept constant at =25 cm/s. The percentage of iodine species removed by the
different filter clements have been added in Table 4 for both I3 and CH3l tests and varying gas
composition. :

1) Silver type samplers must be stored carefully to prevent poisoning of the surface.
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Table: 4 TAIFUN Integral Test Series: Test Conditions and Results

Test | Iodine | Material | Residence Gas Temp./ Iodine Species
Species Time per composition Pressure Removed per Element

N° Element [°C/MPa] Knit-Mesh Zeolite
[s] [%) (%]
F1 | CH3l |3KMD 0.05 air 160/0.1 0.04 99.25
4Z 0.1 0.03 0.58
0.06 0.02
0.00
F2 CH;3l 3KM 0.05 air 160/0.1 0.05 82.84
47 0.1 0.06 16.93
0.06 0.06
0.00
F3 CH3l 7Z 0.1 86 - 95% N 160/0.3 85.75
4-5% Op 6.60
10% H0 4.26
328
0.10
0.01
0.00
F4 I 3KM 0.05 86 - 95% N2 160/03 99.41 0.09
4Z 0.1 4-5% 0y 0.49 0.00
10% Hy0 0.01 0.00
0.00
F5 CH3l 3KM 0.05 76 - 86% N2 160/03 0.05 62.99
4Z 0.1 9-10% Hy 0.04 13.67
4-5% 0y 0.03 11.71

10% H,O

F6 I 3KM 0.05 60% N 160/0.3 87.69 4.00
4Z 0.1 30% H0 441 1.70
1AC 0.1 7% Hy 0.68 0.56
3% Oy 0.96
F7 CH3l 3KM 0.05 60% Ny 160/0.3 0.03 89.24
4Z 0.1 30% H20 0.01 8.06
4AC 0.1 7% Hp 0.01 0.80
. 3% 02 0.61
F8 I 3KM 0.05 60% N2z 160/0.3 72.50 16.44
42Z 01 30% H0 091 476
4AC 0.1 7% Hp 0.15 2.52
3% Oy 1.04

1KM: Knit-Mesh Z: Zeolite A C: Active Charcoal
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Some relevant results are shortly discussed here:

* No significant pressure effect can be noticed comparing for example data from test F1, F3 and
F7 with CH3l. The F4 test on the other hand shows very high molecular iodine removal efficiencies
when silver Knit-Mesh is used; 0.3 MPa pressure is applied.

* Hydrogen has the uncomfortable effect of allowing penetration of I to CH3I adsorbers: note
the flattening of the 2 Hp curves in Fig. 8.

131| Removed per Filter Element
KNIT—MESH [2

-
N
o]

F4 10% H20

e
[o]
(o]

F6 30% H20, 7% H2

o]
(o]

Removed
(o1}
Q

IS
(o]

131|
N
o

o

| ] i
Filter Element

131

I Removed per Filter Element

ZEOLITE CHS3]

F1 Air, 0.1 MPa

F$ 10% H20, 10X H2, 0.3 MPa

] ' i} 1]
Filter Element

Fig. 8 Hydrogen Effect on Removed Iodine using CH3I and I

One possible explanation of this effect  could be the build-up of hydrogen iodide in the silver
knit-mesh filters, with subsequent trapping of this 131l activity in successive zeolite stages. For
a clearer indication of the presence of HI in the gas it seems reasonable to add an active charcoal
stage as a final filter system. Tests 6, 7 and 8 show no burning effect of charcoal at 160°C, which

473




22nd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE

where previously observed using charcoal from recently delivered batches. Adding more zeolite
(or charcoal) elements and with the help of supplementary calibration it might reasonably be
possible to detect other iodine species than those for which our selective filter system- had been
originally foreseen. There is definitely need for further investigations if HI or other iodine species
have to be quantified.

* No hydrogen catalytic effects of zeolite with respect to Hp/O7 reactions were observed; it has
to be said that element temperatures have not been measured in each filter stage in order to focus
on this effect.

The selective filter system as described previously will be further submitted to a qualification
exercise in real PHEBUS FP geometries, reduced gas velocities (gas saving in the scaled-down
experiment) and minimum iodine concentrations in a new tracer test facility, actually in its
licensing stage at CEA Cadarache.

On-line Selective Iodine Filter

The same adsorber materials will also be used in a newly designed "on-line iodine selective
sampler® where each filter stage is scanned alternately by a vy spectrometer. The integrated aerosol
concentration and the molecular and organic iodine contents can thus be followed over several
hours of operation, during various separate time periods. The problem of background noise from
the high inlet aerosol filter activity, compared to the last iodine stages has yet to be tackled by
sophisticated collimation and counting techniques.

32 POST-TEST ANALYSIS (PTA)

PTA is a most important item in PHEBUS FP instrumentation, not ‘at least because of the
shortcomings of on-line instrumentation.

The first major operation is the samplers’ (around 25) recovery and transfer to the "CECILE"
hot cell, below the main ‘caisson”. After a first gross v scan the samplers are dismantled and the
sensitive components fine vy scanned again, before packaging and transport to different specialised
laboratories. Iodine samplers have a general priority due to the 1311 isotope’s short half-life. Their
different adsorber stages will be v scanned on an automatic turn-table device, taking care of the very
different activity levels of the different filter stages (range: 10%)

The post-test analysis programme is a complex series of flow sheets from recovery to a series
of analysis techniques ranging from scanning electron microscopy coupled to enmergy dispersive
spectroscopy (SEM/EDS) and particle recognition equipment (PRC) up to many types of chemical
techniques for compound and species recognition and concentration determination. Neutron activation
analysis (NAA) is a widely used accurate method for isotopic/elemental analysis of non- vy emitters,
fissile particles and decayed iodine. More details on the PTA working plan can be found in Ref. [9].
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4. FUEL BUNDLE POST-IRRADIATION EXAMINATIONS (PIE)

Shortly after the irradiation experiment the test section will be un-coupled from the circuit and
stored in a vertical examination and control station (PEC). This PEC houses a radial and axial v scan
and radiography facility with possibilities of computer tomography.

In a second phase, several months later, the test section will be transported in a specific shiclded
flask to a hot lab where horizontal and vertical cuts will be performed. These small sections will then
be dispatched to outside laboratories for further detailed elemental analysis and FP inventory
measurements.

The upper tubular plenum of the test section has a special interest: the surfaces of this part
have been located in a severe thermal gradient during the release phase and interesting deposits will
have accumulated thereupon. This is why these tubular sections will be cut into small sections and
treated, according to a PTA flow sheet, for detailed deposit analysis.

5. CONCLUSIONS

PHEBUS FP is presently the largest experimental programme in the area of severe accident
studies. It benefits of the interest of the international safety community and will contribute significantly
to the quantification of source term and environmental impact of nuclear power plants. The first test
is to be run in spring 1993. ' '

Airborne iodine selective filters have been developed and tested under severe but real accident
conditions. The materials adopted for the filtering of molecular and organic iodine species behave
well enough for the sequential determination of their relative concentration. Deviations from the
pre-established  efficiency curves’ might give indications on the presence of iodine species for which
the filters had not been primarily designed.

The selective iodine filter design could be improved by increasing the number of elements to
the organic iodine filter stage or by adding active charoal filters at the outlet of the device.
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8. ABBREVIATION GLOSSARY

CEA
CEC
LAF
INEL
IPSN
FP
FPT x
GRS
KfK
SG
PIE
PTA
SFD
TUI

Commissariat 3 I’Energie Atomique
Commission of the European Communities
Laboratorium fiir Aerosolphysik und Filtertechnik
Idaho National Engineering Laboratory
Institut de Protection et de Siireté Nucleaire
Fission Product

Fission Product Test N° x

Gesellschaft fir Reaktorsicherheit
Kernforschungszentrum  Karlsruhe

Steam Generator

Post-Irradiation  Examination

Post-Test Analysis

Severe Fuel Damage

Transuranium Institute (CEC)
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horizontal section
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CLOSING COMMENTS OF SESSION CO-CHAIRMAN WILHELM

I would only like to comment on the need of iodine filters in case of a severe accident. With
respect to the severe accident source term under discussion, and the need of iodine filters to mitigate the
environmental burden, I am very surprised that there are doubts whether iodine filters are still needed.

I suppose the underlying idea may be the extremely small amount of iodine released to the
containment atmosphere in the Three Mile Island accident. In that case, the blowdown practically
functioned as an iodine trap. This cannot be expected in the sequence of events of other severe
accidents. Moreover, a large part of the iodine will react in the containment atmosphere with organic
compounds to become organic iodine compounds, because high concentrations of organics will be present
as a result of burning and vaporizing. Those compounds and their radicals produced by irradiation are
available for a reaction with iodine. Organic iodine will not be trapped at a high degree in the water.
It should be recalled that the high iodine activity which arrived from Chernobyl had not been expected
in Germany, but has caused large losses of fresh vegetables by contamination and of money paid for
compensation; and this, at a dictance of more than 1,000 miles.

CLOSING COMMENTS OF SESSION CO-CHAIRMAN MILLER

It is very well stated that some of the diversity that we see may not be optimized. It would be
nice if we all got together and figured out what is the best way to attack this backend and then do it.
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