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FOREWORD

The prediction of the release and transport of nuclear aerosols
asgociated with postulated accidents in nuclear power plants is necessary for
the assessment of the radiological consequences of these accidents and hence
is an important aspect of reactor safety evaluation. The nature and behavior
of nuclear aerosols can potentially influence both the course and the conse-
quences of reactor accidents. For example, nuclear aerosols can affect the
performance of engineered safety systems (e.g. containment, air cleaning
systems) as well as the magnitude, dispersion and effects of the radioactive
source term leaked to the atmosphere. As a result of the extreme environment
associated with nuclear aerosols, they exhibit very dynamic physical and
chemical behavior and pose special analytical and experimantal problems dif-
ferent from those associated with aerosols found under industrial and ambient

conditions.

The CSNI Specialist Meeting on Nuclear Aerosols in Reactor Safety
held at Gatlinburg in 1980 was the first major internaional conference on
nuclear aerosols in reactor safety. Since that time, considerable progress on

research and development has been made.

The meeting of the CSNI Group of Experts on Nuclear Aerosols in
Reactor Safety, held in March 1983, therefore recommended that another
Specialist Meeting on this topic be held in mid to late 1984, by which time a

supplementary State-of-the-Art Review was prepared by the Group.

The purpose of the Meeting was to discuss the conclusions of the
Review in depth and provide a forum for the exchange of information between
aerosol research specilists, reactor designers, and regulators regarding the
realistic assessment of radiological consequences of reactor accidents in
LWRs, LMFBRs, and GCRs. Emphasis was placed on the technicai aspects of the
subject and on new information beyond the Proceedings of the Gatlinburg
Meeting (NUREG/CR-1724, ORNL/NUREG/TM-404, CSNI-45, October 1980) and the

State-of-the-Art Review, particularly in the field of severe LWR accidents.



In the Opening Session welcome adresses were given by Dr. H.H.
Hennies, Member of the Board of Kernforschungszentrum Karlsruhe and President
of the German Nuclear Society, and by Dr. D.F. Torgerson, Chairman of CSNI
Principal Working Group No. 4 (Source Term and Environmental Consequences).
The keynote paper was presented by M. Silberberg of the US-Nuclear Regulatory
Commission. Seven sessions were structured according to the main topics co-
vered by the Meeting. A final plenary session took place at the end of the

Meeting to summarize the state-of-the-art and to identify remaining problems.

A program committee served in program planning, paper review and

organizing the meeting. The members of the program committee were

F. Abbey, UKAEA (UK) , Chairman

W.0. Schikarski, KfK (FRG) , Co-Chairman

W. Schéck, KfK (FRG) , Technical Secretary
W. Schiitz, KfK (FRG) , Ass. Techn. Secretary
J. Royen, OECD

J. Fermandjian, CEA (F)

K.O0. Johansson, Studsvik Energiteknik AB (S)
S. Kitani, JAERI (J)

T.S. Kress, ORNL (USA)

J.F. Van de Vate, ECN (NL)

The editors - also on behalf of the program committee - wish to
express their thanks to the delegates and participants from the various coun-
tries for their contribution in making the meeting successful. Special thanks
are offered to the sponsoring organization, the OECD Committee on the Safety
of Nuclear Installations, to the co-sponsoring societies, the German Nuclear
Society, and the Association for Aerosol Research, and to the host of the
meeting, Kernforschungszentrum Karlsruhe, for their continuous support and

cooperation.

W.0. Schikarski
W. Schock
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SOURCE TERM REASSESSMENT: ISSUES AND PERSPECTIVES

M. Silberberg
W. Pasedag

U.S. NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555

ABSTRACT

The status of the NRC source term reassessment effort is briefly presented in
terms of NRC contractor effort, documentation and schedule. The technical
progress being made towards incorporating phenomena in source term modeling that
were not included in WASH-1400 is presented. Some of the key tech@ica] issues
that have been identified in current source term estimation are diScussed.
Finally, some perspectives gained from the on-going source term analyses and
peer review are presented.
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Introduction

The purpose of this paper is to: highlight the status of the NRC source term
reassessment effort of the NRC contractors; present observations on overall
technical progress and the key technical issues emerging from these studies;
and briefly discuss important perspectives that might be gained from a broad
view of source term analyses. Definitive positions on quantitative source term
estimates and the related methodology have not yet been developed by the NRC
staff, and hence, are beyond the scope of this paper.

A summary of the current accident source term position in the United States
(primarily based upon the views of the NRC staff) was prepared for the CSNI
Principal Working Group No. 4.[1] The status of accident source terms was
related to the regulatory and licensing process in the United States. It noted
current and projected regulatory policy development activities in the U.S. that
were closely tied to source term considerations, including Severe Accident
Policy, Safety Goal Policy and Revised Siting Rulemaking. In 1983 the Commis-
sion decided to better characterize accident source terms before proceeding with
new siting regulations and changes to existing and proposed regulations and
policies (e.g., emergency preparedness).[2] Regulatory change will be consid-
ered if the reassessment of the accident source terms so warrants.

Status of NRC Source Term Reassessment

In 1983 an interim Accident Source Term Office (ASTPO) was created to focus

the NRC staff reassessment efforts. The program elements of the source term
reassessment were described previously [3]. The purpose of ASTPO is to co-
ordinate the work of NRC contractors and to assure through peer review of im-
proved methodologies (primarily models and codes) that can be used for estimat-
ing accident source terms. The principal NRC contractor effort is the source
term estimates provided by Battelle Columbus Laboratories (BCL) for a number of
plants representing the types of light-water reactor designs licensed in the .
U.S. These estimates have been published in a multiple volume set of final
draft reports, BMI-2104. Previous drafts were available last year as part of
the specialist peer review process.




Although the BCL estimates have not been weighted to account for sequence
occurrence probability, nor for probable containment performance, the
calculations indicate that significant source term reductions appear Tikely
for many severe accident sequences. It should be emphasized that the staff has
taken no position on the Battelle studies pending completion of the peer
review process. We believe a thorough peer review of the scientific basis for
source term estimation is an essential part of the reassessment of accident
source terms. Hence, in addition to a specialist review, a broad-based,
independent review of source term science is now in progress by a special
study group of the Americal Physical Society (APS), at the request of the

NRC.

Additional contractor effort in support of the source term reassessment in-
cludes reports reviewing the following: the technical basis of the methodology
used for the BCL source term estimates, to be published by Oak Ridge National
Laboratory as ORNL-TM 8842 in September 1984; a scoping study on the quan-
titative estimation of uncertainties involved in the BMI-2104 source term
estimates, to be published by the Sandia National Laboratory by early Fall

1984 (SAND 84-0410).

The NRC source term report summarizing the staff's evaluation and conclusions
reached from the NRC contractor analyses will be released in draft form for
public comment in early 1985 as NUREG-0956, after the completion of the APS
peer review. This report will briefly describe the methodology developed by
NRC contractors, discuss the status of its validation (including ongoing re-
search programs), and describe its applicability. Specific sample applications
of the methodology to BWR and PWR plants with different types of containment
will be given. Although the subject of the report is accident source terms,

it will also include estimates of the probabilities associated with the several
accident sequences analyzed for each plant type to give a risk perspective of
the revised source term estimates. The conclusions about the validity and ap-
plicability of the revised source term methodology will include the perspective
gained from the thorough peer review of this topic.

In support of NUREG-0956, the staff, supported by contractors, is developing
two NUREG reports to reassess containment behavior during accidents because of
the importance of containment performance on accident consequences. Two
groups are involved; the Containment Loads Working Group (CLWG) and the
Containment Performance Working Group (CPWG). The reports of these groups are
expected to be available by early Fall 1984 as NUREG-1079 for the CLWG report
and NUREG-1037 for the CPWG report.



Technical Progress in Source Term Modeling

Over the past several years, a general consensus that has developed concerning
Reactor Safety Study (RSS) [3] source term estimates is that they are conserva-
tive (pessimistic) with respect to the quantity and timing of radionuclide re-
leases to the atmosphere.[4ﬁ This acknowledged pessimism in the RSS methodology
arises from several phenomena, considered too difficult to quantify, that were
neglected; these include engineered safety feature effectiveness and simplified
models used to analyze fission product transport. Qualitative reviews [5]
listed the most significant of these shortcomings of the RSS approach as: the
assumption that the dominant form of iodine is elemental (I,) rather than CsI;
neglect of fission product retention in the reactor coolant“system (RCS); ne-
glect of the steam-condensing environment in the containment (or other struc-
tures); omission of water pool scrubbing in saturated BWR suppression pools; and
lack of detailed modeling of aerosol behavior in the containment, other struc-
tures, and in the fission product release pathway and in the containment.

Significant progress has been made in the development of fission product
release and transport models intended to replace omissive or conservative
simplified analyses. Models exist today to quantitatively address each of

the issues listed above. For example, models for fission product retention

in the RCS have been developed [63 which account for condensation on wall sur-
faces and particles, sorption on RCS steel surfaces, particle deposition re-
sulting from settling, diffusion, impaction, thermophoresis, and agglomeration
of particles resulting from brownian motion, gravitation,and turbulence. Not
surprisingly, a mechanistic treatment of these phenomena requires detailed
knowledge of the thermal hydraulic conditions in the RCS during the accident.

Competing phenomena which 1imit the source term reduction anticipated from the
mechanisms enumerated above are also needed. Volatile fission products can
condense on surfaces where they are retained or on aerosols which could carry
the condensing radionuclide to the containment. Also, modeling of RCS deposi-
tion of the relatively volative fission products Cs, I, and Te cannot be con-
sidered complete without considering the potential for later emissions from the
primary systems as a result of re-vaporization of deposited materials, re-
suspension of settled aerosols, and vessel de-pressurization in high pressure
core melt scenarios. Similarly, the limitations of the assumption of cesium
jodide as the dominant form of jodine are being established by continuing in-
vestigations of iodine chemistry under primary coolant conditions. While
thermodynamic equilibrium and kinetic calculations confirm that CsI is the
dominant chemical form in high radiation fields [7], potential complications
from reactions with control materials (silver or boron carbide) and other core
constitutents need to be investigated and resolved. None of these effects are
expected to attenuate the role of CsI as the dominant form of iodine.



The modeling of aerosol behavior in the containment has made rapid progress by
building on the extensive methodology developed for LMFBRs. Improved models
available today address not only aerosol agglomeration and settling phenomena,
but also include the effects of a condensing atmosphere (steam condensation,
diffusiophoresis).[8] As is the case in the RCS, the Timiting effect

appears to be our ability to provide the detailed thermal hydraulic input
required for these models. Steam condensation effects appear to be extremely
sensitive to small changes in supersaturated conditions. Small variations in
the accident sequence, or plant parameters, can change the humidity of an at-
mosphere and alter the predicted aerosol behavior.

Analyses of engineered safety features (e.g., containment sprays, suppression
pools) show that these systems are highly effective even though the accident
may have progressed in severity beyond their design basis. Passive systems,
such as the BWR suppression pool, provide an effective means of scrubbing aero-
sols from a steam air atmosphere, even if the pool water is near saturation.
Detailed investigation by several organizations [9], [10] of the phenomena in-
volved indicate a very strong dependence of suppression pool decontamination
factors on aerosol particle size between 0.3 and 3 um. Another sensitive par-
ameter is the ratio of condensible vs. non-condensible gases.

The most important engineered safety feature is the containment system. Those
accident sequences for which the containment integrity is maintained result in
relatively minor releases, even if leakage exceeding the design basis by as much
as an order of magnitude or eventual failure of the containment after many hours
of containment integrity are considered. Conversely, the largest source terms
are those resuiting from an early failure or by-pass of the containment. As
noted before, because of the importance of the containment, NRC's source term
reassessment effort includes two specialists working groups to investigate
containment loads and containment leakage behavior.

Although a quantitative application of the models of these phenomena is
premature pending the APS review, it is apparent, without quantification, that
the combined effect of all of the retention mechanisms will reduce the source
terms. Accident sequences found to be risk-dominant in previous analyses, how-
ever, generally include a postulated failure of ESFs requiring electric power or
backup water sources, or involve leakage paths which by-pass ESFs. The source
terms for such sequences, therefore, would depend primarily on natural attenu-
ation processes. The overall effectiveness of natural fission product attenu-
ation processes depends strongly on the specific accident sequence postulated
for a specific plant design, as noted above. It is apparent, therefore, that
the final outcome of the application of mechanistic fission product attenua-
tion models will be strongly dependent on the specific accident sequence and
the plant parameters.



Key Technical Issues for Source Term Estimation

During the course of the source term reassessment, the analyses and the reviews
have given insight into a number of important technical issues about fission
product release and transport phenomena. The issues presented here are not an
exhaustive 1ist; they represent those areas that are believed to have the
greatest impact on source term estimates. The key issue about the containment
failure mode including by-pass is not shown in the list.

1.

Natural Circulation in Reactor Vessel

In the state-of-the-art methods, it is assumed that the flow of gases and
aerosols in the upper plenum is one-dimensional. More realistic behavior,
supported by advanced thermal-hydraulic analysis, indicates that recircu-
lation would occur in the upper plenum because of large temperature gradi-
ents. Including natural circulation would act to enhance considerably the
retention of fission products and aerosols in the RCS. Natural circulation
can also increase heat losses from the core, influence the core melt prog-
ression, and influence the RCS boundary integrity for high pressure se-
quences.

Core Melt Progression

Lardge uncertainties exist in the modeling of core melting, slumping, and
vessel melt-through because of the absence of data. Uncertainties in
these phenomena give rise to uncertainties in hydrogen generation, and
the quantity, temperature and composition of molten material. These
phenomena have an important impact on containment loads, ex-vessel re-
leases, thermal-hydraulics, fission product chemistry, and deposition in
the RCS.

Control Rod Vaporization

The mode and timing of control rod vaporization is very important during
core degradation (prior to slumping) because silver aerosols can condense,
interact, and coagglomerate with fission products. If they are present

at the time of substantial fission product release, they can influence
deposition. In NRC contractor analyses, considerable silver aerosol gener-
ation is assumed; IDCOR's contractors neglect silver.




Fission Product Retention and Revaporization in the RCS

The deposition of fission products in the RCS piping and upper plenum
surfaces predicted by codes such as TRAPMELT can be substantial, but with
large uncertainty because potentially important phenomena are omitted.
Once deposited on RCS surfaces, the fission products can be revaporized
by local heating from decay heat and be transported out of the RCS to the
containment. This process would be especially important if the timing of
revaporization occurs during the period when containment failure might be
predicted to fail.

Tellurium Retention

Experiments indicate that Te is retained on unoxidized Zr. Hence, while
released Cs and I have an opportunity for retention in the RCS, Te can be
carried with the molten core material as the RPV is breached and into the
reactor cavity where it can be released directly to the containment via
core-concrete interaction. The IDCOR contractor analyses do not model Te
behavior as described, hence, it should not be too surprising to observe
that for a given accident sequence, assuming all other things equal, higher
Te releases to the environment are obtained in the BCL estimates when com-
pared with the IDCOR contractor estimates. These differences are signifi-
cant and in most cases have an important impact on accident consequences.

Perspectives Gained to Date

Over the past 18 months the ASTPO staff has had the opportunity to reflect on
the work of our contractors, the work of others in the U.S. and abroad, as
well as the comment and discussion of the peer review process. Some of the
more important perspectives that appear to be emerging are presented. These
technical perspectives are not staff positions.

1.

Source Term Methodology

Improvement over WASH-1400 now being obtained in source term estimation is
a result of the availability of a larger data base and advancements in

the methodology. But the methodology is much more complex than WASH-1400
and depends heavily on codes. The methodology incorporates additional
phenomena which require more detailed knowledge of a plant design and
accident sequences conditions. As a result source terms cannot be gen-
eralized to other plant designs. The concept of "across-the-board" source
terms contradicts the most recent research findings.



The methodology is still being improved and validated. As noted in the
previous section, there are a number of key unresolved technical issues
which require additional data and improved models. Further progress in the
methodology does not appear possible without incorporating mechanistic
treatment of phenomena such as the thermal-hydraulics of the RCS during

the core melt and vessel melt-through phases.

Balance of Emphasis and Practical Limitations

Considerable attention in the area of source term estimation is now being
given to certain parts of the methodology such as containment aerosol be-
havior, RCS aerosol behavior or in characterization of the chemistry of a
specific fission products, e.g., radioiodine. There is no doubt that our
understanding of these areas has improved as a result of the considerable
work that has been done. Further progress, however, now requires further
emphasis on the less advanced areas, e.g., core melt progression, in order
to resolve the remaining source term issues and reduce the high level of
uncertainties associated with current estimates.

There is of course a practical Timitation to the level of reduction of
uncertainties. We expect that residual uncertainties will remain in
spite of the significant progress expected in the data base and improved
methodology the next two years. This results from the complexity in some
of the phenomena that are being modeled and the Timitation in the dif-
ficult experimental technology available for assessing the interactive ef-
fects of multiple phenomena over the full range of accident conditions.
The practical 1imit to our experimental verification capabilities also
comes into play when analyses are attempted with the goal of showing
further reductions in release fractions which already represent several
orders of magnitude reduction from previous (e.g., WASH-1400) estimates.
The practical value of such efforts is questionable, because the residual
uncertainties in such areas as chemistry and thermal-hydraulics present
throughout the accident sequence challenge the confidence in the results
of such analyses.

Uncertainty Analysis

Treatment of the uncertainties in severe accident phenomena and their
propagation through the analysis of source term estimates needs more de-
tailed consideration than it has received to date. Such effort is diffi-
cult because of the many, complex phenomena involved and their feed back
on source term estimates. Improved uncertainty analysis, however, will
make an important contribution to the framework needed for resolution and
closure of the issues and the related identification of research priori-
ties, criteria for validation of the methodology, and future regulatory
applications.
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ABSTRACT

This paper gives the perspective on fission product behavior and source term
research of the Project Nuclear Safety (PNS) at the Karlsruhe Nuclear Re-
search Center (KfK). It tries to demonstrate the conceptional background of
the KfK core melting program, which has been started in 1973, and which is
scheduled to be terminated by 1986. The paper also summarizes the main
findings of the SASCHA program, with the aid of which the enveloping fission
product release from the primary system into the containment during a PWR
core melt accident has been investigated. Within more than 10 years of PWR
core meltdown research in depth we developed an understanding of the most
relevant phenomena which forces us at the time being to describing the
complex physical relationships as easy and as plausible as possible, based
on uncontested laws of nature, rather than to running the program more and
more into refined specifications. Especially with respect to aerosol genera-
tion, transportation, removal, resuspension, and release into the environ-
ment, this attempt led to the following conclusions:

- According to the present state of knowledge the tools are not at

hand for calculating core degradation in a detailed manner and, starting
from that basis, for calculating the element specific activity release from
the primary circuit as a function of the time in a manner which would be
reliable from the scientific point of view. However, the calculation can be
replaced by a plausible and, at the same time, physically justifiable esti-
mate of the upper limit.

- The fractions of release from the fuel determined in the experiment

are undoubtedly in the range of 70% to 100% for the radiologically most
important elements I, Cs, Te. The reduction in release from the primary
circuit due to deposition is 50% at the maximum. A considerable portion
resuspended must be deducted from that value. The retention of iodine and
aerosol particles in the safety containment amounts to several orders of
magnitude (up to 5). Likewise, the decrease in the population dose by spread
and dilution in the environment and due to other parameters attains several
orders of magnitude (up to 7). Consequently, particle retention by a factor
of 2 or 3 in the primary circuit is negligible.

- Our present knowledge is completely satisfactory for analyzing the
go-called source term in core melt accidents. The wish to develop more
detailed codes related to core degradation and to activity release from the
primary circuit has many understandable causes. However, there is no single
technical reason in favor of spending much money in order to materialize
this wish.



BACKGROUND

As early as in 1973 first studies were started in the Federal Republic of
Germany on hypothetical core meltdown accidents in light water reactors. It
has been an established fact from the outset that hypothetical accidents,
i.e., accidents going beyond the design basis accidents, should not be the
subject of any licensing issues whatsoever. The rationale underlying re-
search activities related to hypothetical events has been - at any rate for
the Project Nuclear Safety implemented at the Karlsruhe Nuclear Research
Center- the following plain finding:

- The core meltdown accident constitutes the inevitable consequence of a
permanent positive difference between generated and removed thermal
power. This is the reason why, eventually, all emergency cooling mea-
sures will serve the primary purpose of avoiding a core meltdown acci-
dent!

Although more than 90 % of LWR safety research in the Federal Republic of
Germany had been pursued with the objective to prove that design basis
accidents can be safely controlled, it was still legitimate to ask what will
actually happen in case that the emergency cooling measures will not perform
as scheduled, if necessity arises. ‘

Outside the Federal Republic of Germany this question gained importance in
the context of probabilistic risk assessments only. To be able to assess the
safety of light water reactors in a responsible manner we had to solve three
essential questions when we started our studies ten years ago:

- Which are the initiating events and which time dependent failure of
emergency cooling systems will lead to core meltdown accidents not
capable of being controlled?

- How do uncontrolled core meltdown accidents proceed in terms of phy-
sics, chemistry and mechanics and which passive barriers already pro-
vided in the reactor building will prevent such accidents from propa-
gating?

-~ Which are the realistic impacts on the environment to be expected from
core meltdown accidents?

Much attention has been paid to the first question in Germany during the
last decade. It resulted in the requirement to carry out a careful technical
systems analysis and to solve the thermohydraulics problems associated with
it. Today we are in a position to give a satisfactory answer to the decisive
specific questions using the methods elaborated. However, this does not
imply the absence of wishes concerning the '"tools'" which have to be improved
in order to solve thermohydraulics problems.

For German pressurized water reactors extensive studies were conducted on
the question which failures of emergency cooling systems are permitted to
occur in addition and which cooling channel blockages are tolerable in case
of the design basis accident (Guillotine break of a main coolant pipe)
without causing uncontrolled melting of the core (FEBA results: 90%). The
phenomenological range of indeterminacy between the manageable loss-of-
coolant accident and the core meltdown accident propagating in an uncontrol-



led way is probably so narrow that work on this subject should not be
continued. Especially the question whether the core is bound 'to melt down
or not to melt down'" in a design basis accident can be answered solely on
the basis of the thermohydraulic analysis of a strict sequence of the
system.

The situation is not as transparent for a core meltdown beginning at high
pressure in the primary loop, i.e. if the leaks are small. To initiate
uncontrolled core meltdown one has to postulate in this case the failure of
a much greater number of emergency measures over a much longer period of
time. Logically, this implies that also the '"'range of indeterminacy regar-
ding core meltdowns taking place or not taking place'" will become much
wider. One can especially think of the onset of accidents in which the
operators undertake a variety of manual countermeasures which might be
successful or not successful. These accidents do no longer strictly follow
a defined technical sequence of the system and hence their development
cannot be adequately conceived before occurrence.

Completely independent of the events preceding a core meltdown accident on
the "high pressure path'", the water level in the reactor pressure vessel
will attain the upper edge of the core at some time after occurrence of the
accident (e.g. after 3 or 4 hours). Generally, the following courses of
events are possible.

- Either no water is available for emergency cooling: in this case the
water level will continue to decrease practically independent of the
leak size at an integrally averaged velocity of 4 m/h (slower at the
beginning and faster later om);

- or water is available for emergency cooling but the amount is insuffi-
cient; in this case the water level will decrease at an accordingly
slower rate;

- or the core can be reflooded in time; in this case we can stop
bothering about it.

The second case is of no importance for risk assessments because '"a bit
water available for emergency cooling" defies definition (despite the fact
that we bear in mind TMI-2).

Still - as in the first case - the water level meaningfully defined in one
way or the other, would continue to decrease. There is no doubt that also on
the high pressure path a core condition will be attained quite soon which
will propagate by slumping and, eventually, adopt a configuration no longer
amenable to cooling. Restoring of emergency cooling from this moment on will
no longer be a suitable means of preventing the core from melting down. This
moment should be attained as soon as the water level has been laid bare e.g.
half of the core height. Less than 30 minutes will pass from the time
preceding the onset of core dryout - with e.g. half of the core degraded -
until uncontrolled core meltdown.

This makes obvious that expensive research work is not reasonable for prac-
tical reactor safety if it is intended to produce the evidence that a
partially degraded core within the small "time window'" of 15 - 30 minutes is
just amenable to recooling although no coolant water had been available
within the 3-4 h preceding this time interval.



It must be left open whether from the point of view of basic research it

would be interesting to be able to describe any possible condition of the
reactor core as a system of time dependent separate effects. At any rate,
the widened knowledge so derived would not modify one of the few rules in
reactor safety which does not admit of an exception and which says

"Keep the core under water and the containment tight!"

It is hardly conceivable that operators could face a situation in which they
would have to decide whether or not to reflood an uncooled core.

What was said above is the philosophy behind the KfK/PNS decision to re-
stricting the SASCHA fission product release program on uncontrolled in-
vessel core meltdown situations only. Thus, our element specific data are
enveloping data, which correspond to the releases from a liquid melt.

The second general question formulated above concerns the sequence of core
meltdown accidents. As it was already briefly mentioned we are proposing to
care only about two situations in the Federal Republic of Germany which
envelop all extreme in-vessel situations, namely:

- the low pressure path and
- the high pressure path, each of them resulting in an uncontrolled core
meltdown.

From the out-of-pile investigations of the melting behavior of fuel rods
performed by the Project Nuclear Safety we have derived adequate information
about the general phenomenology of slumping. We recognized the complexity of
core degradation and realized at an early stage of our studies that detailed
knowledge of the stochastic process of core degradation is not necessary.
Simple energy balances, similar to those established in WASH 1400, are fully
adequate because the time interval of core degradation is short as compared
with other relevant sequences following core degradation. We have accumu-
lated sufficient knowledge of the RPV failure both for the low pressure case
and the high pressure case. We cannot make out an aerosol generation mecha-
nism spraying at elevated pressure tons of molten material from the reactor
pressure vessel into the containment. We know that the interaction of melt
and concrete basemat determines the time of containment overpressure failure
by sump water ingression and subsequent evaporation. Regarding the problem
of H, explosions we expect enlightenment from the studies supported by the
USNRE and EPRI. As to German pressurized water reactors we are meanwhile in
a position to rule out that steam explosions will lead to a precocious
failure of the reactor pressure vessel or, which would be even worse, a
failure of the containment. We are performing the BETA project in Karlsruhe
in order to demonstrate that the codes describing the melt/concrete interac-
tion (CORCON in the USA, WECHSL together with KAVERN in Germany) represent
adequately the sequence of core meltdown in this respect.

Finally, we have placed the emphasis of all our studies of the "source
terms'" on the time dependent interplay of radioactivity release from the
primary circuit and driving thermodynamic forces as a function of the postu-
lated leak cross sections and release paths from the containment. Although
this seems trivial, it is not taken into account in a consequent manner in
many cases and thus leads to incomplete information which is likely to be




erroneously evaluated.

A number of analyses performed in Germany and in the USA supported the
finding that the type and date of failure and the resulting driving forces
are outwardly dominating regarding the respective ''source terms'.

This leads to a simple statement addressed to aerosol researchers which
says:

Particle removal is fastest at high number concentrations but at the
same time possible leakages are worst.

Some years ago we already made it plausible for pressurized water reactors
of German design that retention of radioactivity in the primary circuit
plays indeed a secondary role compared with retention mechanisms in the
containment, in the sump and in adjacent spaces, especially if strong, not
yet investigated resuspension mechanisms must be expected to occur in the
primary loops. Therefore, we did not initiate codes resembling the Trap-Melt
code but we are obviously following with interest these code developments as
well as the experiments performed at Hanford, Oak Ridge and Marviken. The
more details we got to know, the more we found our opinion confirmed.

According to the present state of knowledge we must expect only late over-
pressure failure of the containment in much more than 90 % of all conceivab-
le core meltdown accidents. This justifies our development of the NAUA code
which describes the removal behavior of aerosol systems in the containment
and in other spaces in the presence of steam. By the German/Swiss DEMONA
program we wish to demonstrate the adequate accuracy of the NAUA code in
combination with the thermodynamic containment codes. We think a factor 3 -
5 will be sufficient to demonstrate the accuracy.

We performed the SASCHA program which is presently verified at ORNL. We
believe that it gave us a sufficiently good estimate of the upper limit of
aerosol release into the containment. We are able to show with the help of
NAUA that even a reduction in the release of non-radioactive aerosols by
400 % will not have any noticeable effects on the source terms. We have
developed an iodine release model by which for the first time, the attempt
was made to link in a synopsis sequences which seem to be relevant. A
consensus of prominent scientists in this field has been reached regarding
many partial aspects. An extremely helpful seminar was devoted to this
subject at ORNL. Where it had not been possible to accumulate complex know-
ledge for the time being, we were able to make accepted plausibility consi-
derations. But validation by experiments of separate effects is still to be
obtained which can be treated in a meaningful manner by use of the model.

An agreed but pessimistic assumption is that 99% of the iodine inventory
will be released in the form of cesiumiodide, whereas a best estimate value
is 99.9%. The analyses of some core meltdown scenarios made evident that
more or less the small fraction of 1% or 0.1% of gaseous iodine dominates
the environmental hazard because of the effectiveness of the aerosol removal
processes.

At any rate, we are today in a position to consider more realistically than
before the release of the most important nuclide (I-131) for the consequence
of an accident.
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We performed studies which made it clearly evident that it is just wrong to
suppose a PWR containment to burst under the impact of overpressure. It is
more rightly assumed that a leak of limited size will occur which needs to
be quantified in future work. We are conducting special studies on this
problem. But already now we are capable of controlling the situation by
defintion of a best estimate case and a worst case. Even the worst case
leads to a drastical reduction of the source term.

Some remarks about the third general question will be added, which relates
to the consequence of core meltdown accidents:

It continues to be true that "source term' research and development of
accident consequence models with special regard to atmospheric diffusion are
far from being satisfactorily coordinated. Both in the Federal Republic of
Germany and elsewhere it seems to turn up that pressurized water reactors -
in a realistic consideration - will not cause early fatalities. The number
of "late fatalities from cancer" is determined by application of so many
linearly smoothing constants that the dependence on location and time of
environmental impacts is practically no longer relevant,

In other words: The determination of accident consequences is based more or
less on the multiplicative evaluation of the ''source terms'.

It can be stated that the methods of 'source term" quantification have
meanwhile been developed to a satisfactory state. Even if at present an
error in the results up to one order of magnitude must be expected the
problems at hand can be considered as settled. Consequently, no claims in
excess should be made concerning the accuracy of the methods of determina-
tion of the accident consequences. In many cases this means that the acci-
dent consequence models have to be drastically simplified. Above all, the
assumption underlying them must be made much more transparent. In other
words: It is logical that the accuracy of determination of effects must be
geared to the accuracy of determination of causes.

Not only in the determination of effects but also, generally speaking, in
the field of hypothetical accidents it is decisively important that plausib-
le considerations are given priority over comprehensive computer codes which
are not capable of providing a clear relationship of causes and effects and
whose accuracy cannot be indicated. Generally, the requirement must be made
that application of sophisticated codes must not be a substitute for the
deeper understanding of relevant relationships or, formulated very globally:

""More transparent individual analyses and less Super Codes!'"

Before it can now be explained how we at KfK evaluate the aerosol sources
(release from the primary loops into the containment) the main findings of
our SASCHA program have to be reported.

SASCHA RESULTS AND THEIR APPLICATION

With the aid of the SASCHA facility, out-of-pile experiments were carried
out to study the relevant parameters influencing the fission product release
and aerosol formation under LWR core melting conditions. The investigations
include:
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- gize distribution and chemical composition of aerosol particles,

- influence of steam supply and degree of Zircaloy oxidation on the
release behavior,

- determination of fractional release rate coefficients,

- fission product release during melt/concrete interaction, and

- estimates of integral values for the release of radioacitvity and
aerosol mass from the primary system.

It was found that even from these small scale experiments the integral
activity release can be determined with an accuracy better than +/- 15% for
specific assumptions on the primary system temperatures.

The SASCHA facility was constructed for melting tests using slightly ra-
dioactive samples. The samples were composed of short fuel rods with a
simulated burnup and representative amounts of structural material. Above
the crucible, a heated aerosol transport line was installed which consists
of a 4000 cm™ glass vessel, an automatic filter changer, a cascade impactor,
and a specific iodine filter. By comparing the initial nuclide activities of
the gsample with those collected on the components of the transport line, the
fractional release has been determined as a function of temperature and
time.

The most relevant parameters to characterizing the aerosol system (particle
size distribution, particle number concentration, mass concentration, and
chemical composition of the aerosol particles) have been analyzed by using a
8 stage cascade impactor. The median values for the size distributions of 9
experiments were found to be 0.1 micrometers, and the corresponding geome-
tric standard devia?ion wgs 2.13. The pgrticle number concentration was
determined to be 10" - 10" particles/cm™ . As both results did not depend
strongly on the variation of the experimental parameters, such as fuel
temperature and steam flow rate, they are assumed to be realistic within one
order of magnitude. It should be pointed out, however, that the results
relate to a very early appearence of the aerosol because its age is equiva-
lent to the short transportation time of the aerosol particles from the melt
material to the cascade impactor.

The chemical composition of the aerosol particles was analyzed by use of a
X-ray photoelectron spectroscopy. The samples for these analyses were small
pieces of 8 different glassfiber filters which had been used for aerosol
collection in a release experiment with steam atmosphere and with a maximum
fuel temperature of 1900 °C. It was found that the aerosol precipitates were
composed mainly of the elements Ag, In, Cd, Cs, I, Te, and 0. The predomi-
nant chemical form of iodine was CsI; in addition, some Agl was identified
along with larger amounts of metallic silver. As the cesium concentration in
the fuel was ten times higher than that of iodine, the main chemical form of
cesium was CsOH. Tellurium and indium were identified as oxides while cad-
mium was found to occur as hydroxide. Because the aerosol particles are
built up by condensation and coagulation, the reported chemical forms can be
present together within single aerosol particles. This is expected to occur
also in the reactor core where the inhomogeneous temperature distribution
will lead to a simultaneous evaporation of elements with even larger diffe-
rences in the vapor pressure than in the SASCHA crucible. In addition, the
aerosol particles emerging from different zones of the core will be mixed up
homogeneously by thermohydraulic effects, so that there is no chance to
trace the transport of individual elements through the primary system or
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even through the containment building.

Therefore, an attempt at precisely calculating the release of individual
fission products or structural materials as a function of core temperature
and core geometry is assumed to be not trustworthy as it will be explained
below.

Two experiments were carried out to investigate the release during melt/con-
crete interaction with respect to the following questions:

- Do we have to expect the complete release of those highly volatile fis-
sion products which may have been retained in the melt until RPV fai-
lure?

- Is it possible that some of the low volatile fission products are
converted into chemical forms with increased volatility due to oxida-
tion by the steam emerging from the concrete?

It was found that up to 20 % of the iodine had been retained in the fuel
during the fast heatup phase. This fraction was nearly completely released
within the first 3 minutes of the interaction. A similar behavior is expec-
ted for the residual amounts of Kr, Xe, Br, Rb, Cs, and Cd in the core melt
after the RPV failure.

The two elements Te and Ag were released by 40 and 60 %, respectively. These
numbers are especially significant if the release of these elements inside
the pressure vessel is overestimated.

The release of Mo and Ru was found to be very low although both elements can
form oxides with increased volatility (MoOz, RuO,). To a small degree this
effect may have occured for Ru because its release was higher by about a
factor of 20 in comparison to release tests in steam without concrete.
Nevertheless, as the integral release of Ru and Mo was less than 0.01 % and
0.1 %, respectively, it is concluded that neither element will contribute
significant amounts to the total activity release.

Because it is asumed that during a core melt accident major parts of the
core will attain a temperature of 2400°C, this temperature was regarded to
be most relevant for the determination of a complete set of release rate
coefficients. The data set includes the main fission and activation products
as well as the most important elements of the structural materials. Because
the elements I, Cs, and Cd were almost completely released at temperatures
around ZOOOOC, it was impossible to determine precise release rates at
2400°C. Therefore the value k.GT.0.5 in the Table should be taken as a rough
estimate only. ’

The elements Te, Sb, and Ag were found to have a relatively high volatility
in the temperature range between 1900°C to 2200°C. In these cases it was
also possible to investigate the temperature dependence of the release
rates. The SASCHA data for Te and Sb are lower by a factor of 2 - 3 than the
corresponding data of NUREG-0772. Even larger discreggncies were found for
the fission products Ba, Zr, and Ru. The value of 10" min~ for Ba corres-
ponds to release conditions leading to a high oxidation of the Zircaloy
cladding. As discussed above, the Ba release rate can be higher by two
orders of magnitude if the oxidation is assumed to be low. However, this
case is quite unlikely. The low release rates of Ru and Zr resulting from
our experiments appear to be much more likely than the values of the




NUREG- 0772 report because of the low vapor pressures of metallic Ru as well
as of Zr0,. Also the formation of highly volatile RuO2 can be excluded in a
steam atmosphere for temperatures higher than 1800°¢.

Fractional Release Rate Coefficients at 2400°C in Steam

A(T,t)/Ao = exp(-k(T)*(t/min))

Element k (min 1) Element k (min~ ')
I, Cs, Cd .GT.0.5 a) Zr 10'2
In 0.2 b) U 2'10-5
Ag 0.14 ¢) Np 10-3
Te 0.071 «¢) Fe 10:3
sb 0.043 ¢)  oCr 1073
Ba 10 4 c) Co 10

Mo 107 Mn 0.01
Ru 10_5 Sn 0.014
Ce, Nd 10

a) estimated value

b) extrapolated from 2200°C

c¢) k depends on the degree of Zircaloy oxidation
(values in the Table correspond to complete oxidation)

For the low pressure path the integral release of aerosol particles into the
containment can be calculated by using the experimentally determined release
rate coefficients. This evaluation uses the mean temperature of the dry part
of the core as function of time, which is expected due to BOIL calculati-
ons.(But it should be mentioned, that this is not very significant for the
applicatlon of our method). The temperature curve reaches a first maximum of
2200°C while the water level drops down to the lower core support plate.
The . onset of melting occurs at temperatures between 1900 °C and 2200°C. The
melted (ZrU)O_ phases move downwards in terms of a stop-and-go-process: they
refreeze in lower and cooler zones which are just above or below the water
level and due to an increase of the melting temperature by ongoing oxida-
tion, and they melt again as the core proceeds to dry out. When the core
support plate fails, core material slumps down piecemeal and will be
quenched by the residual water in the lower part of the pressure vessel.
While this water is evaporated the core material melts agaln Finally the
pressure vessel fails at a melt temperature of about 2400°C. For the
calculation of the integral release until RPV failure, the two release
phases are substituted by two time intervals of 15 minutes each at 2200°C
and 2400°C. Both of these temperatures are significant with respect to the
physical core degradation process: 2200°C has been found experimentally in
the NIELS facility to be the temperature where the melt inside the partially
oxidized claddings breaks through and is poured into the cooling channels.
2400°C is the maximum temperature of the metallic/oxidic two-phase-melt at
RPV meltthrough, calculated with the THEKAR code. It is apparent that the
total release will be overestimated rather than underestimated by this
method. This is even more so because both time intervals are attributed to
the whole core mass, ignoring the fact, that substantial parts are cooled by
water and steam.
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This leads to an integral activity release from the fuel by 16+/-2 % of the
radioactive core inventory. About 16 % of this amount (which is more than a
0.99 fraction) is due to the release of the 9 elements Kr, Xe, Br, I, Rb,
Cs, Se, Te, and Sb.

The small relative uncertainty was estimated by means of some rather simple
arguments which - among other aspects - consider also the surface to volume
ratio of the small scale SASCHA experiments and the use of fuel with simu-
lated burnup. The highly volatile fission products are mainly released
during or prior to the first time interval of 15 min duration at 2200 C. The
fuel rods are mostly unmolten under these conditions. But when the fuel
melts the former physical structure of the fissium pellets has no longer any
influence on the release rates. Hence an overestimation of the release comes
into question only if large fractions of the core do not participate in the
melting process. This case is excluded, however, since it is intended to
determine enveloping release data which are valid for a broad spectrum of
core melt accidents. On the other hand, there is no danger of underestima-
tion, because an almost complete release of the highly volatile fission pro-
ducts was assumed (100 % for Kr, Xe, Br, I, Rb, Cs; 80 % for Se, Te, and

53 % for Sb).

The less volatile elements, e.g. Ba, Ru, Ce, are essentially released at the
highest temperatures, i.e. from the liquid melt. Because of the high surface
to volume ratio of the melt in the SASCHA tests, the measured release is
rather too high than too low. Finally, it should be mentioned that also the
assumption of a 15 minutes temperature plateau at 2400°C for the whole core
mass is highly conservative.

The integral mass of the released aerosol particles from the primary circuit
was calculated in a similar way. By using a minimum/maximum approach for the
calculation it was found that the aerosol mass emerging from the primary
system will be in the range of 700 kg - 3500 kg. As the additional amount of
aerosol generated by the melt/concrete interaction is not sufficiently known
at present, and as an uncertainty factor of 4 in the aerosol mass is not
extremely relevant as mentioned above, it is recommended to use an integral
mass of 3500 kg for the calculation of the aerosol behavior in the contain-
ment building for the low pressure path of a German type 1300 MW . PWR.
Removal inside the primary system is ignored because of the lack®of knowled-
ge about resuspension mechanisms during steam explosions and subsequent
water hammers.

Quite different with many respects is our method to evaluate the particle
mass release into the containment during the high pressure path scenario
(e.g. complete station power blackout). In this case the flow rates through
the pressure relief valve behind the pressurizer (which shuts and opens
alternating until it sticks open when the pressure is stabilized at about
170 bar) are much less than that during the low pressure path. Assuming the
same particle generation rate from the melting fuel, this would lead to a
significant higher particle mass concentration inside the primary system. It
is expegimentally evident, that particle mass concentrations higher than
150 g/m~ are physically not possible. To assuming a constant mass con-
centration of 200 g/m~ is therefore rather conservative. Using the SASCHA
data as described above to obtain the relative element specific composition
of the aerosol particles and combining this with the '"leak rate'" into the




containment gives us the upper limit of the integral aerosol release into
the containment until RPV failure. By this trick we are not obliged to take
care either of particle plate out effects on the primary circuit walls or of
possible resuspension effects during the virulent depressurization after RPV
failure and the subsequent accumulator flooding. In addition the biological
shield will fail, causing in turn the ejected fuel debris to be flooded by
the sump water. The question whether the flooded core debris can be cooled
or can not be cooled remains still open. Nevertheless, we assume the under-
water release of the remainder of the highly volatile elements I and Cs up
to a 100 %. I and Cs will dissolve in the sump water. The iodine model is
then applied to the 12 release from the liquid suspension.

Based on this technical background one can summarize the philosophy at
KfK/PNS behind the evaluation of aerosol sources related to PWR core melt-
down accidents.

PHILOSOPHY AND CONCLUSION

Not only the release of radioactivity from the primary circuit is of inter-
est with a view to the source term but likewise the release of non-radio-
active masses as gas and particles. Besides a number of parameters con-
cerning geometry, thermodynamics and e.g. leakages, the removal behavior of
an aerosol system in the safety containment is influenced essentially by the
number concentration of the airborne particles, the statistical probability
density function of their diameters, the particle density, the particle
shape, the solubility in water of the particles, and by a number of other
aerosolphysical variables. The radioactivity of the particles plays a minor
role in this context; this applies also to the internal heat sources gene-
rated by postdecay processes., Given the high particle number concentration -
as typical of core melt accidents - the rate of coagulation is so high that
particle composition soon undergoes macroscopic homogenization. As a matter
of fact, local differences in the compartments of the safety containment
regarding aerosol concentration, velocity and direction of flow, thermodyna-
mic state etc. can neither be taken into account in aerosol codes. It is
rather necessary to assume homogeneous conditions at least for each referen-
ce volume. Compared to the quick processes of homogenization, the residence
time of particles in the reference volume considered 1s always very long.
The foregoing arguments lead us to the fomulation of

Principle 1:

In all phases of aerosol transport the elements must be assumed to be
homogeneously distributed both on the aerosol particles and within indi-
vidual reference volumes. The major fraction of aerosol mass is not made
up of the radiologically important fission product nuclides but of the
long-lived and stable isotopes of the fission products (Cs-133, Cs-135,
1-129), of the fuel (U-238), and of the structural materials (above all
those of Sn, Mn, Fe, Cd, In and Ag).

Core degration follows the steadily falling water level. Aside from the fact
that core components may fall into the residual water both as solids and as
liquids where release through evaporation is spontaneously stopped, higher
temperatures than in the zone immediately above the water level will occur
in the upper dry core.region (inasmuch as it still exists). Besides on the
stochastic slumping processes, the precise temperature distribution depends



on the decay heat produced by the single rod and, obviously, also on the
geometry dependent Zr/H,O-reaction. The axial temperature distributions
differ radially in the core zone. It results from this fact that in the
whole dry core zone always simultaneous evaporation takes place of highly
volatile elements in various forms of oxidation (bottom and external parts)
and of little volatile elements {(top and internal parts). The little vola-
tile elements form condensation aerosol particles after short transport
paths already (order of magnitude: cm). The highly volatile elements on
their way first pass rising temperature fields which means that they conden-
se later. Particles already present serve as heterogeneous condensation
nuclei. On account of the high particle density a violent process of agglo-
meration takes place in addition. This leads us to the formulation of

Principle 2:

In the course of core degradation heterogeneous condensation and coagula-
tion in the dry core zone are so violent that possible knowledge of
particle release from the core zone which is specific to an element or
even isotope and dependent on location and time is an information, which
is not necessary. As a matter of fact, the uncertainties in the determi-
nation of temperature distribution and the stochastic nature of core
slumping are precluding anyway prediction of a location and temperature
dependent rate of evaporation according to the present state of knowled-
ge.

‘A noticeable release of activity takes place at the earliest when the water
level attains the upper core edge. It depends on the events preceding the
accident which system pressure prevails at that point in time in the reactor
pressure vessel (RPV) and which decay heat power is still available in the
core. For PWR equipped plants of the 1000 MWe class complete evaporation of
the RPV beginning at the point in time indicated always occurs within about
one hour, independent of the history. This means that gas and aerosol par-
ticle release from the primary circuit is strictly limited in time compared
with the duration of the time sequence after release into the safety con-
tainment. This leads us to the formulation of

Principle 3:

Modeling of the time function for the release of mass from the primary
circuit is of secondary importance as compared with the integral mass
release into the safety containment.

The following considerations will show that, considering the present state
of knowledge, it is an unreasonable endeavor to calculate aerosol deposi-
tions in the primary circuit with the help of computer codes. But there are
still other arguments opposing it: The surface of all airborne particles in
the RPV (residual water level e.g. in the center of the core) is higher by
one or more powers of ten than the surface of the structures and walls.
Consequently, the interactions of particles greatly outbalance those of
particles and walls. In addition, depositions on solid walls are much slower
processegs Egan interactions of particles with number concentrations of more
than 10 cm ~. Obviously, potential interactions also depend decisively on
the chance the particles have to get into the immediate neighborhood (diffu-
sion zone) of walls. If the steam evaporation rate is relatively high (doub-
le ended break) the particle residence time in the primary circuit is very
short so that noticeable depositions on the walls can be excluded. More time
will be available on the high pressure path. To be able to model realistic-



ally the depositions on internal structures (especially in the upper RPV
plenum) one would have to calculate the actual path of particles or particle
clouds with vortexes, dead water zones, flow reversals, etc. This in turn
would call for a fine nodal network for thermohydraulics calculations of the
RPV. The present state of the art in thermohydraulic codes may permit much,
but it does not permit that! One of the reasons is that because of lacking
knowledge of slumping exact time functions cannot be determined for residual
water evaporation rates and still less for local flow distributions of steam
and H,. But even if one succeeded in calculating depositions on walls and
strucfures of the primary circuit, they could not be used until it would be
possible to calculate potential resuspensions as well. But no approach
whatsoever is presently recognizable in aerosol physics to do this calcula-
tion. The situation is likewise unclear for the high pressure path of a core
melt accident in which, until depressurization of the primary system, seve-
ral 100 kg of particle material are initially deposited on the walls. It is
also a question still to be answered which fraction of it is entrained or
detached when the accumulators are evacuated shortly after RPV failure. For
the low pressure path, even on optimistic assumptions, a retention of not
more than 50% is considered possible today. This factor 2 disappears comple-
tely in the uncertainty range of knowledge of events taking place in the
RPV. This eventually leads us to the fomulation of

Principle 4:

On account of the complexity of events taking place in the RPV it seems
impossible, considering the present state of knowledge, to model particle
depositions in the primary circuit in a realistic way. Therefore, physi-
cally justifiable, plausible assumptions should be preferred to any such
attempt.

In the majority of release categories the fission product elements iodine,
cesium and tellurium are predominantnly responsible for the radiological
consequences; tellurium, inter alia, because a decay product of one of its
isotopes is a highly radiotoxic iodine nuclide (I-132). Iodine and cesium
are released by 100% from the fuel and tellurium by 50 to 80%. Release of
these elements into the environment is determined to a much greater extent
by their physical and chemical behavior in the safety containment, in the
annulus, and in the adjacent compartments than by their behavior in the
primary circuit. An important role play aerosol removal, washing water-
soluble precipitates off the walls, chemical reactions in the sump water and
in the gas phase, and the vapor pressure of the resulting iodine compounds.
The (very optimistic) retention factor 2 ,indicated before for the primary
system is contrasted e.g. by a factor 10  for the safety containment in
release category FK6. This leads us to the formulation of

Principle 5:

The radiologically important elements iodine and cesium are released by
100% from the fuel.

Retention in the safety containment and in other compartments of the
plant is higher by several orders of magnitude compared with the primary
circuit. Therefore, the physical and chemical behavior of these elements,
after they have left the primary system, plays the decisive role for
their release into the atmosphere. The situation is similar for tellurium
which is released by 50-80% from the fuel.

A completely different argument should be mentioned in this context: In the
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so-called "worst case" of the new release category 6 (300 cm2 leak in the
safety containment after attainment of 9 bar, direct release from the annu-
lus in the absence of filters) less than 10° of the iodine inventory is
released.

This corresponds to a release of 0.08 g I-131 and an activity of about

10" Ci, respectively. The following ingestion dose factor can be assumed for
I-131 taken in with the food: g, = 1.55 x 10" rem/Ci. Con??quently, a ficti-
tious cumulative de¢se for the iﬁgestion case of 1.55 x 10 rem can be
calculated from 10° Ci (undistributed). In conformity with ICAP 26 a number
of 1.25 x 10° ' fatalities per rem was assumed in Phase A of the Risk Study.
So, if one suitably distributed 0.08 g I-131 with the food among a suffi-
ciently great number of the population, the result would be 19.4 million
late fictitious cancer fatalities. But actually the parameters included in
the Accident Consequence Model (not to be treated here) imply that the real
number of late fasalities from cancer caused by the ingestion of iodine is
lower by up to 10" times. Similar considerations can be made for other
fission and decay products. Consequently, the following statement can be
formulated as

Principle 6:

The retention of activity (except for gases) in the safety containment
ang in adjacent compartments attains several orders of magnitude (10 to
10" for FK 6). The funcitons describing the distribution towards the
outside as well as emergency protective measures and other elements
allowing to evaluate the consequences of accidents produce a "dilution
effect" which, related to ths population dose, likewise adopts many
orders of magnitude (e.g. 10°). The wish to develop computer codes neces-
gitating much work in terms of modeling theory and high costs with which
retentions in the primary circuit by the factor 2 to 3 could be calcu-
lated seems negligible with this background! This is true for related
large scale experiments too.

ADDITIONAL LITERATURE

W. Braun, K. Hassmann, H.H. Hennies and J.P. Hosemann "The Reactor Contain-
ment of German Pressurized Water Reactors of Standard Design', Proceedings
of the International Conference on Containment Design, June 17-20, 1984,
Toronto, Ontario

H. Albrecht, H. Wild '"Review of the Main Results of the SASCHA Program on
Fission Product Release under Core Melting Conditions" ANS Meeting 'Fission
Product Behavior and Source Term Research', Snowbird, July 15-19, 1984

J.P. Hosemann "The KfK/PNS Perspective on Fission Product Behavior and
Source Term Research! ANS Meeting 'Fission Product Behavior and Source Term
Research'", Snowbird, July 15-19, 1984

J.P. Hosemann, D. Haschke '"DEMONA: Aerosol Removal Experiments', EIR-Bericht
Nr. 505, November 1983

K. Hassmann and J.P. Hosemann '"Consequences of Degraded Core Accidents",
Nuclear Engineering and Design 80 (1984) P. 285 - 99



— 37—
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ABSTRACT

Any substantial quantities of aerosol generated during the relatively
early stages of a severe accident in a light water reactor will originate
from the volatile components of the reactor core. These aerosols will be
formed by vapour condensation in superheated steam. In a series of
experiments at AEE Winfrith emphasis has been placed on the formation of
such aerosols from the control rod alloy (80Ag-15In-5Cd). The cadmium
component is particularly volatile, and studies have been made of the
release of this material. In some of the experiments 4 cm lengths of the
control rod alloy have been sealed in 304 stainless steel tubes and heated
until they burst. Temperatures up to 1900K were achieved by means of an
induction furnace. Aerosols were formed immediately after the failure of
the stainless steel tube. These aerosols were sampled on to Nuclepore
filters and their aerodynamic size distribution was measured by inertial
spectrometers. Deposition foils were used to collect debris for
microscopic examination and elemental analysis. An assessment was made of
the elemental distribution following this release, and these data were
compared to the deposition behaviour of cadmium and control rod alloy
vaporised from an open system.



INTRODUCTION

Many light water reactors operate with control rods made of 80Ag-
15In-5Cd alloy clad in 304 stainless steel. There is approximately 2800
kg of control rod alloy distributed through the reactor core and it would
constitute a major source of volatile material in a severe reactor
accident. The stainless steel will fail at a relatively low temperature,
and the resultant release of the control rod materials could affect
fission product transport in the primary circuit and the containment [1].
Unoxidised Zircaloy guide tubes will form low-melting eutectics with
indium and silver (1520K [2]), and relatively high concentrations of
aerosol containing cadmium, indium and silver may be generated.

The Ag-In-Cd alloy melts at 1100K and will not damage the core so
long as this molten material remains within its cladding. However, at
approximately 1700K the cladding will fail, and the subsequent behaviour
of the alloy will depend upon the accident sequence. If the circuit
has become depressurised, the ;high vapour pressure of cadmium at these
temperatures (approximately 10° Pa) will result in a relatively violent
expulsion of cadmium vapour and molten silver-indium when the cladding
fails. Most of the liquid alloy will flow down the space between the
cladding and Zircaloy guide tubes to cooler regions of the core. The
possibility of any aerosol formation will depend on temperature, pressure
and the highly localised concentrations of cadmium vapour. Any resultant
mixture of vapour-aerosol could react with fission product vapours, along
with tin, manganese and boric oxide generated at higher temperatures from
the Zircaloy cladding, stainless steel and boric acid. Published data
characterising this type of behaviour are very sparse. The recent
experiments of Parker et al [3] support earlier evidence for eutectic
formation between silver and Zircaloy. They have also reported cadmium
aerosol data in a hydrogen-argon atmosphere [4], formed by the
condensation of cadmium vapour generated by a plasma torch.

Significant fission product attenuation by high density aerosols has
been proposed [5], but this is difficult to quantify. A programme of work
is currently underway at AEE Winfrith to generate these aerosols and
assess their effects. The initial studies have concentrated on behaviour
of the control rod elements in an argon atmosphere.

EXPERIMENTAL PROCEDURE

A 40 kW, 25 kHz induction furnace with a tantalum susceptor has been
used to heat cadmium powder, and clad and unclad control rod alloy up to
approximately 1900K (Figure 1). ghe3samp1e was contained in a silica
glass vessel (volume of 4.5 x 10~ m"~) containing zirconia insulation,
but with a relatively open geometry. Two distinctly different sampling
systems were used, depending upon the proposed analysis:

(i) Zircaloy foils were located immediately above the heated sample
and within the tantalum susceptor, and a Zircaloy-1ined thermal
gradient tube (450 mm Tong and 25 mm diameter) was attached to
the exit port of the glass containment;




(ii) a dilution chamber (volume of 0.053 m3) was attached to the
exit port for rapid sampling to achieve some degree of aerosol
stabilisation prior to analysis.

High purity argon (< 5 ppm oxygen) was introducgd at_lthe base of the
silica glass vessel, and a flow rate of 0.002 m~ min -~ was maintained
for 1 h before and during each experiment. The flow rate of the carrier
gas through the apparatus was measured by a mass flow meter calibrated to
an accuracy of 5%.

The unclad samples of cadmium powder and control rod alloy were
heated in open alumina crucibles that were held in position on a zirconia
platform. The clad control rod alloy (40 mm long and 8.75 mm diameter)
was held in the vertical position with a zirconia insert (Figure 1). In
order to minimise any extraneous aerosol, the apparatus was heated up to
the planned maximum temperature without the sample. The system was then
allowed to cool before being dismantled, cleaned and reassembled with the
sample. Thermocouples were used to monitor the sample temperature, the
gas temperature immediately above the sample, the gas and foil
temperatures in the thermal gradient tube, and the gas temperature in the
dilution chamber.

Experiments were carried out in an argon atmosphere and are listed in
Table 1. In experiments 1 to 6 emphasis was placed on obtaining
representative micrographs of the deposits collected on the various
Nuclepore filters and in the thermal gradient tube. This was done by
means of an SEM/EDAX system (scanning electron microscopy/energy
dispersive analysis of x-rays), which was also used to determine the
elemental composition of the deposits for comparison with the corres-
ponding data from standard analytical techniques.  The resulting
micrographs were used to measure the primary particle size distribution of
any aerosol using a Zeiss TGZ 3 particle counter. On average 150
particles were sized from each micrograph. In experiments 7 to 10 the
dilution chamber was used to stabilise any aerosol agglomerates that were
formed. The aerosol was collected in the chamber over a 45 sec period
before the chamber was isolated for aerosol analysis. The aerodynamic
particle size distribution of the resulting agglomerates was measured by
means of an inertial spectrometer [6] and a St8ber spiral duct centrifuge
[7, 8], and additional samples were collected on Nuclepore filters for
microscopic studies. Any other debris such as ruptured cladding and
severely damaged Zircaloy were examined, and the glass vessel and zirconia
insulation were washed with 20% HNO3 to give additional mass balance
data.

RESULTS

Experiments 1 and 2 with the cadmium powder were carried out at
relatively low temperatures (1080K) and produced deposits in the thermal
gradient tube that had a crystalline structure, with no evidence of
aerosol formation, agglomeration and deposition (Figure 2). No
interaction was observed between the cadmium vapour and the various
deposition foils.
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Table 1: Experimental Arrangement and Particle Size Analysis

Aerosol Particle Size
Experi- Maximum Analysis
ment Sample Temperature | Geometry
K
Primary | Agglomerates
1 Cd powder 1080 A NA NA
(121 mg) '
2 Cd powder 1080 A NA NA
(38 mg)
3 unclad alloy 1700 A NA NA
(24 g)
4 unclad alloy 1870 A NA NA
(24 g)
5 clad alloy 1750 A v v
(24 q)
6 clad alloy 1690 A ND ND
(24 g)
7 clad alloy 1760 B v ND
(24 g)
8 clad alloy (~ 1720) B v v
(24 g)
9 clad alloy 1750 B J v
(24 g)
10 clad alloy 1550 B ND v
(24 g)
A, thermal gradient tube NA, not applicable
B, aerosol dilution chamber ND, not determined

Experiments 3 and 4 with unclad alloy generated a mixed deposit of
crystals and spherical particles along the thermal gradient tube. When
the sample was heated to 1700K this mixed deposit consisted almost
entirely of cadmium with very little trace of indium (< 1% by weight) and
silver (< 0.2% by weight). However, mass balance data indicated that 90%
of the cadmium and approximately 10% of the indium and silver had
evaporated from the crucible, and it 1is believed that the indium and
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silver plated out on the zirconia insulation. This effect was even more
pronounced for the sample heated to 1870K, when 99.99% of the cadmium, 25%
of the indium and 10% of the silver evaporated from the crucible, although
the resultant deposit in the thermal gradient tube was predominantly
cadmium with only traces of indium and silver.

When the control rod alloy was sealed in 304 stainless steel, the
cladding burst between 1550 and 1760K with a significant release of
material. The Zircaloy cylinder close to the sample (Figure 1) was
damaged extensively during all of these experiments. A high concentration
of vapour was ejected from the break and condensed rapidly to form an
aerosol. In experiments 5, 6 and 7 the cladding failure occurred in the
sidewall, and EDAX indicated that the resulting aerosol was composed
almost entirely of cadmium. Efforts were made to achieve a mass balance,
and the data for experiment 5 are given in Table 2. Approximately 95% Ag,
99% In and 75% Cd fell into the catchpot, and the airborne debris
consisted almost entirely of Cd. The imbalance in the data for silver was
attributed to the absorption of this element into the zirconia insulation.
The aerosol that was generated in these experiments consisted of
spherical particles (Figure 3) that differed from the more irregular
crystalline debris produced by the unclad alloy. These small primary
particles had a visual mean diameter of 0.32 pm with a geometric standard
deviation of 1.6.

Table 2: Mass Balance following Cladding Burst
(Experiment 5): Control Rod Elements

Ag In Cd

Initial weight of specimen (g) 19.1 | 3.6 | 1.2
Debris in catchpot (g)* 18.1} 3.5 | 0.9
Vapour deposit-aerosol (g) 0 0 0.26

*also significant quantities of zirconium

The cladding failure occurred at the top endcap in experiments 8 and 9,
and significant quantities of silver were found in the resulting aerosol
(as much as 20% in some samples analysed by EDAX). The primary particles
of the mixed cadmium-silver aerosol exhibited similar physical charac-
teristics to the cadmium aerosols observed in experiments 5, 6 and 7.
These submicron particles agglomerated in the dilution chamber to produce
long and complex chain-like structures containing from 50 to 300 primary
particles per agglomerate (Figure 4). The agglomerates had a log normal
particle size distribution with an aerodynamic mass median diameter (AMMD)
of 3.2 um and a geometric standard deviation of 1.6 as measured with the
Stober spirdl duct centrifuge. A Tower AMMD of 1.2 um was measured using



the inertial spectrometer, and further efforts are required to improve the
sampling procedures for both instruments in a closed argon atmosphere. In
experiment 10 failure occurred at the bottom endcap. All of the indium
and silver were deposited in the catchpot and only a small amount of
cadmium vapour-aerosol was transported to the dilution chamber.

In the clad experiments the extent of aerosol formation and the
resulting elemental composition were dependent on the location of clad
failure. A break in the sidewall directed the vapour-liquid jet towards
the Zircaloy cylinder and this resulted in the liquid phase flowing down
into the catchpot (experiments 5, 6 and 7); failure at the top of the
sample forced the jet away from the surrounding structures, and
significant quantities of the silver were transported into the thermal
gradient tube with the cadmium (experiments 8 and 9). Although these
experiments show that the aerosol source term depends on the failure
mechanism, the resulting data can be used to calculate a maximum vappur-
aerosol concentration for the apparatus of approximately 100 g m if
the jgitg?l burst release is confined to the silica vessel (volume of 4.5
x 10 " m”).

DISCUSSION

The experiments were carried out in a reaction vessel containing
argon at atmospheric pressure. This environment does not represent
conditions in the reactor core during a severe accident, and future work
will include the addition of hydrogen and steam. In some accidents the
primary circuit pressure will remain at a relatively high value as the
fuel degQ9des, whilst in other circumstances the pressure will drop to
below 10~ Pa. Other complications involve the steam oxidation of
Zircaloy which affects the silver release from the core.

Unclad Cadmium Powder

The crystalline appearance of the cadmium debris in the thermal
gradient tube (Figure 2) supports a vapour deposition process rather than
aerosol formation. The cadmium vapour begins to condense when its vapour
pressure in the inert carrier gas exceeds the saturated vapour pressure
corresponding to the temperature of the metal surface in the thermal
gradient tube. Under these conditions,an equation can be derived [9] that
relates the mass deposited Ma (gmol m “) to the temperature T (K):

[+]

M_=-— . exp(- AH/RT)
a T

where AH is the latent heat of vaporjisationof cadmium (J gmo1'1) and R
is the universal gas constant (J K~ gmol ~). The factor a is depen-
dent on the experimental conditions. The data for experiment 1 are
plotted in Figure 5 and show reasonable agreement with this theoretical
prediction for a simple vapour condensation process.
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Unclad Control Rod Alloy

Figure 6 shows the vapour pressures of cadmium, indium and silver as
functions of temperature in accordance with Raoult's Tlaw of partial
pressures. These calculations give a fractional release per min of 100%
Cd, 3% In and 0.2% Ag inventories at 1700K, and 100% Cd, 15% In and 1% Ag
inventories at 1870K. These data have been compared with the experimental
observations. There was some enhancement of the silver and indium release
fractions in the laboratory studies at these temperatures, and examination
of the subsequent debris in the thermal gradient tube indicated a vapour
transport and deposition process. These experiments support the
assessment by Wichner and Spence [10] in terms of solution formation and
Raoult's law for a system in equilibrium.

Clad Control Rod Alloy

Apart from one experiment the 304 stainless steel failed between 1690
and 1760K, when ,the cadmium vapour pressure inside this container was
approximately 10° Pa (Figure 6). This is much3higher than the vapour
pressures of indium and silver (approximately 10~ Pa for both elements).
These data have been used to calculate the fractional inventory released
as a function of temperature (Figure 7). The elements will only be
released after the rod has ruptured and on this basis most of the cadmium
should be emitted as the cladding bursts, together with 3% per min of the
indium and 0.25% per min of the silver inventories. Any subsequent
interaction with the Zircaloy will change the elemental composition of the
airborne material that leaves the silica vessel. Despite this effect, the
vapour pressure calculations show that the vapour-aerosol release per min
at 1720K would consist of 88% Cd, 8% In and 4% Ag. This interpretation of
the data is acceptable for such a short length of control rod alloy heated.
isothermally, but a direct extrapolation in terms of this release
mechanism would not be appropriate for a full length control rod.

A plasma torch has been used by Parker et al [4] to generate cadmium
metal aerosols that have an average primary particle diameter of 0.27 um,
200 primary particles per agglomerate and an agglomerate AMMD of 8.6 um as
measured with a LASL spiral duct centrifuge. The aerosols formed in the
majority of the clad control rod experiments consisted mainly of cadmium,
and the primary particle size distribution was in good agreement with the
data of Parker et al. However, the agglomerates formed during a 45 sec
period after the cladding failed had a lower AMMD of 3.2 pm as measured by
the Stlber spiral duct centrifuge and 1.2 um as measured by the inertial
spectrometer. The AMMD ranges of the St8ber spiral duct centrifuge and
inertial spectrometer are 0.08 to 5 um and 1 to 10um respectively. Larger
particles will not enter these analysers, and further efforts are required
to measure the AMMD unambiguously. Steam condensation effects also need
to be examined, and experiments have been proposed to determine if the
large chain agglomerates lose this fine structure in a similar manner to
UO2 and metal oxide aerosols in steam [11, 12].
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CONCLUSIONS

Ag-In-Cd control rods will be a major source of vapour release from
the core at approximately 1720K, the temperature at which 304 stainless
steel cladding fails. The temperature profile of the core will induce
sidewall failure of the cladding: liquid indium and silver will flow to
cooler regions of the core and cadmium will be the dominant vapour-aerosol
release.

The precise form of any release (vapour/aerosol) will depend on many
factors including the primary circuit pressure.

(i) When the 304 stainless steel clad melts at high circuit
pressures, the vapour species from the control rod alloy will
be transported at a relatively slow and uniform rate. The
unclad alloy experiments suggest a simple vapour transport and
surface condensation mechanism, although the mass balance data
for indium and silver indicate some deviation from Raoult's law
of partial pressures.

(ii) At low circuit pressures high concentrations of cadmium vapour
will be rapidly released when the 304 stainless steel clad
ruptures at 1720K. This supersaturated vapour produces an
aerosol composed of spherical submicron particles (visual mean
diameter of 0.32 um) which agglomerate rapidly in argon to form
complex chain-like structures (aerodynamic mass median diameter
of approximately 3.2 um). The formation of such extensive
agglomerates is questionable in a steam environment, and
further studies are desirable in an atmosphere containing
superheated steam.
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CHEMICAL STATE EVALUATION OF THE CONSTITUENTS OF AEROSOL
PARTICLES FORMED IN LWR CORE MELTING EXPERIMENTS

H. Moers, H. Klewe-Nebenius, G. Kirch
G. Pfennig, and H. 3. Ache
Kernforschungszentrum Karlsruhe, Institut fiir Radiochemie
Postfach 3640, 7500 Karlsruhe, FRG

ABSTRACT

The investigation of aerosol samples collected during the laboratory scale
simulation of a pressurized water reactor core meltdown by use of X-ray
photoelectron spectroscopy (XPS) permitted the chemical speciation of the
detected aerosol constituents silver, cadmium, indium, tellurium, iodine, and
cesium. The aerosols were released in a steam atmosphere over a temperature
range of 1200 - 1900 °C of the melting charge, which corresponds to the heat-up
phase of a core meltdown accident.

A comparison of the elemental analysis results obtained from XPS with
those achieved from electron probe X-ray micro analysis (EPXMA) revealed
“differences between the composition of the aerosol surface and the bulk
composition of those aerosols, which were collected at higher melting charge
temperatures. This is explained by differences in volatility of the aerosol
constituents. The transition between surface and bulk composition could be
confirmed using XPS in combination with argon ion bombardment.



INTRODUCTION

A severe nuclear light water reactor (LWR) accident can result in the
meltdown of the reactor core. This is assumed to occur after a loss-of-coolant
accident with subsequent failure of the emergency core cooling system (1). The
core meltdown will be accompanied by the release of various core constituents,
i. e. fission and activation products and inactive structural materials. This
release will take place in either gaseous form (e. g. noble gases) or as aerosol
particles which result from vaporization and recondensation of part of the core
constituents (2).

Knowledge about the composition of the aerosols and especially the
chemical speciation of their constituents is important in order to estimate the
hazard potential caused by a hypothetical LWR core meltdown, Aerosols provide
a relatively large surface compared to their volume, which increases the
importance of surface effects.

X-ray photoelectron spectroscopy (XPS) is an analytical technique, which
allows elemental analysis and also chemical speciation, the latter being a
consequence of varying chemical shifts of the photoelectron and Auger electron
kinetic energies of different compounds of the same element (3). Furthermore,
the information depth of XPS is only a few nanometers, making it sensitive to
the outermost sample surface layer. Electron probe X-ray micro analysis
(EPXMA), in contrast, collects information from a region of about one
micrometer thickness (4) and can therefore be used to perform an elemental bulk
analysis of the aerosol samples. The use of a combination of XPS and arqon ion
bombardment permits a stepwise progressing from the surface into the bulk and
thus the evalution of a depth profile.

EXPERIMENTAL

Details of equipment and experimental procedure for the simulation of a
LWR core meltdown have already been described elsewhere (5, 6). The aerosol
samples investigated in this work were generated in an experimental facility
designed for the simulation of LWR core meltdown accidents in a laboratory
scale. They were produced in a special run using inactive materials to avoid
radioactive contamination of the XPS and EPXMA spectrometers. The starting
material, which simulated the composition of a pressurized water reactor core,
consisted of 90 g uranium dioxide, 51 g zircaloy, 100 g steel, and 4.4 g neutron
absorber (80 wt % Ag, 15 wt % In, 5 wt % Cd). To the uranium dioxide inactive
isotopes of fission products were added in amounts corresponding to a burn-up of
44,000 MWd/t uranium, This mixture was heated to temperatures ranging from
1200 °C to 1900 °C, and steam of 130 °C was passed over the melting charge.
Aerosols were collected on eight glass fiber filters for 150 seconds each during
the temperature range indicated above.

XPS spectra were recorded in a Vacuum Generators ESCALAB 5 electron
spectrometer at a base pressure of 10-? mbar. Electrons were excited using
unmonochromatized magnesium and aluminium Ko radiation, and electron
kinetic energies were measured with a hemispherical analyzer operated in the
constant analyzer energy (CAE) mode. Binding energies and kinetic energies are




given relative to the silver 3dg/p photopeak of the silver component in the
samples. Photopeak intensities were corrected for photoionization cross sections

(7.

Argon ion bombardment of the samples was performed using 5 keV Art
ions, and XPS spectra were recorded after various sputtering times. The
sputtering conditions were characterized by sputtering an anodically oxidized
tantalum foil, where the same current density as applied to the aerosol samples
yielded a sputtering rate of about 0.4 nm per minute. EPXMA was performed in
an International Scientific Instruments SMSM 1 scanning electron microscope. X-
rays were excited on a filter area of about 3 mm? using 25 keV electrons, and X-
ray energies were determined over an energy range of 1 to 10 keV using an
energy dispersive spectrometer (Kevex px 7000 Si(Li) detector) which was
attached to the scanning electron microscope. Peak areas were determined for
the main X-ray transition of each element observable in the given energy range
(KOLl 2 and Lag,2, respectively). Lal 2 peak intensities were corrected for
different pnmary ionization rates usmg relative correction factors, which were
calculated for pure elements according to (4 a) from the following equation:

Iq=k Aq'! wq(EgEg gt - D167 (1)

In this formula I, is the primary X-ray intensity of element q, A is the
atomic weight, w is the fluorescence yield, E4 is the primary energy of the
ionizing electrons, and EC’ is the minimum "critical" energy of an electron
necessary to perform ioniza%ion in the given shell. The proportionality constant k
is assumed to depend on the respective shell but not on atomic number,

Table 1 lists the values used for the calculation, the calculated relative

intensities of the Laj » transitions (Ing rej = 1), and the resulting correction
factors, by which the expenmental Lo q,2 peak intensities were multiplied.

Table 1: Values used for calculation in equation 1, calculated relative intensities
I of La transitions and correction factors (I )
q,rel 1,2 q,rel

q Aq u)q Ec’q(kev) Iq,rel Iq,rel
(Ref.4b) (Ref.4c)
Ag 107.9 0.047 3.350 1.00 1.00
Cd 112.4 0.050 3.537 0.92 1.09
In 114.8 0.054 3.730 0.88 1.14
Te 127.6 0.068 4.341 0.73 1.37
I 126.9 0.073 4,558 0.72 1.39
Cs 132.9 0.084 5.011 0.65 1.54

Eo=25KkeV; Igrel=lg" lag™!



RESULTS AND DISCUSSION

Elemental surface and bulk analysis: Fig.1 shows an XPS spectrum
measured for the aerosol sample collected at 1630 °C. In contrast to EPXMA,
the determination of elemental composition and signal intensities in XPS is
straightforward due to the lack of peak interferences. Besides those
photoelectron signals, which belong to elements from the sample, one also
observes the C 1s photopeak resulting from surface contamination with carbon
containing adsorbates.
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Fig. 1: XPS spectrum of the aerosol sample collected at 1630 °C.

The spectra are more complex in EPXMA. In some of the samples X-ray
peaks from the glass fiber filter support are detected in addition, which is due to
the much larger information depth of this technique, and which results in
interferences with aerosol sample signals. Fig. 2 a shows an EPXMA spectrum of
the same aerosol sample as used for the spectrum in Fig. 1. Fig. 2 b shows for
comparison the spectrum, which is measured for a clean glass fiber filter
(showing elements Al, Si, K, Ca, Ba, Zn). The peaks of glass fiber filter material
are scaled to approximately the same height in both spectra. Besides the effect
of overlapping signals from the glass fiber filters, the determination of
elemental signal intensities of aerosol components was complicated by the fact
that each element provides several X-ray lines (K series and L series,
respectively), which may overlap with those from other elements. The signal
intensities, therefore, had to be evaluated after subtraction of the glass fiber




filter signals by performing a multiplet analysis based on the shapes of spectra of
pure elements. The accuracy of this procedure is certainly low, especially for
elements with small concentrations, and will introduce larger errors into the
cajculated atomic fractions. Therefore, no correction besides the one for
different primary ionization rates was applied (e. g. corrections for fluorescence
and absorption).
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Fig. 22 EPXMA spectrum of the aerosol sample collected at 1630 °C (a), and
of an uncharged glass fiber filter (b).

In addition to those elements, which were already detected by XPS (silver,
cadmium, indium, tellurium, iodine, cesium), and to those elements, which were
attributed to components of the glass fiber filter, EPXMA showed the presence
of small amounts of chromium, iron, and manganese in samples collected at
temperatures above 1400 °C.

When comparing the results of XPS and EPXMA, one has to take into
account that for the latter as an energy dispersive spectrometer a
Si(Li) detector was used, which is shielded by a beryllium foil of several
micrometers thickness. Consequently, elements with an atomic number of about
10 or less (e. g. O and C) cannot be determined. A comparison of the results
achieved by XPS and EPXMA, respectively, is therefore restricted to elements
detectable with both technlques.

Fig. 3 shows the composition of each aerosol fraction as it was determined
(8) by XPS (upper diagram) and EPXMA (lower diagram). Iron, chromium, and
manganese are omitted from the lower diagram because of their low signal
intensities, which contribute only up to a few atomic percent. As can be seen
from Fig. 3, the sample collected at 1720 °C shows an unsystematical behavior.
This sample had been inadvertently charged too low during the meltdown
experiment.
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'Fig. 3: Comparison of surface composition (XPS) and bulk composition
' (EPXMA) of the aerosol fractions. '

It can be seen from both diagrams that the composition of the aerosols as a
function of melting charge temperature is governed by the volatilities of the
elements, which are present in the melting charge. Easily volatile elements
(cadmium from the neutron absorber, cesium and iodine as fission products)
appear at lower temperatures, while less volatile elements (silver and indium
from the neutron absorber) require higher temperatures for the release. The
general release behavior is similar in both diagrams. Differences arise for
tellurium, which was not detected by EPXMA and concerning the absolute
atomic fractions. At lower temperatures the composition of aerosol surface (as
probed by XPS) and aerosol buik (as probed by EPXMA) are fairly identical.

At higher melting charge temperatures EPXMA shows a significant enrichment
of silver in the aerosol bulk, while the surface is significantly different showing a
larger concentration of indium and cesium and the presence of iodine. These




observations correspond to the enrichment of more volatile species on the
aerosol surface. The differences between bulk and surface composition can also
be established using XPS, if the surface of the aerosols is stepwise argon ion
etched and the resulting "new'" surface subsequently measured by XPS. The
results of this procedure applied to the aerosol sample collected at 1900 °C are
shown in Fig. 4. The left part of the figure represents the surface composition of
this aerosol fraction after various sputtering times. For comparison, the bulk
composition as evaluated by EPXMA is given in addition. It can be seen that with
increasing sputtering time XPS reveals an aerosol compaosition below the primary
surface, which is fairly similar to the bulk composition.
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Fig. 4: Comparison of the surface composition after various sputtering times
and bulk composition of an aerosol sample collected at 1900 °C.

Chemical speciation: XPS permits in addition the chemical speciation of
the elements forming the samples. Speciation of an element is based on the
determination of the binding energy of the main photopeak, of the kinetic energy
of a selected Auger transition, and of the modified Auger parameter (9). The
evaluation of these data resulted in the detection of silver metal, silver iodide,
cesium hydroxide, cesium iodide, cadmium hydroxide, indium oxide, and
tellurium dioxide (8). However, it was stated that these assignments were only
valid for the main amount of each element, and therefore some elements may
have contributions of different chemical states, which we want to show here for
the example of tellurium.

Fig. 5 a shows the XPS spectrum of the energetic region, where tellurium
3d photoelectrons appear. The spectrum is composed of four resolved
components. The leftmost peak belongs to silver (Ag 3p3/2). The other two main
peaks clearly belong to tellurium in tellurium dioxide, which can be proved by
determining the accurate binding energies, the peak intensity ratio, and the spin-
orbit coupling constant. The small peak between those two of tellurium dioxide,



on the other hand, could in principle result from a photoelectron transition in
either tellurium metal or chromium metal, especially since EPXMA shows a
small amount of chromium, too. A clear distinction cannot be performed,
because the second peak of the tellurium 3d doublet or the chromium 2p doublet,
respectively, is hidden under the silver 3p3/9 photopeak. ‘
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Fig. 5: XPS spectrum of an aerosol sample collected at 1900 °C showing the
energy range of tellurium 3d photopeaks. (a) spectrum without
sputtering, (b) spectrum after one minute sputtering.

Nevertheless, the peak position is closer to the value expected for
tellurium 3d3/p in tellurium metal than to the one for chromium 2py/p in
chromium metal. In addition, we do not have any indication for the presence of
oxidized chromium, and the detection of chromium metal without that of
chromium oxide does not seem very likely remembering the experimental
conditions during the formation of the aerosols. We, therefore, favor the
presence of tellurium metal.

Fig. 5 b shows the XPS spectrum of the same sample after one minute
argon ijon etching. The peaks attributed to tellurium dioxide have almost
disappeared (compare Fig. 4), while the resolved one of tellurium metal is still



present. Since tellurium dioxide is not decomposed to the metal under argon ion
bombardment (10), the observed behavior indicated that tellurium dioxide is only
a surface component of the aerosols, while tellurium metal is a bulk component
which is confirmed by further sputtering.

Further investigations of the chemical states of aerasol constituents,

especially of iodine, will be published elsewhere (8).

Acknowledgment: The authors thank Dr. H. Albrecht and Mr. H. Wild for the
preparation of the aerosal samples and for valuable discussions.
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Importance of Aerosol Sources and Aerosol
Retention Capability of Containment
Systems in LMFBR-Safety

G. Heusener, W. Marth
Kernforschungszentrum Karlsruhe

Abstract

The design of containment systems of prototype fast breeder reactors were
strongly influenced by the request to overcome consequences of Core Disruptive
Accidents (CDA). For this reason, a number of engineered safeguards like
double containment, core catcher etc. are often installed.

In the case of commercial size fast breeder reactors which are presently in the
planning stage it is planned to put more emphasis on preventive measures.

The CDA shall not be made a basis of the design. Consequently no engineered
safeguards are provided for.

The CDA, however, will be investigated in the frame of risk analyses to show
that the risk of large breeder reactors is acceptably low.

This requires that aerosol formation processes as well as inherent retention
capabilities are to be described as realistically as possible.

In the present paper the main aerosol genefating processes which occur in the
course of a CDA as well as the main retention capabilities are discussed.
Areas are determined where further R+D would be worthwhile.



— 60 —

I. Introduction

As this is a specialists' meeting on Aerosols and not a specialists' meeting on
Fast Reactor Systems, it might be useful to start a talk on the importance of
Aerosols in LMFBR Safety with a brief survey of the status of LMFBR develop-
ment.

I.1 Plants in Operation

The 250 MW LMFBR power station Phénix (France) has had a very good opera-
ting record since its start-up in 1973774. The capacity factor averaged over ten
years is about 60%.

The 250 MWe Prototype Fast Reactor (Great Britain), like Phenix, has its
fuel reprocessed on a semi-industrial scale and recycled with remarkable
success.

A special feature of the BN 350 power station (USSR) is its use of part of
its thermal energy for producing 80 000 t/d of fresh water through distillation
from the salt water of the Caspian Sea.

The BN 600 power station (USSR) is the largest LMFBR plant at the present
time. Since its commissioning phase 1980-82, it has had a very smooth operating
record.

The 400 MWth Fast Flux Test Facility (USA) is now in its fifth 100-day
power cycle. Its fourth cycle (December 1983 through April 1984) was
characterized by continuous operation and a peak burnup of 103 000 Mwd/t.

Various experimental LMFBR plants, such as the EBR-II (USA), BR 10 and
BOR-60 (USSR), KNK II (Germany) and Joyo (Japan) are delivering wvaluable
information, especially on fuels and materials behaviour under fast neutron
irradiation. For instance, an experimental fuel element of KNK II has attained
130 000 MWd/t peak burnup.

The LMFBR operating experience gained up to now shows that during normal
operation and maintenance the radiological exposure for personnel can be kept
very low.

I.2 Plants under Construction
The 1200 MWe power station Super Phénix 1 (France) has been under construc-
tion since 1977 and is to go into operation in 1985/86.

The 300 MWe power station SNR 300 has been under construction since 1973
and will start up late in 1986. It is a joint venture of West Germany, Belgium
and the Netherlands, Utilities from these states and of Italy are also
share-holders of Super-Phenix 1.

Site preparations are going on for the 280 MWe power station Monju (Japan).
Many of its components have been ordered. Construction of the plant itself is to
begin in fall 1985, start-up after 1990.

The 15 MWe Fast Breeder Test Reactor (India) has been under construction
since 1972, Start-up is scheduled for 1985,

The 130 MWth PEC (Italy), a fast neutron test reactor, has been under con-
struction since 1974, It is planned to go into operation in 1990.

Construction of the BN-800 (USSR) has started in 1984.




I.3 Projects in the Planning Stage

A detailed design including a safety concept in agreement with the French
licensing authorities has been elaborated for a 1500 MWe power station Super-
Phenix 2 (SPX 2), to be constructed after 1986. '

Preliminary design studies have been made for a 1400 MWe power station
SNR 2 (Germany). France and Italy are also to be share-holders of this plant.
Great Britain has prepared a design for a 1300 MWe Commercial Demonstration
Fast Reactor (CDFR).

Beside the studies for SPX 2, SNR 2 and CDFR there are additional studies
underway in the US as well as in Japan. However, at present the European
projects - especially SPX 2 and SNR 2 - probably have the greatest chance of
realisation. This is why some special features of these projects will be discussed
in this paper.

I.4 European Cooperation

In 1977 several agreements between France and Germany were concluded
with the objective to cooperate in LMFBR development. This Franco-German co-
operation was enlarged in January 1984, when a Memorandum of Understanding
was signed by the governments of the Federal Republic of Germany, France,
Britain, Italy and Belgium in preparation for an extended breeder cooperation
in Western Europe. The aim of this cooperation includes construction of the
above mentioned reactors SPX 2, SNR 2 and CDFR.

For this purpose, industrial companies and research organisations of
Germany, Great Britain, France, Italy and Belgium have pooled their individual
activities concerning the development and construction of fast breeder reactors.
Such a collaboration aims at a concerted construction program of fast breeder
reactors, based on a full exchange of breeder know-how.

This cooperation will comprise: a mutual harmonization of R+D-projects,
the joint planning, construction and introduction of fast breeder plants into the
market. It includes a close industrial cooperation also in the manufacture of
components, as well as concerted action by the partners vis-a-vis third parties.

I.5 Status of LMFBR Development - Summary

It can be stated that the development of Fast Breeder Reactors has left its
early stages of beginning and now is entering into a phase of deployment.
Industrial aspects, international cooperation in all areas and economical problems
become more important than in the past.

This causes manufacturers to reconsider designs and safety concepts with
the consequence that there is a feedback on R+D programs.

In this talk I would like to show that because of certain design modifi-
cations aerosol production and retention processes in the future will be even
more important than in the past.

For LMFBRs in-plant radionuclide retention of fission products is one of
the most dominant mechanisms in limiting the risks to the public. Retention of
aerosols which might have been generated during a serious accident plays a
major role. The effectiveness of the retention is primarily influenced by the
design of the containment system as well as by inherent safety features specific
to LMFBRs,




In-plant retention of fission products can be achieved by two principal
methods, either by filtering the containment atmosphere before its release to the
environment, or by assuring containment integrity over an extended time
interval in the post accident phase. Either method alone can provide a signi-
ficant safety margin in limiting the risk, whereas both methods in combination
practically assure a minimization of risk.

The following discussion will contrast the different approaches taken with
respect to prototype reactors in the 300 MWel class on one side, and commercial
size reactors such as SNR 2 or SPX 2 on the other side.

We will show, that whereas in the case of prototype reactors retention was
guaranteed by a number of engineered safeguards in the case of commercial size
reactors much more importance must be placed on inherent safety features.

The main point of discussion will be aerosols generated in a hypothetical
Core Disruptive Accident (CDA), because it is this accident which governs the
risk of LMFBRs to the public and its political acceptance.

The main aerosol generating processes which occur in the course of such an
accident will be discussed as well as the main retention possibilities. Areas
will be determined where further R+D would be worthwhile.

II. Safety Criteria for Breeder Reactors
II.1 Safety Philosophy for Prototype Reactors in the 300 MWe Class
II.1.1 Role of CDA

Prototype Reactors in the 300 MWe Class were designed late in the sixties and
‘the licensing process started early in the seventies. At that time only limited
experience for construction and operation of LMFBRs was available. The only
experience originated from construction and operation of smaller reactors like
EBR 1I, DFR etc.

It was mainly the gap of experience which caused people to be conserva-
tive and therefore in nearly all projects the request was formulated that
appropriate measures be foreseen to withstand the consequences of a CDA,

It can be stated that probably the CRBR and SNR 300 suffered most from
this request and that's why the situation for SNR 300 shall be briefly ex-
plained.

I1.1.2 Measures for SNR 300
In the following the most important requirements as well as the respective
measures will be explained. This will be done without trying to be complete,
The consequences of a CDA which were to be considered in SNR 300 were

- mechanical consequences

- thermal consequences

- radiological consequences.




I1.1.2.1 Mechanical Consequences

With respect to mechanical consequences it is well known that SNR 300

was designed in such a way, that 370 MW (expansion of the fuel to the available
cover-gas volume) can be contained in the primary system. This value roughly
corresponds to the 1200 MWs (expansion to 1 atmosphere) which was requested
by the US-NRC for CRBR. In order to fulfill this requirement the reactor
vessel as well as the piping systems had to be constructed in an appropriate
way. In addition, special devices inside the vessel were foreseen, like a dip
plate, a shield tank and others. Special attention was given to the vessel head,
which was clamped. ‘

I1.1.2.2 Thermal Consequences

To overcome thermal consequences mainly means, that the core debris can be
safely cooled for a long period of time. This goal first was reached by insta-
lling an external cooling device (core catcher) into the reactor cavity. Later

it was shown that with a high degree of confidence the fuel will be retained
inside the vessel. Because of this the core catcher system can be considered as
a back-up. \
I1.1.2.3 Radiological Consequences

The measures mentioned above ensure that no major release of radionuclides to
the containment building will occur. Nevertheless, additional measures are fore- .
seen to further mitigate the transfer of radioactivity to the containment
building.

The primary system is completely enclosed by a nitrogen-filled containment
region, which is called the "inner containment". Steel liners and special engi-
neered systems ensure that only limited damage to the concrete will occur.

Aerosols and radionuclides, which escape the inner containment reach the
outer containment. Appropriate measures are foreseen which prevent that machi-
nery and electrical equipment will be damaged by the aerosols. Aerosols, which
escape from the outer containment reach the so-called "reventing gap". This
gap is kept at under-pressure.

Leakages coming from the environment as well as those coming from the
containment building are revented into the containment. In such a way a
zero-release is ensured for a couple of days. When reventing is no longer
possible, a controlled release via filters is foreseen.

11.1.2.4 Containment System of SNR 300
The short description of the SNR 300 containment system given above cannot be
complete, but we hope it demonstrates the numerous different measures foreseen
in SNR 300. Fig. 1 summarizes the systems. The main barriers and systems
which are justified only by the CDA are

- a primary system, able to withstand 370 MWs mechanical energy

- the possibility to cool the core debris inside the vessel or
- as a backup - outside the vessel by a core catcher
an inerted inner containment
the outer containment surrounded by the reventing gap
the filter system which is foreseen for a final controlled release.



It might be worthwhile to point out that, because of the rather Ilarge
numbers of different barriers and the long time interval before containment
venting through a filter system is initiated, the calculated consequences in
terms of risk were not very sensitive to the assumptions about the radiolo-
gical source term associated with a CDA. In other words: one could afford to
be quite pessimistic, when defining the radiological source term of the primary
system.

I1.1.3 Risk Studies for SNR 300 ‘

The effectiveness of the above mentioned measures became evident when risk
studies were performed for SNR 300. Two studies have been performed, one by
GRS /1/ at the request of the so-called "Enquete Commission" of the German
Bundestag; the other nearly at the same time in a cooperation effort by KfK/
Interatom/SAI /2/. '

Results of these studies are published elsewhere. They cannot and will not
be repeated here.

However, one item should be mentioned: as long as mechanical energy releases
from a CDA are lower than 370 MWs, there will in no circumstance be a signi-
ficant release of radioactivity to the environment ("significant" at this

point means releases causing early fatalities or a considerable number of late
fatalities) . The only possibility to calculate such releases is to assume more
or less artificially, that the mechanical energy release is so high, that the
primary system fails catastrophically and as a consequence the whole contain-
ment system will be breached within a few minutes.

The probability of occurrence of such an evggt is believed to be extremely
small. It has been estimated that only about 10 of all CDA's would lead to
energy releases exceeding the design value of SNR 300.

This situation automatically brings us to the question whether it is justi-
fied to spend such a significant effort to control the consequences of an
extremely improbable event.

II.1.4 Situation at other Prototype Reactors

The short description of the SNR 300 situation does not mean that the CDA was
considered only in the case of this reactor. For Monju this problem is still
under discussion during the planning, licensing and construction phase, as was
the case for all prototype reactors with the exception of the plants in the
USSR.

Measures foreseen differed, but in all cases CDA's strongly influenced the
design.

I1.2 Safety Criteria for Commercial LMFBR's

The fact that in the case of prototype reactors the CDA plays such an over-

whelming role and had such a strong influence on the whole plant design, was

never considered to be precedent for future commercial size reactors. A. couple

of positive developments could be observed in the Seventies.

- A great deal of experience has been gained during construction and operation
of fast breeder reactors

- The components of the nuclear system - especially shutdown rods - turned
out to be extremely reliable

- The phenomena occurring in the course of a CDA are now much better under-
stood. Analyses show that even if a CDA is postulated, the mechanical load to
the system most probably will be benign.




Thus the question arose on how to formulate safety criteria for large
breeder reactors. While this is, of course, a very broad area including a large
number of important items, the problem of how to handle the CDA in the future
has always been the most sensitive point of discussion. ’

Two international workshops were held to discuss Safety Criteria and
Design Options of Large Breeder Reactors. One Symposium was held at
Naperville, Tennessee, in November 1982, the other at Paris in May 1983,

In the following we would like to describe the criteria which - with respect
to the CDA - are applied or proposed for SPX 2 and SNR 2.

We have chosen these two reactors because the discussion on the safety
criteria in both cases is well advanced (in the case of SPX 2 the discussion
is basically finished).

Both SPX 2 and SNR 2 are large pool type reactors. In the frame of the
Franco-German Cooperation the design has been harmonized to a large extent,
though there are still some differences resulting from special national circum-
stances and requirements.

I1.2.1 Criteria for SPX 2

We have mentioned that the discussion on the safety concept for SPX 2 is

finished. A document has been released on the safety criteria to be applied.

The main content of this document has been published in Paris at the above

mentioned workshop /4/.

With respect to the CDA problem it is clearly stated that the CDA shall not
be made a basis of the design but will be considered as a"residual risk".

Neither the manufacturer, i.e. Novatome, nor the CEA-DRNR intend to
analyse this type of accident. Furthermore it is not to be expected that the
licensing authorities will ask for such an analysis during the licensing pro-
cess. But as a matter of a general improvement of the safety properties of the
plant, some special measures are foreseen:

- The roof of the vessel will be optimized in such a way that it can withstand
the same static pressure as the vessel itself. Furthermore, it shall be
optimized also with respect to dynamic load

- There will be a SPX 1 type core catcher device inside the vessel.

However, no special scenarios are defined and will be discussed with
respect to these special measures.

11.2.2 Criteria for SNR 2
In the case of SNR 2 the situation is not so advanced as compared to SPX 2, A
first version of a safety concept has been drafted by Interatom, the vendor,
together with ESK, the operator of the plant. This safety concept is presently
under discussion. The Federal Minister of Internal Affairs has installed an
ad-hoc Advisory Group which is supposed to give comments in autumn 1984,
This safety concept also has been presented at Paris by Interatom/ESK /5/.
In addition KfK has presented a paper describing its own point of view /6/.

In the following we will try to give a very short description of the point
of view of Interatom/ESK on one side and KfK on the other side,

Interatom/ESK claim that by additional improvements of the preventive
measures a core destruction not only can be made extremely improbable but can
be excluded altogether. Improvements of preventive measures include e.g.
decay heat removal by natural convection only, special design of the primary
pumps, special core design etc.



Therefore in the present design of SNR 2 no special measures are foreseen
to mitigate or even withstand CDA consequences.

The point of view of KfK did not necessarily contradict this concept.

Also in the opinion of KfK the preventive measures can and should be made so
reliable that the CDA should not have a direct bearing on the design. However,
KfK pointed out that from the past we learned that also political acceptance

of this technology must be assured. The political acceptance will require some
evidence that the risk of LMFBR's will not be greater than the accepted risk of
LWR's,

Therefore we expect that probabilistic risk analyses for LMFBR's will be
performed in the future as it is the case for LWR's, These studies will include
also the extremely unlikely event of core destruction (again as it is the case
for LWR's).

It will depend on the result of these risk assessments whether or not
additional measures are to be foreseen. We at KfK expect that a plant though
built without considering CDA's nevertheless has significant capabilities to
reduce consequences of a core meltdown., Only if these inherent capabilities
should not be sufficient to reduce the risk to an acceptable level, the need for
special measures might arise.

We have mentioned that the SNR 2 concept is presently under discussion.
However, the most probable elements of the final decision can be summarized as
follows:
~ it is not necessary to consider CDA in the design
-~ risk studies which include CDA considerations shall compare the risk coming
from different reactor concepts. In the framework of these studies CDA's will
be investigated and the consequences will be determined.

I1.3 Containment System of SNR-2

It has been mentioned earlier that the present design of SNR 2 does not take
into account any aspect of CDA's. In this respect this design goes even beyond
the French SPX 2 design, where CDA's are not considered, but some global
measures are foreseen.

Fig. 2 shows a schematic view of the SNR 2 reactor building. The compa-
rison with the SNR 300 shows the following main differences:

- there is no double containment system in case of SNR 2

- there is no reventing possibility

- the vessel head is not clamped but is connected to the primary
system only by its weight

- there are no special devices like core catcher etc.

The outer containment has to withstand aircraft crash, according to the
German rules. This requires a rather thick concrete structure. The design
limit for the overpressure of this building is about 200 mbar.

The containment system of SNR 2 may be considered as the end point of a
steady development of LMFBR containment systems. This can be demonstrated
by looking at Fig. 3 and Table 1 which show the design principles of SNR 300,
SPX 1, SPX 2 and SNR 2,




I1.4 Safety Design Features in Comparison

We have discussed the case of SNR 300. The CDA was considered in much
detail and it was necessary to show in a consistent way that the consequences
of CDA's could be kept under control. The plant is equipped with a
sophisticated double containment system as well as with an external core
catcher,

The situation is similar in the case of SPX 1, Also this plant has to
withstand the consequences of CDA. There is an internal core catcher and the
primary system can withstand mechanical energy releases. A double containment
system is established by the so-called dome.

In the case of SPX 2 there is no double containment and no consideration
of CDA in the design. However some global measures are foreseen. The roof is
to be optimized with respect to dynamic load and the primary system is
clamped. The plant is equipped with an internal core catcher.

Finally in the case of SNR 2 there again is only a single containment, no
measures are foreseen to contain CDA consequences. The roof is not clamped
and there is no core catcher at all.

It should be strongly emphasised here that this development should not be
understood as a reduction of safety. On the one hand manufacturers claim that
the preventive measures - which are not discussed in this paper - are
increased significantly. On the other hand there are inherent safety features
which in the future must be exploited.

In the case of SNR 2 the licensing discussions and procedures have just
been started. The years to come will show whether the inherent safety potential
of the design will be sufficiently high to reduce the risk to an acceptable
level. This will require additional R+D as well as risk studies which will be
performed in parallel to the detailed design.

This brings us back to the Aerosol item because the realistic (not
necessarily pessimistic) description of aerosol formation processes and reten-
tion possibilities will be one of the essential parts which are needed to
demonstrate this goal.

III. Aerosol Source Terms and Retention Capabilities

II1.1 General Remarks

Numerous comprehensive review papers have been presented in the past on
various occasions /7/, /8/. The last comprehensive review of the different
aerosol sources which occur during a core meltdown in LMFBR's has been pre-
sented at the first specialists' meeting of this series by R. Reynolds and

T. Kress /9/. We will not repeat this detailed review, nor will we try to be
complete, but rather point out some processes which in the light of the above
design changes are considered to be specially important.

I11.2 Courses of the Accident

The relevant paths of the accident with respect to aerosol problems are shown
in fig. 4 which is similar to the respective figure taken from Reynolds' publi-
cation /9/. Two main paths have to be distinguished: the core disruptive
accident may either lead to energy releases or to a non-energetic core melt-
down. :




As the safety philosophy of SNR 2 as well as SPX 2 emphasizes accident
prevention in preference to mitigation of accident consequences, their primary
systems are not designed to stand major energy releases. This is an important
difference as compared to prototype reactors where the primary system usually
was able to withstand significant energy releases.

The consequence is that for SNR 2 and SPX 2 - once the occurrence of a
CDA has been postulated - the probability of an immediate breach of the
primary system is much higher than for prototype reactors. As a consequence
of the breach of the primary system, radionuclides as well as significant
amounts of sodium might be expelled into the air-filled reactor containment
leading to an immediate, possibly extended, sodium spray fire. The resulting
pressure build-up challenges the containment structures.

In the case of non-energetic behaviour there will be no mechanical load of
the primary vessel but rather thermal load. The question arises whether the
core debris can be cooled inside the vessel. If this is not the case, sooner or
later the fuel together with the sodium will flow into the reactor cavity. Fuel
and fission products will be released from the sodium pool. Later on sodium/
concrete/fuel or stainless-steel/concrete reactions will occur and will add to
the aerosol generation.

If the vessel integrity can be maintained, aerosols inside the vessel will be
generated over a long period of time and may be released to the outer contain-
ment via leakages in the primary system.

Consequently we distinguish between the instantaneous source term S
generated during a power burst and accompanied by release of mechanical ener-
gy, and a delayed source term S_ representing a later stage of the accident
with a generation of aerosols during a long period of time.

I11.3 The Instantaneous Source Term S

In the case of an energetic power excursion which might be caused either by
sodium voiding, fuel movement etc. or by secondary criticalities after an ori-
ginally non-energetic accident, a high pressure bubble consisting of a multi-
phase mixture of vaporized, liquid and debrised fuel will be formed. Beside the
fuel vaporized fission products, noble gases, other core materials and sodium
are contained in this bubble.

The escape of radionuclides from the primary system, i.e. through the
head of the vessel, depends on the dynamic behaviour of this bubble as well as
on the damage to the vessel head which might be caused by the mechanical
energy.

While there is clarity concerning the mechanical load to the primary
system, the dynamics of the vapour bubble, the vaporization, fragmentation and
condensation processes are not yet sufficiently well understood in spite of
quite a number of experiments. Therefore significant uncertainties had to be
taken into account. This is normally done by making pessimistic assumptions.

In the following we will identify some typical processes, point at the
pessimistic assumptions used in the past and explain why a large potential
exists to reduce aerosol formation,
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II1.3.1 Vaporization of Fuel and Non-volatile Fission Products

It is a common assumption that fuel and non-volatile fission products stay to-
gether and that for both components the same fraction of the inventory of the
core will be vaporized.

Vaporization occurs during the disassembly - though, because of the nor-
mally small void fraction, only limited quantities will vaporize. Larger quanti-
ties will vaporize during the following expansion phase. The final fraction of
vaporized fuel depends on the fuel temperatures which have been obtained:
during the power excursion. Previous calculations for the fraction of wvaporized
fuel during disassembly and expansion were based on isentropic expansion
assumptions. These calculations lead to some 10% of vaporized fuel, e.g.in the
case of SNR 300 such a calculation for a power excursion leading to an energy
release which is close to the design limit would result in 12% vaporized fuel
/1/. Similar figures have been published for CRBR /9/.

Of course it has been known for a long time that the assumption of
isentropic expansion is far too pessimistic. Therefore in a global way a
reduction has been introduced. In the case of SNR 300 only 3% were used in
the further analysis instead of the above mentioned 12% /1/. However, even this
lower value probably is far too pessimistic. SIMMER calculations have been
performed for a similar case. These calculations take into account self mixing
processes of the fuel as well as heat transfer to the structures and the
surrounding sodium.

The calculations showed that at a certain point in time the fraction of
vaporized fuel never exceeded a few thousandths /10/. Of course, this does not
mean that only these small quantities have been vaporized; because vaporization
and condensation are taking place at the same time. Nevertheless, it can be
expected that the fraction of fuel and non-volatile fission products signi-
ficantly can be decreased if the internal and external heat losses are taken into
account in a realistic way. A close cooperation should be established with those
groups who do SIMMER analyses for the expansion phase. Up till now mainly
the mechanical aspects have been considered in the SIMMER analyses. The in-
fluence of aerosol production, however, is certainly of equal importance.

I11.3.2 Bubble Expansion

Another significant refention capability is given by the sodium covering the
core. The above mentioned bubble has to expand and to penetrate a thick layer
of sodium. During the time needed for the expansion the aerosol mass concen-
tration inside the bubble may change drastically by a number of different
processes.

Aerosols will be generated by fuel vapor condensation. On the other side,
washing-out due to settling of entrained sodium droplets and inertial impaction
during bubble oscillations may be very efficient removal processes. In addition,
we have aerosol sedimentation, diffusion, coagulation etc.

Quite a number of experimental programs deal with bubble formation, bubble
behaviour and related aspects, e.g. aerosol transport. There will be a paper

on the experimental KfK-program FAUST later on in this session. At the last
specialists' meeting results of the American FAST-program have been repor-

ted /11/.




Furthermore, in France the Excobulle- and Caravelle- programs deal with this
subject. Experiments and code development on bubble behaviour are also being
performed in Japan.

So far, the results of these experimental programs are extremely encour-
aging. Very large retention factors for aerosols have been oPserved, for in-
stance in the FAUST-program, retention factors lager than 10" were observed.
Similar results have been reported from the FAST-tests /11/. However, in all
the theoretical studies up till now only factors were assumed which are lower by
orders of magnitude. For instance, in the risk study for SNR 300, a factor of
onyl about 6 was used /1/. Additional experiments are planned for the future
which will cover parameters which are not sufficiently well investigated up till
now. They hopefully will confirm the very large retention capability of the
sodium pool.

For further discussion of this item reference is made to the following
paper on the FAUST Program. :

I1.3.3. Transport through the Vessel Head

The escape of aerosols to the outer containment is strongly influenced by the
response of the head of the vessel to the mechanical energy release. If the roof
basically can withstand the mechanical energy an escape can only occur through
leakages. There is probably no immediate challenge to the integrity of the outer
containment. Normal aerosol processes, like coagulation and sedimentation, will
take place and they will lead to a significant reduction of the aerosol density
because sufficient time will be available till a final release to the environment
occurs. In this connection it is important to consider the influence of aerosols
on the equipment which is inside the outer containment. This situation is the
normal outcome of all studies performed for prototype reactors. If, however,

the roof fails (this might be the most probable outcome for commercial-size
reactors) the situation becomes rather uncertain. It may be postulated that
large quantities of sodium will be expelled into the outer containment which

- in the case of SNR 2 and SPX 2 - is air-filled. The resulting spray fire may
lead to a pressure buildup whose rate will mainly depend on the quantities of
sodium and other parameters assumed in the calculation of the sodium spray
fire.

As the containment buildings are not designed to withstand high pressures,
an overpressure of a couple of hundreds of millibars is sufficient to breach the
containment. Again, because of lack of information in this area extremely
pessimistic assumptions have been used which in the case of SNR 300 lead to
the failure of the outer containment by overpressure within a few minutes
/1/, [2/. There is some experimental evidence in the FAUST program showing
that the mass of liquid expelled through open holes might be not very large
/12/. However, much more information is needed in this area in order to come
to firm conclusions. This is true for the mass of sodium expelled (which is,
of course, a function of the amount of mechanical energy) as well as for the
parameters determining the resultant spray fire,




II1.4 The Delayed Source Term S
Both in the case of an energetic excursion and in the case of an energeti-
cally benign course of the accident; we have to deal with the delayed source
term. ‘
In the worst case the core debris cannot be cooled inside the vessel, with
the consequence of a thermal failure of the reactor vessel. In the case of
SNR 2, fuel and liquid sodium will then fall onto bar concrete where the fuel/
sodium/concrete interaction immediately leads to a challenge of the containment
system. The fuel will remain, nevertheless, covered by sodium preventing any
significant quantity of fuel and non-volatile fission products to become airborne.
Results of the NALA experiments which have been presented at the last
meeting and will be presented later on in this session show that the sodium has
a significant ‘,}'etention capability, especially for the fuel. Retention factors
larger than 10" can be expected /13, 14, 15/ for hot, but non-boiling pools.
Retention factors for boiling pools which are significant lower than for
non-boiling pools have been reported by Berlin /18/,
In general it can be stated that the delayed source term does not signifi-
cantly influence the risk, because of the long time intervals up to release to
the environment.

This is however true, only if there is no immediate breach of the contain-
ment building caused, for instance, by sodium/concrete or fuel/concrete inter-
action. A better understanding of the sodium/concrete interaction therefore
seems necessary. We are therefore at KfK planning to start a program to
investigate the sodium/concrete interaction in large scale experiments.

II1.5 Retention Capability of the Containment

It is well known that the most important retention capability is given when the
leak tightness of the containment system is guaranteed for a long period of
time thus forcing the aerosols finally to sediment inside the building. However,
even if there would be cracks and openings in the concrete, there are probably
still retention possibilities. Studies performed by Morrewitz showed that aerosol
leakages through a multiple bend leak path caused rapid plugging /16/. In
addition the aerosols escaping through the leak path were observed to have
very much larger diameters than the original aerosols. Van de Vate has
investigated gas and aerosol leak rates through artificial cracks in basaltic
‘concrete /17/, The test showed decreasing flow rates indicating plugging. Leak
paths to the concrete walls of the containment building are very long and have
rough surfaces. Aerosols attemptirig to escape through these cracks most likely
block the path and limit the released aerosol to a small fraction of the mass that
entered into the crack.

Iv. Conclusion

We have restricted ourselves in this paper to aerosol problems' connected to a
core disruptive accident, because it is this accident which in our opinion
governs the risk to the public, though it is extremely improbable.



The above discussion which was not intended to give a comprehensive review
was to show that risk investigations for future commercial size LMFBR's have to
rely much more on a realistic description of aerosol formation and retention
processes than the assessments which were performed for the prototype
reactors.

Additional efforts certainly are needed in the areas I have mentioned and others
which are not discussed in this paper.

The future research in aerosol physics as well as in other safety areas must
take into account the implications given by the planned modifications of the
containment systems, The goal is to use realistic and proven data and models
to show that the inherent capabilities are sufficient to reduce the risk to an
acceptable level.

Finally it should be mentioned that there are other incidents and accidents
which are not discussed in this paper, but which also produce large quantities
of aerosols. For instance, large sodium fires are certainly extremely important
and must be investigated also in the future.

Though the occurrence of these incidents might endanger the reactor itself,
they do not form an immediate and major contribution to the risk to the public,
as long as a safe state of the core itself can be ensured.
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Investigations on Bubble Behaviour and Aerosol Retention
in Case of a LMFBR Core Disruptive Accident:
The KfK-FAUST Tests

W. Schiitz, J. Minges, W. Haenscheid

Kernforschungszentrum Karlsruhe GmbH
Laboratorium fiir Aerosolphysik und Filtertechnik I
Postfach 36 40, 7500 Karlsruhe, W-Germany

ABSTRACT

FAUST is a KfK program to give contributions to the assessment of the
primary source term. Correlations between bubble and aerosol behaviour,
especially the aerosol transport into the cover gas, are investigated by
simulation tests. In the first phase, experiments with rupture disk
discharge of gas-particle-mixtures into a water pool at two geometries
are performed. In the second phase, the water pool is replaced by a sodium
pool.

Important quantities to be measured are: 1) the period of the pressure
pulses in bubble and cover gas, 2) the retention factor RF, defined as the
ratio of the amount of particles discharged and trapped in the cover gas

3) the entrained coolant liquid in bubble and cover gas, and 4) the coolant
and particle mass escaping through defined openings in the cover plate.

In the paper, experimental details, parameters, and results are presented,
as well as theoretical onsets to understand bubble and cover gas behaviour
and particle removal. The bubble oscillation period is usually smzll
compared to the bubble rise time. The retention factors are > 10 in

most cases, indicating the existence of very efficient particle removal
processes. The overall process may, in first order, be described by the
assumption of a coolant piston performing linear and adiabatic oscillations
between two gas volumes. Important particle removal mechanisms are
impaction during the heavy bubble oscillation and wash-out by sedimentation
of the entrained coolant.

1. INTRODUCTION
1.1 HCDA, Aerosols, Source Terms

The fuel of liquid metal cooled fast breeder reactors has the poten-
tial - although at an extremely low probability - to reach highly energetic
states (temperatures of the order of 6000 K) during a transient power
excursion caused by loss of coolant flow /1/. The excursion may occur on
the time scale of milliseconds. The high fuel vapor pressure (of the order
of 7 MPa) will initiate core disruption. It is assumed that a fuel/sodium
vapor bubble will be produced which rapidly expands into the sodium pool
( #800 K) in the upper plenum, imparting kinetic energy to the coolant and
to internal structures. The sodium slug may impact the reactor vessel head,
causing damage and leaks and thus provide a pathway for the escape of
radioactive material (mostly aerosols which are transported in the rising
bubble) from the cover gas into the containment. Thus, aerosol transport
and retention in the expanding, oscillating and rising bubble is an
important issue.



Safety and risk analysis must provide estimates of the radiological
consequences (or the radiological source terms) of hypothetical core dis-
ruptive accidents (HCDA). We define the 'primary or instantaneous source
term' as the amount of radioactive material which is released from the
reactor vessel head into the (inner) containment due to partial vapori-
zation of the core material, formation and rapid expansion of a fuel/sodium
vapor bubble, aerosol and fission gas transport in the rising bubble,
release into the cover gas, and finally escape into the containment through
leaks caused by slug impact. A variety of aerosol formation processes and
related particle sizes is expected: Very small particles from fuel vapor
condensation (< 0.1 um), larger particles from fragmentation processes
( > 10 um), small coolant droplets from vapor condensation {( # 2 um), and
large coolant droplets from entrainment processes (> 100 um). For a more
detailed summary, see, e.g., ref. [2/.

1.2 Aerosol Absorption in a Stable, Rising Bubble

The absorption of aerosols in a rising stable bubble (i.e. no change
of bubble radius, no entrainment processes) is mainly due to inertial
deposition, sedimentation and diffusion. Approximative expressions for the
corresponding absorption coefficients, valid for spherical bubbles, are
given by Fuchs /3/. In table 1, results from calculations based on these
coefficients are given for the example of iron dust particles in a rising
spherical bubble. In most cases, the absorption coefficients are relatively
low, especially if the bubble is large, and particles have a good chance to
be transported inside the bubble and released into the cover gas. If we
define a retention factor RF as the ratio of aerosol mass initially inside
the bubble and aerosol mass released into the cover gas, we calculate
values of the order of 1 in case of large stable spherical bubbles. It
should be mentioned, however, that the assumption of sphericity is a strong
simplifiction: Large bubbles become cap-shaped, which makes the treatment
of the aerosol behaviour more complex.

1.3 Absorption During Bubble Expansion and Oscillations

However, before dealing with aerosol behaviour in a rising bubble, it
is necessary to investigate processes which affect the aerosol system
during bubble formation. Bubble formation in the HCDA case is characterized
by an initial high pressure discharge and subsequent rapid oscillations
(due to cover gas compression and re-expansion) until eventually a stable
rising bubble will be formed. Usually, frequency and overall duration of
the oscillations occur on a much shorter time scale ( ® 100 msec) than the
subsequent buoyant bubble rise (seconds). So, as a first approximation,
expansionf/oscillation and rise a well as the related aerosol processes may
be treated separately. Two important aerosol removal mechanisms related to
the expansion/oscillation phase are: 1) Aerosols dispersed in a rapidly
oscillating volume may impact the interphase since their inertia causes a
'phase shift' . Preliminary calculations (see chapter 4 and fig. 3) have
shown that this process is very efficient. 2) A gas-liquid interface may
become instable when it is subject to acceleration. When the acceleration
is perpendicular to the interface, Rayleigh-Taylor instabilities will cause
entrainment of liquid droplets into the gas volume /4/, sometimes in fairly '
large amounts. These droplets will mix with the aerosols and possibly cause
a rapid settling.



Both processes, impaction and entrainment settling, may be very
efficient to remove aerosols from the bubble volume, and lead to
significantly larger RF values.

1.4 The KfK-FAUST Tests

FAUST (Freisetzung von Aerosol unter Stdrfallbedingungen) is an
experimental KfK program to investigate the behaviour of rapidly expanding,
oscillating and rising bubbles in water and sodium, and the corresponding
formation, transportation and removal of particles. The goal is to give a
contribution to a realistic assessment of the LMFBR-HCDA primary source
term. In the first phase (FAUST-1), experiments with rupture disk discharge
of gas-particle mixtures into a water pool at room temperature are perfor-
med. In the second phase (FAUST-2), the water pool is replaced by a sodium
pool. There is no strong scaling to a reactor; geometrical parameters are
subject of variation. Important quantities to be measured are the retention
factors, the period of pressure pulses in bubble and cover gas, the amount
of entrained coolant liquid in bubble and cover gas, and the coolant and
particle mass escaping through defined openings in the cover plate. In the
paper, experimental details, parameters, and results of the tests up to the
present stage are presented. Theoretical onsets to understand bubble and
cover gas behaviour and particle removal will be described, too.

2, DESCRIPTION OF THE TEST FACILITIES

The basic arrangement is a high pressure volume (simulating a reactor
core) which is separated by a rupture disk from a cylinder containing a
liquid pool and a compressible cover gas zone. The high pressure volume is
located underneath the liquid pool; it is usually filled with simulation
material to be discharged, e. g. iron or nickel powder.

FAUST-1A is a test facility with a 1.45 liter cylindrical high
pressure volume (max. design pressure 10 MPa) and rupture disks of 5 cm
diameter. The pool container is a lucite cylinder of 0.3 m diameter and 1 m
height, surrounded by a water-filled rectangular cylinder to avoid optical
distortion. The container is closed by a plate which has magnets for iron
or nickel powder trapping. In addition, a movable magnetic 'star' is
installed to trap airborne magnetic material in the cover gas after the
discharge. The discharge is triggered by a plunger which destabilizes the
rupture disk. The time from zero to a full opening of the discharge cross
section is about 3 msec. Two high speed movie cameras are installed,
normally running at 2000 frames/sec, for observation of the discharge zone
and the gover gas zone. Pressure pulses are measured by transducers located
at the bottom of the high pressure volume and at bottom and top of the pool
cylinder, and recorded by transient recorders. Parameters of variation are
discharge pressure (0.3 - 2.0 MPa), pool height (0 - 0.9 m) and particle
size (1 - 100 um Fe/Ni). All tests were done at room temperature.

FAUST- 1B (see fig. 1) has the same high pressure volume, but a
different pool geometry: 0.6 m in diameter, and 0.6 m height. This geometry
is closer to reactor conditions, whereas, in the previous case, a tall
cylinder was chosen to allow for a wider range of pool height (and bubble
rise time) variation. The cover plate has two valve-operated openings to



simulate leaks. Particles which are transported into the cover gas are
trapped either inside on magnets or, if passing the leaks, outside on
filters. Parameters of variation are discharge pressure (0.4 - 3.0 MPa),
pool height (0 - 0.5 m), particle size (1 - 100 um), and opening status of
the leaks.

FAUST- 2B is a small-scale setup for rupture disk discharge into
sodium. Mainly designed for under-sodium component testing, it will also
deliver first results on bubble behaviour and particle retention in liquid
sodium. The most important components are a 4 liter/10 cm diameter high
pressure volume (max. 4 MPa), inconel rupture disks (up to 1.200 °C), a
pool cylinder of 0.1 m diameter and 0.8 m height, a cover plate with a
pneumatically driven valve to simulate leaks, and an external volume for
trapping of material which passed the openings. The setup is equipped with
an ultrasonic detection system and pressure transducers designed for high
temperatures and sodium environment. At the present stage, typical
experimental parameters are: Discharge of 1 MPa argon into 2.5 liters of
sodium at temperatures (isothermal) up to 500 °C.

FAUST-2B will have a larger sodium pool (up to 300 liters) in a 0.6 m
diameter/1 m height stainless steel vessel.

3. EXPERIMENTAL RESULTS

Until now, 31 tests of the 1A series, 19 tests of the 1 B series and 2
under-sodium tests of the 2 A series have been performed. A selection of
experimental parameters and results is summarized in tab. 2.

Concerning the 1A tests, the following statements can be made: Bubble
expansion changes from an initially hemispherical shape to a planar shape,
causing a piston-type upward acceleration of the water pool with subsequent
oscillations and correlated pressure pulses due to cover gas compression
and re-expansion. The maximum cover gas pressure is significantly lower
than the discharge pressure. At large pool height (0.9 m) numerous pressure
pulses are registrated (ten or more), at medium height (0.6 m) typically
five, whereas at low height (< 0.3 m) a straight penetration is possible
(however, with strong water mixing). The oscillation period is between 40
and 80 msec, depending somewhat on pool height, but practically not on dis-
charge pressure. Strong entrainment processes are observed in bubble and
cover gas. Due to this, the water piston may, after a few oscillations,
disassemble completely into a gas-water-mixture at low and medium pool
height. At larger pool height, a stable center part remains, and a buoyant-
ly rising bubble with the typical cap-shape is observed. The absorption of
particles is found to be very efficient, especially during the expansion
and oscillation phase. Airborne metal powder particles in the covergas
after the discharge have never been observed. If the total discharge mass
of metal powder is 10 g, and if the detection limit for govergas particles
of 1 mg is considered, we find retention factors RF > 10 . Nevertheless,
particles were captured by the magnets in some cases, especially at lower
pool height. It can clearly be stated from high speed film evaluation that
these particles were "fished!" out of the water by the magnets and had never
been airborne in the cover gas.

In case of the 1B tests where the discharge opening is relatively
small compared to the pool diameter, a jet-like expansion is usually



observed rather than a hemispherical one. However, during re-compression,
we observe the transition into a piston-type configuration similar to the
1A tests.

The oscillation period is shorter compared to the 1A tests, again
somewhat depending on pool height, but not significantly depending on dis-
charge pressure. Entrainment processes in bubble and cover gas appear to be
of similar magnitude and efficiency. Airborne particles have not been
observed in the cover gas, even at low pool height (although there was
material penetration), since thgre is a strong wash-out by entrainment. So,
we may state again that RF 10°. We have not observed significant diffe-
rences between tests with normal water and with degassed water (e.g. 3 days
at 0.03 MPa). The amount of water passing through the openings in the cover
plate was found to be rather small (typically several milli-liters) and no
particles have been found on the outside filters so far.

Presently, the 2A tests are under way, but still at a stage of compo-
nent testing. Rupture disk discharge tests of argon at 1.5 MPa into a
500 °C sodium pool were performed. First results indicate that the amount
of sodium released through leaks exceeds somewhat the released amount of
water.

4. THEORETICAL ONSETS TO UNDERSTAND PARTICLE RETENTION AND BUBBLE BEHAVIOUR

Theoretical considerations related to the FAUST tests are presently
under way in three areas:

A) Particle retention in a rising bubble
B) Particle retention during bubble expansion
C) Bubble and cover gas behaviour

A) Results of calculations with simplified assumptions (rising spherical
bubble, absorption coefficients as given by Fuchs) have already been
described and discussed in chapter 1.2 and tab. 1. Absorption of
aerosols in a large rising bubble is relatively low.

B) Absorption of particles enclosed in an oscillating bubble is subject
of the PAROGA calculations. We assume particle motion according to
Stoke's law, and piston-type adiabatic oscillations of the water pool
between bubble and cover gas. Entrainment is not considered. Particles
may be absorbed by impaction on the water surface since their motion
is characterized by a phase shift due to their inertia. A typical
example (FAUST-1A geometry, 20 um particles) is shown in fig. 3 . The
particles are already getting absorbed during the first oscillation.

c) The time behaviour of bubble and cover gas volume, pressure, tempera-
ture etc. including entrainment is subject of the MOFA calculations.
Two different approaches to describe the expansion phase were inclu-
ded: The hemispherical type using Rayleigh's equation, and the planar
(piston) type. Best agreement with experimental results (especially
the bubble period) was found when using the piston type. Concerning
the entrainment rates, first calculations show agreement with
Corradini's model in case of the cover gas, whereas the assumption of
additional entrainment mechanisms seems to be necessary for the bubble
volume.



— 84 —

5. CONCLUSIONS

Phenomena related to aerosol transport and bubble behaviour in case of
an HCDA were investigated by discharging a high pressure gas-particle mix-
ture into a water pool. As a next step, similar tests with hot sodium are
under way. Calculations show that particles in a stable, rising bubble have
a good chance to be transported into the cover gas. However, heavy bubble
oscillations and strong entrainment in the beginning phase cause inertial
impaction and wash-out and, thus, a very efficient particle removal. Since
aiyborne particles in the cover gas were never observed, we conclude RF >
10" as retention factor for our conditions.

It needs to be pointed out, however, that fuel vapor condemsation
causing aerosol formation during (and not before) bubble expansion,
oscillations and rise hast not been included in our considerations yet and
needs further attention.

With respect to aerosol retention, our results may be compared to the
ORNL-FAST tests /5/. Even with significantly smaller particles than in our
case (< 0.1 um, produced by capacitor discharge vaporization of UO2
under water), no airborne particles were found in the cover gas.
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calculated with the equation

==-(a, +a_ +a
i s

",

particle bubble bsorption coefficient fraction retention
radius radius 2 ap < 5 S 3 absorbed factor RF
i s d
- 5 - - -1 5 - -1 5 - -1 5 - -1 =
/ wm_/ /[ em_/ /[ m _/ [m _/ [m _/ [m 7
0.1 0.5 0.037 0.0066 0.1195 0.151 1.18
1.0 0.5 3.747 0.660 0.0378 0.989 90.91
0.1 0.0012 0.00021 0.0021 0.004 1.004
1.0 5.0 0.119 0.021 0.00067 0.131 1.15
Tab. 1: Absorption of iron dust particles in a stable, spherical, rising bubble,

for 1 m bubble rise path, with ¢ = particle concentration in the bubble

o,, &, O
s

i’ d

and diffusion, as given by Fuchs /3/.

= absorption coefficients for inertial deposition, sedimentation,




dis- particles Ni/Fe RFw RFA bubble |first over-
charge period pressure
exp. over-— pool total | diam. trapped peak in
pressure| height |mass dis- on cover gas
charged magnets
(MPa) (cm) (g) (um) (mg) (msec) (MPa)
o b 4
6 0.98 60 10.0 < 44 < 1 > 10 i0 82 0.16
9 1.50 30 25.2 < 44 20 1.24-103 3'104 69 0.17
12 0.3 30 34.6 < 44 <1 3 '104 3'104 60 0.02
15 1.50 60 28.3 ’ <1 P3 c10* | > 3-10° 77 0.32
16 1.50 60 36.0 100 <1 3 -0t | > 3104 76 0.33
17 1.0 90 30.0 100 85 0.4 '103 3'104 42 0.63
18 0.98 90 31.3 1 <1 >3 -10* | > 3-10° 42 0.57
19 0.98 30 30.1 1 <1 3 '104 3'104 57 0.08
20 1.0 15 30.0 1 1435 21 3'104 (50) 0.06
22 0.39 90 30.0 100 <1 3 '104 3-104 59 0.16
23 0.40 15 29.9 1 1643 18 3'104 (80)
24 1.0 90 20.0 100 3.4 5.9 '103 2’104 44 0.63
25 1.0 30 20.0 100 5.0 4 '103 2‘104 66 0.11
26 2.0 30 20.0 100 35 0.6 ’103 2'104 (60) 0.36
27 1.99 60 30.0 ’ <1 P33 -10* | > 3010 74 0.6
29 1.0 60 30.0 < 44 <1 3 '104 3'104 81 0.19
Tab. 2: Selection of FAUST-1A tests (pool diameter .3 m, vessel height 1 m, closed system, particles
trapped by magnets)
RF, = "retention factor water", defined as ratio of total mass discharged and total mass trapped on magnets.
The trapped particles were "fished" out of the water and were not airborme in the cover gas
RF, = "rention factor airborne', defined as ratio of total mass discharged and airborne mass in cover gas

after discharge.



dis- particles RFW RFA bub?le leak water partic-
charge total dia- period status outside les on
Exp. over- pool mass meter leak filter
No. pressure | height
(MPa) (cm) (g) (pm) (msec) (ml)
102 1.99 40 32.2 | < 44 3-10% | > 3-10 48 i
103 1.98 40 29.8 1 3-10* n 47 1
104 1.0 20 30.0 1 20 " 37 1
106 0.4 40 30.0 < 44 3'104 " 41 1
107 1.01 50 30.0 | < 44 3-10% " 41 1
108 1.51 10 31.0 1 15 " - 1
109 1.01 40 31.0 < 44 3'104 " 52 2 ~vo5
{10 1.51 40 30.0 < 44 3‘104 " 56 2 v
111 1.99 40 30.0 1 3‘104 " 47 1
112 2.0 40 30.0 1 3-10* " 47 ’
115 0.33 40 30.0 1 3‘104 " 46 3 0
116 1.03 50 30.0 1 3'104 " 48 3 v 0
118 3.01 40 30.0 1 3.10% n 46 3 86 0
119 2.94 50 29.8 100 3-104 " 37 3 375 <1
Tab. Selection of FAUST-1B tests

(pool diameter 0.6 m, vessel height 0.6 m, system closed or with openings,

particles trapped by magnets or on filter)

RFW, RFA:

see tab.‘2;

leak status 1: closed;

leak status 3: One opening @ 4 cm , with filter, as shown in fig. 1

leak status 2: Two openings ¢ 4 cm each, with plastic bag;
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Fig. 1: FAUST-1B facility for discharge of a high pressure gas/particle-mix-
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turée into a water pool at room temperature

Lucite cylinder, 60 cm @, 60 cm height, water

High pressure volume 1450 cm® with rupture disk # 5 cm and particles
(Fe or Ni)

Plunger, pneumatically driven

Magnetic "star" (movable) to collect particles in cover gas
Ultrasonic system (preparing sodium tests)

Timing electronics

Transient recorder, multiprogrammer, computer

Pressure measurement

Nitrogen supply

High speed movie camera

Cover plate with openings @ 4 cm

Filter for sampling of released material

Sampling of released water
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ABSTRACT

The release of fuel and fission products from hot sodium into an inert-gas
atmosphere, the vaporization rate of sodium, and the behaviour of the
sodium aerosol in a closed vessel are being studied in the NALA program at
the Karlsruhe Nuclear Research Center. Pilot-scale trials (1 kg Na; 531 cm®
pool area; 481-632 °C; 0.2 to 20 g of UO,, Nal and SrO added; 2.2 m® tank
heated to about 130 °C) and laboratory-scale glove-box tests (100 g Na;
38.5 cm® pool area; 550 °C; 0.2-5 g of UO, and SrO; release material
collected in cold traps and filters) were performed. The main purpose of
the experiments was to determine retention factors RF for U, I and Sr, in-
cluding the behaviour of RF as a function of time and space. The retention
for U and Sr in the sodium pool is very high; in the §nit&a1 phase (about
10 % pool vaporization) it is in the range of RF = 107-10" for U and

500 for Sr, and it tends to increase with time. In contrast, RF values
between 1 and 11 were found for iodine. The release of iodine can be attri-
buted to vaporization processes; several models have been devised to
account for it in this way. A number of indicators point to mechanical
release (in particle form) for UO2 and SrO.

As far as the theoretical part of the program is concerned, a fitting
formula for the specific vaporization rate of sodium has been achieved on
the basis of the vaporization rate proportional to the vapor pressure. The
sodium aerosol system was studied through the mass concentration, the
particle size distribution and the deposition behaviour. Model calculations
were also performed with the PARDISEKO code. Agreement with experiment
could not be achieved unless a modulus was introduced to allow for turbu-
lent deposition. In the 2.2 m* tank, additional tests were performed on the
decay speed of methyl iodide (20 ppm) under the presence of metallic sodium
aerosols in argon or nitrogen atmosphere as well as under the influence of
burning sodium or sodium fire aerosols in synthetic air.

1. Introduction

In a severe LMFBR accident with an extremely low probability of
occurence (HCDA), large quantities of fuel, fission products and sodium may
escape into the containment as a result of tank failure. So that the con-
tainment load and any possible release of the core inventory and sodium
into the environment can be estimated, it is important to study the radio-
logical source terms by experimental and model-theoretical means. The in-
stantaneous or primary source term is due to the energetic expansion of the
fuel into the coolant, which causes the formation of a bubble and the
release of material from openings in the tank cover. In addition to the
primary source term, a delayed or secondary source term, essentially




associated witli ¢cre-melt CDA's aad sodium vaporization, must be
considered. The gsodium is heated by decay heat and vaporizes into the inner
containment to form an aerosol. Fuel and fission products may be entrained
with it by various release mechanisms. Of interest in the derivation of the
secondary source term are the activity released from the sodium pool, the
amount of sodium vaporized, and the behaviour of the aerosol in the (inner)
containment.

The NALA program at the Karlsruhe Nuclear Research Center (KfK) is
contributing, mainly through experiments, to studies on this topic. Experi-
mental parameters were mainly related to SNR 300 - conditions, especially
the core catcher problem. In the NALA I phase /1/, laboratory tests were
performed with on the order of 100 g of sodium and on the order of 1 g of
U0, or fission products (Cs, NaI, SrO). The purposes of the NALA II phase
/2% included the following: to demonstrate that the NALA I results can be
scaled up; to perform tests at pool and gas temperatures typical of an
accident and with natural convection; to investigate the sodium aerosol
system; to gain supplementary information about the retention factor,
chiefly about its time dependence, and about release mechanisms; to
determine the vaporization rates of sodium under reactor-specific
temperature conditions; and to perform auxiliary modeltheoretic
calculations for the aerosol system, using the PARDISEKO code.

In the paper, we will focus on NALA II, reporting experimental and
theoretical results. Parameters and first results from a new program
(METANA) on the decay of organic iodine compounds in sodium aerosol
atmosphere will briefly be described, too.

2. Experimental Setups

Two different experimental setups were used in NALA II. Pilot-scale
trials (Tl - T8; about 1 kg Na with UO,, Nal and SrO; pool area 531 cm?)
were performed in a heated 2.2 m* tank“(Fig. 1). These experiments served
mainly to determine the retention factors RF of U, I and Sr in the initial
phase of pool vaporization, to determine the sodium vaporization rates
under accident-typical temperature conditions, and to investigate the
behaviour of sodium aerosols (mass concentration, particle size,
deposition). Laboratory-scale trials (Gl - G4; about 100 g of Na with
admixtures of UO, and SrO; pool area 38.5 cm®) were carried out in a
glove box (Fig. E); the quantities released were withdrawn and collected in
cold traps and on filters. These experiments had the principal aim of
determining the time dependence of RF for U and Sr and the spatial
distribution of the concentration in the released sodium.

All the trials were conducted in an inert-gas atmosphere (Ar or N, ).
Except for the UO,, only nonradioactive material was used. Because of the
accuracy of detecfion, it was necessary to work with higher fission-product
concentrations than would occur under accident conditions.

3. Results and Interpretation

3.1 Iodine

For iodine release, RF values between 1 and 11 were found, with some
proportionality between RF and the initial pool concentration. Calculation



with the Rayleigh equation for the distillation of a two-component mixture,
with activity coefficients from Castleman and Tang, yielded RF values of
about 3 which were largely independent of temperature and concentration.
This conclusion agrees with the NALA I experimental findings. The concen-
tration dependence in NALA II may be attributable to the fact that the
concentration distribution in the pool was not homogeneous. Layer-by-layer
analysis after a run (in the resolidified sodium) reveals iodine enrichment
at the surface, then a depleted middle zone and finally a high enrichment
near the bottom of the crucible. A model formulation based on iodine re-
lease from the surface layer also leads to results that are correct as to
order of magnitude; for practical purposes, however, this model cannot be
used, since it requires additional information from the experiment (surface
enrichment). When all the results are assembled (NALA I, NALA II, French
experiment /3/, Rayleigh equation), it may be concluded that risk analyses
with RF = 3 give a realistic estimate of the iodine release.

3.2 Uranium and Strontium

The sodium pool has a very high retention capacity for uranium and
strontium. Nonetheless, in uranium trials with 20 ym particles, traces were
found in the released sodium significantly abpve the limit of detection;the
RF(U) values obtained were between 10° and 10, in good agreement with
NALA I. No significant relation can therefore be seen between RF and the
pool size. In the case of strontium, the inductively coupled plasma method
was used to determine the RF reliably; the values were in the range of
RF(Sr) = 500 (Tab. 1).

The time dependence of U and Sr release was also seen to be pronounced.
The release rates decline (i.e., RF increases) with time. This is the
opposite of the situation in distillation theory, where the release rate
must increase as the pool concentration rises. On the other hand, there are
many indications that release takes place in particle form; for example,
the position dependence of deposition in the 2.2 m’* tank was very inhomo-
geneous (the highest concentrations generally occurred on the top cover)
and displayed a characteristic pattern in the glove-box trials (highest
concentration on the sampling hood, decreasing with distance from the
source, as would correspond to the sedimentation behaviour of particles).
Tests with dyes in water, considered as an analogous system, confirm this
finding. If release is in particle form, the surface enrichment, which was
also seen in most of the U and Sr trials, would play a crucial role. But no
analytic expression could be found for this in the present work. The ura-
nate reaction might affect the particle properties in the pool (size reduc-
tion), but there is no evidence that it is directly involved in the release
mechanism (e.g., by raising the vapor pressure). The supposition made in
NALA I, that higher RF values are found under natural convection than under
forced convection, was confirmed. Particularly in the case of Sr release
(NALA I, forced convection: RF = 20), this difference is very striking. The
dependence of RF on the UO, particle size in the pool was investigated
with 10 pm and 200 pym particles. A clear relationship could be sgen; in the
latter case, the limit of detection was reached at RF = 1.9 x 10
(Tab. 2a, b).

If experimental information on uranium release is assembled (NALA I,
NALA II, the French PAVE experiments /3/, it can be concluded that RF = 10°
gives a conservative estimate of the fuel release from nonboiling sodium



pools. In realistic evaluations, RF should be taken as increasing with
time. The situation is similar for Sr, with RF = 500.

3.3 Sodium vaporization, sodium aerosols

For the sodium vaporization rate under the conditions prevailing in
the 2.2 m* tank (130 °C gas temperature, natural convection), the best fit
is given by log m = 8.062 - 5426/T - 0.5 log T, where m is in kg Na/m®* - hr
and T is in kelvins. The approximate proportionality to the vapor pressure
is given by the very convenient relation m = 0.1 p, where m is in the same
units as above and p is in torrs. Sodium aerosol mass concentrations of up
to 20 g Na/m® were measured in the tank. After the source is turned off,
the decline in concentration can be approximately described by two expo-
nential functions with a characteristic knee. The sodium aerosol diameters
(50 % values of mass distribution), measured with an impactor, lay between
0.6 (less than 1 sec after production) and 2.5 pym at the maximum concentra-
tion. The deposition behaviour was characterized by very small quantities
(<1 %) on the top cover and large quantities (> 80 %) on the bottom cover.
Deposits in the tank wall region were mostly found on horizontal projec-
tions. In modeltheoretic studies with the PARDISEKO code, calculations were
performed of the mass concentration, particle diameter and deposition
behaviour /4/. Agreement with the experimental values could not be achieved
until a modulus was introduced to allow for turbulent deposition
(Fig. 3a, b).

4. Decay of Methyl Iodide in Sodium Aerosol Atmosphere

Organic iodine compounds may be formed by reaction of fission iodide
with organic material (dyes, insulation, carbon in sodium etc). The most
likely candidate is methyl iodide CH,I (abbrev. MeI). Since it is in the
gas phase, it will - unlike Nal - penetrate the aerosol filters and contri-
bute significantly to the radiological source term. It is very difficult to
study MeI formation under accident conditions; however, the study of the
decay (i.e. its medium life time) when exposed to sodium aerosols is of
similar importance. In the METANA program, experiments on the decay of Mel
in metallic sodium aerosol and sodium fire aerosol atmosphere are per-
formed, using the 2.2 m® NALA tank, equipped with an infrared spectrometer.
In the trials investigating the decay of Mel in an inert gas atmosphere
under the influence of sodium aerosols, lifetimes of 20 ppm Mel were found
varying between 35 min at 0.04 g/m® aerosol mass concentration down to less
than 2.5 min (detection velocity limit) at 1.0 g/m*, respectively. However,
lifetime values measured were found to be strongly dependent on natural
convection within the vessel, and thus on pool heating necessary to
generate the above mass concentrations.

Therefore additional trials with forced convection will give apparatus
independent values. Iodine was quantitatively detected as sodium iodide
after a number of runs, whereas the methyl radical was found to form
methane to about one third of the initial available mass. The rest is
assumed to form metallo-organic compounds with the sodium. Trials on decay
in sodium fires and in synthetic air under the influence of fire aerosols
are in progress. Both cases yield decay rates; but volatile organic com-
pounds sometimes generated when starting a sodium fire interfered with
methyl iodide infrared absorption measurement at our first trials. By doing
someé diagnostic and cleanup work, the problem is under control now.
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Fig. 1:
Measurement and monitoring devices for trials in the 2.2 m?® tank.
(1) Pressure measurement; (2) filter; (3) cold trap; (4) oxygen measuring
instrument; (5) hydrogen measuring instrument; (6) wash-bottle set,
(7) instrument for continuous determination of
sodium aerosol concentration; (8) eight-stage Andersen impactor;
(9) temperature measurement (2 thermocouples in sodium pool, 6 thermo-
couples in gas space, 2 thermocouples on top cover); (10) controlled
supply of gas; (11) IR-spectrum analyzer; (12) MeJ-injection ports;
(13) window; (14) heating of sodium pool; (15) sodium
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Fig. 2:
Laboratory-scale setups with half-open crucible in a glove box
(1) Glove bnx, inert (N2) atmosphere, continuous 0, monitoring

(2) Nitrogen supply

(3) Power supply for electrical heating of crucible

(4) Stainless-steel crucible, diameter 7 cm, height 10 cm, heated,
containing about 100 g of Na and admixtures

(5) Hood at beginning of sampling system

(6) Temperature measurement

(7) Cold trap

(8) Filter (pore size 0.2 um)

(9) Pump

(10) Measurement.of volumetric gas flow rate

(11) Sampling system (7, 8, 9, 10) repeated

(12) Collector immediately downstream of hood
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1 2 3 4
Trial No. Normalized Sr concentra—- Retention factor over Remarks
tion in interval whole run (6 hr)
I 11 III
G 2 1 0,65 0,52 502
G 3 1 0,72 0,61 580 (Note 1)
G 4 1 0,96 0,74 688 (Notes 1) 2)

Table 1: Strontium release, glove-box trials; time dependence of Sr concentration in released sodium
and retention factor (RF).
RF = (Sr/Na)pool, initial value
- (5t /Na)

released

Remarks: (1) Some samples were oxidized C02-free. (2) Samples were prepared glass—free.



Trial No. Particle size, | Retention factor | RF limit of
- ’ : detection
[ pm_/
3
TS5 200 19,0.. 10° 20 - 10
T®6 20 1,5 - 103 20 - 103
T7 20 8,2 - 10° 40 - 10°
Tab. 2a: Uranium release, trials in 2.2 m® tank: retention factors
: |
. Retention factor RF Normalized uranium concen- §
Trial : |
No. in interval averaged overall tration in released sodium Remarks
in interval
I II I11 (I+TI+IT1I] (Note 1) I II LIl
3 (Not
G 1 . 2) 2,7 + 10 ote 3)
4 | .
¢3 |,0-10% 3,7 -10% 4,0 10440 - 10%] 3,0 104 1 0,55 0,15
G4 0,6 - 10% 1,1 - 10* 3,0 - 10%1,2 - 10%] 2,0 - 104 1 0,62 0,19 |(ote 4)

Tab. 2b: Uranium release, glove-box trials: retention factors and normalized uranium concentration

Length of interval: about 2 hr.

Notes: 1) Includes all sodium and uranium for which time dependence could not be

found (e.g., on outside of crucible, on thermocouple, etc.)

2) If all U is assumed released in 6 hr, RF = 6.7 - 104

3) Complete vaporization of sodium; time 27.5 hrs.  4) 10 um UO2 particles; Gl and G2: 20 pm UO2 particles
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Aerosols Released from Solvent Fire Accidents
in Reprocessing Plants

S. Jordan and W. Lindner

Kernforschungszentrum Karlsruhe GmbH
Laboratorium fiir Aerosolphysik und Filtertchnik I
Postfach 3640, D-7500 Karlsruhe, W.-Germany

1. Introduction

Kerosene mixed with Tributylphosphate is used as solvent in nuclear
reprocessing plants. Despite several precautions an incident might be that
solvent leaking out from a reprocessing column spreads over the ground and
starts burning. Solvent fires in nuclear processing plants are a burden on
structures and components by pressure and heat development. There is also a
potential risk from the release of fuel and fission product particles
during the fire. The radicactive particles are attached to solvent fire
soot aerosols.

For the calculation of the thermodynamic and radiological consequences
of solvent fire accidents in reprocessing plants it is necessary to inves-
tigate the burning rates, particles release, particle characteristics and
the activity release.

2. Thermodynamics of solvent fires

To estimate the consequences of burning solvents and to develop safety
measures, pool fires were investigated by TBP-Kerosene mixtures as well as
by organic aqueous mixtures. Kerosene- and Kerosene-TBP fires were perfor-
med in circular pans up to 2 m* surface area in the free atmosphere as well
as in closed containments of sizes up to 220 m® /1/.

The specific burning rates were found to increase with increasing
burning area: In the free atmosphere the burning rate increased from
80 kg/m®**h for a 0,1 m®* to 120 kg/m®+h for a 2 m* area. In closed contain-
ments the rates were 40 - 50% lower than for fires in open air (Fig. 1).

The burning rate is determined by the vapor pressure of the solvent
and the diffusion of oxygen to the evaporating solvent. The increasing
burning rate with increasing area might be explained by a stronger oxygen
transport to the burning area due to turbulent convection in large fires.
This was confirmed by Kerosene fires with forced convection simulating a
ventilation system in a reprocessing cell. '

The oxygen concentration at which the fire extinguishes in closed con-
tainmenmts, depends on the containment volume, the burning area and the
TBP-concentration increasing in the solvent during the fire. Fig. 2 shows
the development of TBP-concentration during a pool fire. Usually the fire
extinguishes at oxygen concentrations between 17.5 and 11%.
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Fig. 1: Burning rate of pool fires
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Fig. 2: Solvent concentration during pool fires

Fires of organic-inorganic mixtures without any extraction were performed
in a first step only with Kerosene as the organic liquid.The duration and
the burning rate of the fire depend on the ratio of the organic-aqueous
phase, the pool depth and burning area. The course of the mixture fire is
shown schematically in Fig. 3. During the first phase of the fire only
Kerosene is burning in the upper layer of the pool, without any influence
of the lower inorganic phase. As soon as the lower layer of the pool
reaches a temperature above 100 °C, intensive boiling is observed which is
accompanied by a release of HNO, decomposition products. In this phase
the temperature in the pool is always close to 100 °C. As soon as the
aqueous phase is evaporated, Kerosene burns at the same rate as in the
first phase. This behaviour is observed for all Kerosene-HNO, ratios
above 2 and pool depths below 3.5 cm.At lower Kerosene-HNO, Volume ratios
not all HNO, is evaporated; here phase 2 lasted until the extinguishment
of the firej a phase 3 was not observed.
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Fig. 3: Course of HNO,-Kerosene pool fire
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In a second step fires with HNO,-extracted Kerosene/TBP mixtures
were investigated. By extraction of &NO with Kerosene/TBP mixtures,
HNO,-concentrations in the organic phase up to 4 mol/l were attained. The
course of the fire follows the scheme of Fig. 3: At a temperature of 130
135 °C the TBP-HNO,-complexe decomposes and the burning rate increases
substantially. The intensity of the decomposition increases with increasing
HNO,-concentration. Compared with the burning rate of the unloaded

solVent the overall burning rate increases by max. 25%. During the
decomposition of the HNO,-TBP complex the temperature in the solvent
increases to 200 °C. During this process the solvent has a red colour;
brown-yellow smoke is released. At the end of the fire decomposition
products of TBP (Butene) are burning.

A quite similar behaviour of the burning development was observed for
mixtures of Kerosene and TBP loaded whith extracted Uranylnitrate. Here the
intensity of burning during the decomposition of the Nitrate-TBP-complex is
smaller than for the HNO3—TBP/Kerosene mixtures.

3. Solvent Fire Aerosols

The formation of aerosols during Kerosene fires is due to incomplete
burning. The aerosols are composed mainly of soot but contain HDBP and
phosphoric acid in Kerosene/TBP mixture fires.

In contrast to the burning rate the aerosol formation rate is not con-
stant during the whole period of burning. Kerosene-TBP mixtures have a sub-
stantially higher aerosol formation rate in fires than pure Kerosene. The
integral aerosol formation is for Kerosene fires about 2% of the burned
solvent, for Kerosene-TBP mixtures 70/30) about 14% with maximum values of
25% shortly before the extinguishment of the fire. Fig. 4 demonstrates the
portion of solvent formed as aerosols during the fire. Increasing the TBP-
concentration during the fire - as shown in Fig. 2 - increases the
aerosol formation. TBP was identified as the aerosol forming substance. The
development of aerosol production is the same for fires in the free atmos-
phere and in vented containments.
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In closed containments the aerosol release shows the same tendency:
increasing rate with burning time and a peak shortly before extinguishment.
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Fig. 4: Aerosol formation rates during pool fires

Soot aerosols are composed of chain-like agglomerated small primary
particles. The evaluation of electron microscopic photographs yields a
geometric diameter of primary particles of d = 0.05 um. These particles
agglomerate already in the flame; single particles have not been identified.

The size and shape of these agglomerates depend on solvent composition,
type of burning (pool fire, spray fire) and composition of the atmosphere
(relative humidity). Particles released from fires involving Kerosene-TBP
mixture have a chain structure at the beginning of the fire; at the end of
the fire (high TBP concentration) particles resemble more to droplets /2/.
A chemical analysis has shown that these particles absorb large quantities
of phosphoric acid and oil derivatives. These liquid substances produce
clotted soot agglomerates. A similar effect was observed in Kerosene spray
fires because of incomplete burning of spray droplets. Droplets-like
particles were also observed during fires in closed containments; they
probably resulted from the absorption of water produced in large quantities
in the course of burning.

The particles sizes measured under different conditions are combined
in table 1. The smallest aerodynamic mass equivalent mean diameter was
found for pool fires in the free atmosphere: d = 0.22 um. Particles in
closed containments and spray fire aerosols were slightly larger, attaining
up to d = 0.45 pm.
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Experimental Mass median Standard Median geometric Standard
conditions aerodynamic deviation number rel. diameter deviation
diameter
Primary
particles - - 0.05 1.5

Free atmos.
outside the flame

(pool fire) 0.22 2.0 0.3 1.6
Closed vented

containment 0.34 1.8

r.h. 90%

(pool fire) 0.35 2.0 0.3 1.8

Free atmos-
(spray fire) 0.45 1.8 - -

Tab. 1: Diameters of solvent fire aerosols

4, Fuel Particle Release

A special facility was designed to investigate the release of fuel
from burning solvent. A schematic diagram is shown in Fig. 5. 50 ml of
solvent was burned in a 6.5 cm diameter crucible. The whole quantity of
airborne reaction products and released particles were sucked into a pipe
system. All particles in the gas stream were deposited on a membran filter,
type SM 65 (1.2 um pore size), followed by a second membran filter (SM 30,
0.45 ym pore size), to assure 100% deposition. Several safety measu-
res had to be considered to avoid any release of Uranium particles into the
environment.

The solvent was loaded with different concentrations of Uraniumnitrate
1.0 - 10.5 - 50.2 - 69.5 - 84.4 g Uran/liter. These are typical
concentrations in the reprocessing process.

- The whole quantity of Uranium released during one experiment was
determined integral by X-ray spectrometry. That included particles
deposited on the walls of the pipe as well as the particles deposited on
the first analytic filter. No Uranium could be indicated on the second
membran filter.

In preparation for the spectrometric measurements the released soot
and the filter material were solved in mixtures of HNO, and H2804.
The spectrometer was calibrated with solutions of Cobait.
Each determined Uranium concentration has an error of + 5%. The release
rate of Uranium from burning solvent was found to be ﬁ;oportional to the
Uranium concentration in the solvent: The release rate for a concentration
of 1 g U/l is 0.7%, while the rate increases to 1.4% at 84 g U/l. The
actual measured dependence is shown in Fig. 6.
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Fig. 5: Facility for the investigation of Uranium release during solvent fires

Uranium
release
[°/o] 2
e °
[+ / °
1 Lo /
o === O
0 | | i i
0 25 S0 75 100

—s  Uraniumconc. [g/L]

Fig. 6: Uranium release during solvent fires
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One reason for the dependence of the relative Uranium release rate
from the Uranium concentration in the pool might be the measured dependence
of the burning rate from the Nitrate concentration as reported in the last
chapter. High concentrations of Nitrate in the organic phase cause high
turbulences and strong bubbling in the burning solvent which favours the
release of Uranium particles. The integral burning rates for the ex-
periments which were the basis for the values in Fig. 6 are shown in Fig. 7

Burning rate e
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Fig. 7: Burning rate of solvent with different Uranium concentration

5. Conclusions

Thermodynamic, aerosol characterizing and radiological data of solvent
fires in reprocessing plants have been established in experiments. These
are the main results:

- Depending on the ventilation in the containment, Kerosene-TBP mixtures
burn at a rate up to 120 kg/m® h.

- The aqueous phase of inorganic-organic mixtures might be released
during the fire. The gaseous reaction products contain unburnable
acidic compounds.

- Solvents with TBP-Nitrate complex shows higher (up to 25%) burning
rates than pure solvents (Kerosene-TBP). The Nitrate complex decompo-
ses violently at about 130 °C with a release of acid and unburnable
gases.

- Up to 20% of the burned Kerosene-TBP solvents are released during the
fire in the form of soot particles, phosphoric acid and TBP decomposi-
tion products. The particles have an aerodynamic mass median diameter
of about 0.5 um.

- Up to 1.5% of the Uranium fixed in the TBP-Nitrate complex is released
during solvent fires.
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ABSTRACT

Potential traffic accidents of 18B-transfer containers
with liquid Pu-nitrate during road transportation may induce
an exposure of the Titanium vessel itself to a fire due to the
ignition of the leaking fuel up to a critical level, causing
the burst of the vessel and the more or less complete release
of the contents in form of liquid aerosol particles.

Here-it is reported on experiments with the original Ti-
tanium vessels and a gquadrivalent Cerium-nitrate solution used
as a substitute with similar physico-chemical properties as the
Pu-nitrate solution.

Total release of mass as well as of the respirable par-
ticle mass fraction is strongly dependent on the orientation of
the vessel. Maximum release, connected with a high bursting
pressure and the total destruction of the vessel, is observed
in case of the vertical orientation of the vessel.

According to the weak temporal variability of the low
wind speed (between 3 and 4.5 m/s) and direction parallel to
the centre of the measuring area strong horizontal variations
of the inhalation hazard occured in the range less than 50 m
from the origin, while spatially homogenous inhalation hazards
were observed in the range of more than 50 m up to 200 m, al-
most independent on the orientation of the vessel. The ex-
tremely high total particle mass fractions between 1.6 and 8.6
mg at distances up to 50 m are noticeable.

Scanning electron microscope analysis and electron probe
microanalysis of Cerium particles deposited up to distances of
100 m from the origin, indicated their deposition in the
liguid state.
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INTRODUCTION

Within the scope of the fuel cycle, in the Federal Re-
public of Germany the 18B-container is used to transport a
nitric solution of Pu{IV)-nitrate from the fuel reprocessing
plant to the fuel element fabrication plant. This container
exists of a cladding material, a phenolic resin foam material
and a resistant inner vessel of metallic Titanium with a vo-
lume of 11.5 1 (Schulz-Vorberg, B. et al., 1979).

Potential traffic accidents during transportation may in-
duce a destruction of the cladding to such a degree that the
Titanium vessel itself may be exposed to a fire due to the
ignition of the leaking gasoline. The heat energy transfer
causes an increasing temperature and overpressure in the
vessel up to a critical value, resulting in the burst of the
vessel and the more or less complete release of the liquid
contents in form of ligquid or solid aerosol particles with a
wide variety of particle sizes.

On account of safety requirements it is impossible to
handle Pu-compounds during outdoor experiments. Hence, it
seems to be reasonable to use a nitric solution of Ce(IV)-
nitrate as a substitute of Pu(IV)-nitrate according to the
following arguments:

1. The Lanthanides and Actinides are characterized by a simi-
lar electronic configuration.

2. The Lanthanides and Actinides are characterized to a cer-
tain extent by a chemical similarity.

3. Cerium is tri- and quadrivalent, Plutonium additionally
penta- and hexavalent.

4. The guadrivalent Pu~ and Ce-nitrate compounds are soluble
to a high degree in nitric acid in a wide variety of con-
centrations.

5. The quadrivalent Pu- and Ce-nitrates are decomposed at
temperatures between 200 and 220 degrees centigrade into
the guadrivalent oxides.

6. Comparing acid solutions with high elemental concentra-
tions of Pu and Ce (e.g. 250 g/l), the mass differences
due to the conversion of a droplet into a solid salt par-
ticle are not very evident.

EXPERIMENTS

During the experiments three original Titanium vessels,
filled with a Cerium nitrate solution of 250 g Ce/l in 5 mo-
lar nitric acid, were exposed to a fire at three different
spatial orientations. Characteristic temperature and pressure
‘behaviour within the vessel was studied up to the moment of
the burst. An array of 7 dust sampling devices along a sector
of a circle with a centre angle of 40 degrees and distances
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between 20 and 200 m from the origin was used to learn some-
thing about the release and dispersion of a droplet cloud
with very high initial droplet velocities of some 500 m/s.
Membrane filters were used to collect as well the total as
the respirable particle fraction, the latter derived from
separation techniques with a horizontal elutriator. The
-neutron activation comparator technique was applied to de-
termine the collected mass on the filters. Additionally,

the total particle mass fraction was collected on Nuclepore
filters at distances between 50 and 200 m from the origin to
identify single particles containing Cerium, by electron
probe microanalysis and to investigate their surface pro-
perties by scanning microscope analysis.

The two-dimensional expansion of the cloud of Cerium
nitrate as a function of time was determined by a camera of
type Canon equipped with a winder.

The volume of the liquid in the vessel was 8 1, corre-
sponding to 75 % of the volume of the vessel.

RESULTS

The vessels were horizontally, nearly horizontally and
vertically exposed to the fire. The experiments demonstrated
that the degree of destruction of the vessel was strongly de-
pendent on its spatial orientation (table 1).

table 1: Bursting pressure, temperature and time as a
function of the orientation of the vessel

Exp. No. Orientation of Py Th tB
the vessel e} .

(MPa) ("C) (min)

0°(h) 1.85 18.5 2.40

2 5°(n.h.) 4.25 92.0 3.13

3 90° (v) 6.95 | 244.0 8.70

h: horizontal; n.h.: nearly horizontal:; v: vertical

Total destruction of the vessel with fragments being found
in a distance of 40 m from the origin was observed along
with the vertical orientation of the vessel, whilst the ex-
periment with the horizontal orientations only resulted in
a partial destruction in form of a crack of a length bet-
ween 15 and 25 cm parallel to the logitudinal axis of the
vessel.

The physical process is the increase of pressure in a
closed system caused by the external energy intake. The in-
creasing temperature of the solution in the system produces
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an increase of vapour pressure above the liquid surface. Ne-
vertheless, the medium retains its state of aggregation, un-
til the proportionality limit of the Titanium metal is attai-
ned. In this moment the wall of the vessel at one point in the
range of the gas/vapour phase begins to flow and bursts in a
split of a second. Instantly after the explosion, the partial
or total release of the liquid contents occurs along with the
simultaneous formation of droplets or solid particles. The
generated particle size spectrum is particularly dependent on
the initial droplet velocity, the initial droplet diameter,
the surface tension and the viscosity of the solution due to
the effect of aerodynamic breakup processes on the fragmen-
tation events of droplets.

The evaluation of the inhalation risk implies the deter-
mination of the totally released respirable particle fraction
which is not amenable to direct measurements. However, this
parameter may be derived from the assumption that the concen-
tration of the pollutant at one measuring point near the
ground in the range of 20 m from the origin and the spatial
dimensions of the moving cloud of pollutant above this point
are known (table 2).

table 2: release of total mass and the respirable particle
mass fraction as a function of the orientation of
the vessel.
MV
_ _tot RPF,Ce RPF,Ce RPF,Ce .
ﬁgp' (di ) 1 " M0 Mot Miot Meor 100
: g- tot
(%) (ng) (9) (%)
60 n n n
91 11 3.2 0.16
90 100 54 64.0 3.20
I : orientation of the vessel.
MXot : remaining mass of elemental Cerium in the vessel.
Mtot : total mass of Cerium in the solution.
MggF,Ce : mass of elemental Cerium, belonging to the respi-
rable particle fraction, determined on the backup
filter of the elutriator, in a distance of 20 m
from the origin, by neutron activation analysis.
Migi’ce : totally released respirable mass fraction of par-
ticles.
n : no data.

Maximum release rates of respirable particle fraction were ob-
served during the experiment with the vertical orientation of
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the vessel corresponding to the high bursting pressure of

7 MPa and the complete release of total mass of the contents.
Because of the unexpected results of the first experiment
with a low bursting pressure of only 1.9 MPa and extremely
low temperature of the liquid, release rates of the respi-
rable particle fraction could not be determined. However,
according to the low level of total release of mass, the re-
lease rate of the respirable particle fraction is expected to
be essentially lower than 0.16 %.

Dispersion experiments were used to estimate the inha-
lation hazard and the total mass concentration of the pollu-
tant in different distances up to 200 m from the point of
explosion. Fig, 1 shows the horizontal variations of these
parameters for the nearly horizontal orientation of the
vessel.

310 grad

330 grad

oh. 7 PERRN 350 grad

200 m

Fig. 1: Inhalation hazard and total particle mass vs distance
from the point of explosion (Exp. 2}.
Orientation of the vessel: nearly horizontal.

Levels of total or respirable mass fraction exceeding a mass
of 30 pg, are noted on the top of each column. According to
the meteoroclogical conditions during the experiment with a
windspeed of 3 m/s, a weak variability of windspeed and -di-
rection during the movement of the droplet cloud across the
measuring area and decreasing turbulence in the afternoon
along with the decreasing solar radiation, spatially homoge-
nous and relatively high level inhalation hazards were ob-
served in the range between 50 and 200 m from the point of
explosion. Note the extremely high level of 8.6 mg of total
particle mass fraction at a distance of 20 m. Presumably,
very large droplets were catapulted during the more or less
directed spontaneous release against the filter.

Apart from a somewhat higher windspeed of 4.5 m/s and
an obviously stronger turbulence in the surface layer be-
cause of the intensive solar radiation towards noon, the
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meteorological conditions during the experiment with the ver-
tical orientation of the vessel did agree very well with
those of the preceeding experiment. Taking account however

of the "isotropic" release of droplets because of the total
destruction of the vessel and the high bursting pressure the
strong horizontal variations of the total particle mass frac-
tion and inhalation hazard along the central ray of the mea-
suring area are explainable to a high degree (Fig. 2).

310 grad

330 grad

E T 350 grad

e 5 100 200 m

Fig. 2: Inhalation hazard and total particle mass vs distance
from the point of explosion (Exp. 3}.
Orientation of the vessel: vertical.

Considering the low levels of inhalation hazard at distances
of more than 50 m we have taken account of the dilution
effects of turbulence in the surface layer.

Remembering the different clearance of inhaled particle
mass in the lung with regard to Pu(IV)=-oxide and Pu(IV)-ni-
trate it is important to know whether the particles inhaled
in the range of the scene of accident have a liguid or solid
state. Scanning electron microscope analysis and electron
probe microanalysis of Cerium particles deposited on the
"filters up to distances of 100 m from the point of explosion
demonstrate that the particles were in the liquid state, as
can be realized from Fig. 3. Obviously both particles are
not far away from having a sherical shape. The upper par-
ticle has a projected diameter of approximately 17 um and is
characterized by two almost linear cracks running from the
particle centre to its periphery. The white shade at the top
of the particle is an iron particle which has deposited on
the drop afterwards and has somewhat mixed with the liguid.
The cracks arose during the phase of drying of the droplet
from developing strain forces inside the drop. The lower
fotograph shows a particle with a projected diameter of 11 um
and a zone of fracture located at the lateral part of the
particle.
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Two particles containing Cerium, deposited at 100 m
distance from the point of explosion.
magnification: 3000 x
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ABSTRACT

The paper addresses primary coolant behaviour and fission product
retention in design basis faults taking place in the auxiliary building of
a PWR. The purpose is to enable a realistic estimate to be made of the
radiological consequences of these faults and also to enable fission
product removal to be claimed in the filtration plant of the emergency
exhaust system.

Design basis faults of interest include pump seal leaks and pipe
ruptures in the Residual Heat Removal System and in the Chemical and Volume
Control System. These are associated with the discharge of superheated or
subcooled primary coolant into a compartment of the building. The coolant
flashes (if superheated) and fragments to drops which are then available
for transport through the compartments and ventilation system., For the
purposes of this paper, fission products (iodine and caesium) are assumed
to remain associated with the water phase during flashing and transport-
ation (i.e. large partition coefficients are assumed). The analysis is
therefore restricted to the hydrodynamic behaviour of primary coolant.

The aim of the analysis is to predict the release of primary coolant in
the form of water and steam to the filtration system. The following topics
are considered:

1. Flashing and atomisation of the primary discharge to arrive at steam
release rates and an estimate of drop sizes.

2. Response of the building (i.e. pressurisation transient).

3. Retention of primary liquid in the compartment in which the fault
occurs. This is treated very simply because of the difficulty in
defining flow paths and velocity profiles, but is expected to be highly
significant.

4. Retention of primary liquid in the ducting of the ventilation system.
Drop removal is estimated by applying available deposition theories and
by allowing for evaporation.

5. Removal in the filtration plant. This requires an assessment of the
form in which fission products reach the filters (i.e. as particulate,
vapour or in aqueous solution) as well as the expected loading imposed
(i.e. mass flux, concentration and humidity).

Results are presented to show the effect on the amount of coolant
retention of the three major parameters (i.e. drop sizes, flow velocity and
duct diameter). The analysis is also applied to a simple representation of
the building ventilation ducting which shows that, depending on drop sizes,
the fraction of liquid discharged from the rupture which reaches the
filtration plant may be as small as 1%.
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Several problems and uncertainties are identified including drop sizes,
retention in a compartment (which is particularly important to demonstrate
for non-flashing discharges) and the definition of a nett deposition
velocity to account for the interaction between the various deposition
processes,

1. INTRODUCTION

The radiological consequences of design basis faults for the Sizewell
'B' PWR are based on conservative assumptions with respect to fission
product retention within the plant. For faults taking place in the
auxiliary building, to which this paper is restricted, the assumption is
made that all fission products contained in the discharged primary coolant
are released to the atmosphere. In many cases, however, this assumption
is considered to be unnecessarily conservative and means of estimating more
realistic consequences are described in this paper.

2. DESCRIPTION OF FAULTS

Design basis faults taking place in the auxiliary building are
associated with leakage of primary coolant from the Residual Heat Removal
System (RHRS) and the Chemical and Volume Control System (CVCS) as a result
of postulated failures such as pipe cracks, guillotine breaks or pump seal
leaks. These systems may be functioning either in normal operation or in a
post fault condition. The faults are divided into two categories depending
on whether the temperature of the coolant is above or below 100°C. The
significance of this distinction is that, when the temperature is above
lOOOC, flashing of the discharge will take place together with some degree
of pressurisation of the building and it is necessary to establish the
extent and consequences of such pressurisation. Faults of interest are
listed in Table 1 which also defines the relevant thermodynamic condition.

For the purposes of analysis, the assumption is made that all water
remaining after flashing is fully fragmented to drops by the flashing
process itself and/or by atomisation. Complete fragmentation is also
assumed in faults for which the temperature of the coolant is below 100°C,
although it is expected that only a small proportion will remain airborne.

3. AUXILIARY BUILDING RESPONSE

The auxiliary building consists of a large number of separate
compartments occupying four levels. Compartments in which are housed
hardware containing primary coolant (e.g. pipes, pumps, heat exchangers,
chemical treatment plant) are provided with inlet and extract ventilation
ducts as well as a drain system to collect any leaked coolant. Some
compartments are connected by fire/smoke vent panels.

Under normal conditions the building atmosphere is serviced by a
ventilation system. On detection of a primary coolant leak in the building
(or following a LOCA in the containment), the air intake system is isolated
and an emergency exhaust system is actuated. This utilises the same
ductwork as the normal system but separate fans are used to draw air/steam
through emergency exhaust filters., For the Sizewell 'B' station, it has
been estimated that the exbaust system is capable of preventing pressur—
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isation for all leak rates associated with the faults of Table 1, except
for faults 1(a) and 3(a). Where flashing takes place, some degree of local
pressurisation will result with venting to adjoining compartments, but
overall, the steam release and associated radio-activity will be withdrawn
by the exhaust system. For larger leak rates with flasbing, although the
exhaust system will accommodate a fraction of the discharge, some steam
and activity will reach exterior walls and may leak directly to the
atmosphere. Retention is only addressed therefore for faults in which
there is no significant pressure transient. For this reason, faults 1(a)
and 3(a) are excluded from further analysis, altbough it should be noted
that the radiological consequences of these faults are sufficiently low
even with the assumption of zero retention.

TABLE 1 DESIGN BASIS FAULTS
| | ! ]
] | Pressure | Temperature |
| {  (bar) | (°c) |
] ] | [
| | | |
f ! ] {
| 1. RHR pipe crack | ] i
| (a) Normal operation { 30 | 177 {
| (b) Normal operation ] 30 | <100 |
i (¢) Post-LOCA operation | 20 | <100 |
| | | {
| 2. RHR pump seal failure - | i ]
| (a) Normal operation | 30 | 177 |
| (b) Normal operation | 30 | <100 !
| (c) Post-LOCA operation | 20 | 132 |
i (d) Post-LOCA operation ! 20 i <100 |
] ] | !
| 3. CVCS faults | f |
i (a) Pipe break | 41 | 146 |
i (b) Pipe break | 41 | <100 |
] | f |

4. CHEMISTRY CONSIDERATIONS

It is assumed that the important fission products (caesium and iodine)
are sufficiently non-volatile during flashing and during transport through
the building, to remain associated with the water phase. Retention of
fission products can then be quantified in terms of the retention of
primary liquid. This assumption may not however always be justified. 1In
some cases, where evaporation of drops proceeds to near dryness, there
is evidence to indicate that iodine is sufficiently volatile to partition
into the vapour phase. The resulting small particulate would then
contain only the non-volatile species (caesium). In these circumstances
retention can only be claimed by virtue of the performance of the
filtration plant of the emergency exhaust system (see section 7.3).
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5. RETENTION PROCESSES

Processes considered in estimating retention are (i) deposition of drops
on surfaces by turbulence, (ii) gravity settling, (iii) thermophoresis and
(iv) evaporation. A brief description is given below together with
relations for the deposition velocity for each process. The theoretical
expressions are taken from the review in [1].

5.1 Deposition by turbulence

Deposition by turbulence is strongly dependent on drop sizes. For sub-
micron sized drops, turbulent diffusion is dominant. 1In the size range
1-100 pm, deposition takes place as a result of the momentum acquired by the
drops from the turbulent velocity component of the gas stream normal to the
surface (eddy diffusion—impaction regime). As drop sizes increase, particle
inertia becomes more important. Surface roughness also has a pronounced
effect and it is assumed in this analysis that all surfaces are smooth
resulting in conservatively low deposition velocities.

The turbulent deposition velocity (Vt) is expressed in dimensionless
form (V+) as V¥ = Vt/U* where U* is the friction velocity.

In the turbulent diffusion regime, vt is given by
v = 0.057 (p,/w?/3
where D, = drop diffusivity

P . : ;
v kinematic viscosity of the carrier gas.

1]

For drops greater than 0.l pm in diameter, the deposition velocity is
related to a dimensionless relaxation time (o) defined as

g = Ui te/ v

where t,. = relaxation time = 4 dpl/3CD Pg U

here d drop diameter
Cp = drag coefficient (function of drop Reynolds number)
Ut terminal velocity of drop
Py sPg density of liquid and gas phases.

Approximate relations, adequate for the present purposes, are presented
in [{] for calculatiung the deposition velocity in the eddy diffusion-
impaction regime (0<17) and in th? inertial rzgime (o>17):

For o<17; v¥ = 0.057 (Dp/\))2 3 4+ 4.5x107%2

where it is assumed that turbulent diffusion and eddy diffusion act
independently so that the overall deposition velocity is given by the sum of
the two components.

For 17<0<200; V' 13

and for 0>200; V¥ = 2.6 [1— gp_]

g o
5

«2 Gravity settling

0.
2

The gravitational deposition velocity (V,) is given by the relation Vg =
gt,/2, where g is the acceleration due to gravity and the factor of % is
included to account for the interaction of turbulence on the settling
velocity. The variation of this parameter (retardation factor) with flow
properties and turbulence is considered in [2] and it is considered that the

value of % is reasonable.
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5.3 Thermophoresis

The thermophoretic force experienced by drops in the temperature
gradient between the carrier gas and walls is a function of the Knudsen
number of the drop, }/d, where Ais the mean free path of the gas molecules
('MO.IFm). For drop sizes greater than lum, the thermophoretic velocity V,
can be expressed as

V, = 0.0858 ky 8d (kn)3/%/a2 ,
m

where kg = Boltzmann's constant, d, = gas mean molecular diameter,
0 = temperature gradient, d = drop diameter, Kn = Knudsen number and
dynamic viscosity of gas phase.

The temperature gradient is determined over the thickness of the laminar
sublayer and may be expressed as

2
6 = Ux (Igas - Twall), .
(U-5u%) where U is the velocity of the gas phase.

5.4 Evaporation

Evaporation of drops is considered either in steam or air depending on
the temperature of the discharging coolant. For faults in which flashing
takes place with the formation of saturated steam, evaporation results from
the enhancement of vapour pressure by curvature effects and is prominent for
small drops of a few microns in size. The change in diameter of a drop with
time can be described by the following relation [3]:

303 2 2
dp = dg - 48 keTg t/p, L

where d; = diameter at time t, d, = initial diameter, k = thermal
conductivity of steam, o = surface tension, Ty = saturation temperature
and L. = latent heat.

For faults in which the discharge temperature is below 100°C, drop
evaporation in air takes place by mass transfer, the rate of which is given
by the usual relation as follows:

| % P
mass transfer rate, N = KA [ - _EJ
R T2 T
where A = surface area of drop
R = gas constant
p g = vapour pressure of water at temperature Ty
= vapour pressure of water in air at T
= mass transfer coefficient ob?aine? grom the empirical
relation of [4] i.e. Sh = 2.0 + 0.6 Rel/2 sc /3,

a
Pa
K

In the treatment of evaporation, the reduction in vapour pressure as a
result of dissolved solids is neglected, but may be sufficient to prevent
complete evaporation to dryness.

A further removal process is provided by condensation of steam on cool
walls which sets up a nett mass flux to the wall in which drops are
entrained. The resultant deposition velocity is dependent on the steam
concentration which is unknown (except at locations local to the break) and
the process is therefore neglected. It is likely to be important for

removal of small drops.
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6. ESTIMATION OF DROP SIZES

Data on drop sizes under representative conditions (Table 1) are not
available in the literature for either flashing or non-flashing jets. It
has therefore been necessary to apply a theoretical method together with a
sensitivity study. For all faults considered, drop sizes are calculated
via a critical Weber number (Wec) to arrive at a maximum stable size,

drax

i.e, dp, . = We, d./pg u2

Here P g is the density of steam atmosphere and U is the relative velocity
between liquid and vapour. The distribution of sizes below this maximum is
assumed to be given by an upper limit log~normal function as found in many
spray applications (although this may not be valid for flashing jets).

The value of the critical Weber number applied is 13 as recommended in
[S] for sudden exposure of drops to a gas stream. Inherent in this
treatment is the assumption that fragmentation by hydrodynamic processes
dominates over thermal fragmentation by flashing (where appropriate).

In considering RHRS faults, the relative velocity (U) in the above
equation is taken to be the velocity of the discharging jet which, for
conservatism, is calculated by neglecting frictional losses through the
break. In the case of pump seal failures, considerable friction loss is
expected to occur through the degraded seal and other components of the
pump. A more realistic assessment is not available at the present time but
is the subject of further investigation. The jet velocity is therefore
given by the following relation:

U= (ZAP/OQ)I/Z

For flashing jets, AP is the difference between the liquid supply pressure
and the saturation pressure at the relevant temperature.

For the CVCS fault considered (fault 3(b) of Table 1), the relative
velocity is simply the superficial liquid velocity at the outlet of the

pipe.

Drop sizes calculated by this method are independent of geometry of the
break and, therefore, for faults in the RHRS, no distinction is made between
pump seal failures or pipe cracks. Maximum drop sizes and discharge
velocities are given in Table 2 together with the mass median diameter (dvu)
and the 1% limit on the distribution (i.e. 1% of the liquid mass below this
size)., For faults in which the RCS temperature is above 100°C the fraction
of the discharge which flashes to steam is also given in Table 2.

It is recognised that a large amount of uncertainty is associated with
these drop sizes and experimental data is required. A break-up process
which is not accounted for is that caused by impaction of the discharging
jet on nearby obstacles. Some idea of the importance of this can be
inferred from the correlation for drop sizes produced by two impinging
non—-flashing jets as given in [7]. Extrapolating this correlation to RHRS
conditions results in smaller drop sizes by a factor of between 2 and 3. It
is considered that the greatest uncertainty in drop sizes is associated with
flashing jets and the data of [6] suggest that a sensitivity analysis with a
reduction factor of 10 may be suitable.
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TABLE 2 DROP SIZE ESTIMATES

! J I ! ! |

] | Temperature] dmaX | dw | dl% i U | Steam ]
[ I (°c) D pm) | @m) | (um) | (m/s) | fraction|
J | I | [ [ [ |
! I [ l ! ! ! I
| RHR pipe crack | | | ] | | |
| Normal operation ] 177 i 270 | 93 | 14 | 68 I 0.15 i
| Normal operation | < 100 | 212 73 | 11 | 78 | - i
! I I ! l I I !
| Post~LOCA operation] 132 f 350 | 120 | 18 | 60 I 0.06 ]
| Post-LOCA operation| < 100 i 323 | 110 | 16 | 63 | - |
! I ! | I ! ! l
| CVCS pipe breaks | <100 | largel| ! I 2 -

| | ! l | | |

7. CALCULATION OF RETENTION

The fractional retention of primary liquid is estimated by
considering firstly, removal in the compartment, secondly, removal in the
ventilation ducts and, thirdly, removal in the filtration system.

7.1 Retention in the compartment

A large proportion of the discharge from the rupture, remaining as
water, can be expected to be retained in the compartment in which the
fault occurs by, for example, gravity settling and wetting of walls and
surfaces. This liquid would then enter the radioactive drain system. The
quantity involved cannot be estimated precisely; much will depend on the
flow pattern set up by entrainment of air into the jet, the performance of
the ventilation system and the orientation of the break. A highly
simplified estimate may be made by assuming a uniform velocity profile
vertically upwards through the compartment determined by the ventilation
withdrawal rate (see section 7.2) and the cross—-sectional area of the
compartment. By applying Stokes' law, a cut size can be arrived at above
which drops settle out under gravity. The cut size so obtained is
approximately 10um which is equivalent to almost complete liquid removal
in the compartment. 1In reality, however, jetting effects and the
existence of a non—uniform velocity profile will dominate and may result
in a larger cut size. The rough calculation does indicate, however, the
degree of conservatism in the case which follows.

7.2 Retention in the ventilation ducting

Because of the uncertainty in claiming retention in the compartment,
the conservative assumption is made that all of the atomised liquid enters
the ventilation system. Retention is then estimated by applying the
deposition theories of Section 5. The following points are relevant to
the analysis:

(i) The flow velocity in all ducts is assumed to be equal to the design
figure of 10m/s. A sensitivity calculation is included in which the
velocity is reduced to 5 m/s.
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(ii) The deposition theories applied are only applicable to straight
ducts where the flow is fully developed. Removal has therefore been
estimated in stralght runs of ducting in excess of ten equivalent
diameters in length which are free from bends and junctionms.

Figure 1 indicates the layout, which has been simplified to three
runs of ducting representing the sections A-B, D~F and F-J in the
basement of the building.

J I duct dimensions length effective
(mm) (m) L/D
Ke—~ A-B 100 x 100 2.7 27
B-C 100 x 150 2.3 -
L &< C-D 100 x 150 1.0 -
{ plan) D-E 150 x 200 6.5 } 60
E-F 150 x 200 7.0
F-G 150 x 250 9.0
< M G F E G-H 150 x 260 3.3 162
H“I I < B-1 150 x 260 11.9
=15 I-J 150 x 260 12.7
J-K 150 x 260 1.2 -
in ¥ K-L 250 x 350 2.2 -
A B C L-M 250 x 450 1.7 -

Figure 1 Ducting Layout in Basement of Auxiliary Building

(i1i) Deposition velocities and removal rates are calculated using a

computer programme incorporating the removal processes considered.
The drop size distribution is discretised into a number of intervals
(10 has been used throughout). For each size interval, a deposition
velocity is calculated for each process considered based on the
average drop size in that interval. The duct length is divided into
a number of intervals (10) and quantities of liquid removed and
evaporated are calculated in each interval for each size interval.

The ducts under consideration are of rectangular section and the
nett deposition velocity depends on the orientation of the surface.
For upward facing surfaces, all deposition processes are assumed to
act independently so the overall deposition velocity (VU) is the sum
of the individual components:

lees V= Vg + V, + Vg
For downward facing surfaces, gravity will interfere with other
processes and the overall deposition velocity (Vd) is then given by
the following:

Vg =Vg = Vg + V, (=0 1if v, 2V, +Ve)
The deposition velocity on vertical surfaces (Vv) is given by the
sum of the individual components, excluding gravity:

i.e. V, =V, +V,
The fractional removal (R) over length z of a rectangular duct of
height h and width w can be shown to be given by the following

relations:

for upward facing surfaces, R, = 1 - exp (- V, z/Uh)

for downward facing surfaces, Ry = 1 - exp (- V4 z/Uh)
for vertical facing surfaces, R, = 2 (1- exp (- V, 2/Uw))

so that the total fractional removal is given by the sum of the
above three components.
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Cowponent deposition velocities are shown in Figure 2 for flow
velocities of 10 m/s and 5 m/s. It is evident that the major removal
processes in the size range of interest (see Table 2) are gravity
geparation and turbulence. For significantly smaller drops (e.g. few tens
of microns), all three deposition processes considered are important,
Deposition velocities also vary with duct diameter (decreasing with
increasing diameter) but to a negligible extent compared with the

variation with the drop size. .
gravity

-t

10
X turbulence
107
BT R ~
v}
~
£
r
= -
< 10t
>
8§ thermophoresis
% <
o ~
Q.
s 45tk \\ :
10 ~ flow velocity ——10m/s
- == 5m/s
< / duct diameter 0.171m
1 i i 4 1
-1 2 3
1] | 10 1] Yol

drop diameter {um)

Figure 2 Component Deposition Velocities

The percentages of liquid released from the ducts after deposition and
evaporation for the three duct sections considered are given in Table 3.
These results are applicable to fault 2(a) in Table } in which flashing
takes place. Slightly smaller releases are obtained for fault 2(c¢)
because of the larger estimated drop sizes. The results show that the
majority of the liquid is retained in the basement ducting with little
variation with flow velocity (i.e. 99% for 10 m/s and 97% for 5 m/s).
Drops remaining airborne have a maximum size of approximately 20Um and
these are assumed to be released to the filtration plant.

Reducing drop sizes by a factor of 10 reduces the amount of deposition
such that approximately 50% of the original liquid is released from the
basement ducts. 1In addition, the smaller drops in this range are
evaporated to dryness (assumed to occur when the drop size falls below
0.1 um) leaving a solid particle containing fission products. These
particles represent approximately 2% of the original liquid mass and are
assumed to reach the filters., Further evaporation of drops will take place
during transport from the basement to the filtration system and so the

final mass evaporated will be somewhat larger.,
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TABLE 3 LIQUID RELEASED FROM DUCTS (%)

Maximum drop Flow velocity Duct section

J ! | |
| diameter (pm) | (m/s) | A-B D-F F-J

f i f I
I 770 | 10 I 43 g I |
| 270 | 5 i3l 7 3 |
] ! | f
| 27 | 10 | 85 72 50 |
| 27 ] 5 | 91 81 58 |
| | l |

For non-flashing discharges (faults 1(b), 1(c), 2(b), 2(d)) evaporation
rates are sufficiently high such that all liquid is evaporated before
significant deposition takes place. In this case, therefore, chemistry
considerations become important (as discussed in Section 4) as well as the
performance of HEPA filters (Section 7.3).

In the case of fault 3(b) of Table 1 (i.e. CVCS pipe break) because drop
sizes are very large it is considered unreasonable to assume that complete
removal does not take place in the compartment.

7.3 Retention in the filtration system

The filtration plant of the emergency exhaust system will contain HEPA
filters to remove fine particulates and charcoal filters to remove radio-
active species in the vapour phase (iodine). In order to ensure that these
items perform efficiently, it is necessary to ensure that airborne water
drops are removed. Demisters are to be installed for this purpose.

From the results of Section 7.2, the requirements of the demisters are
to remove water drops with size below 20 at mass loadings corresponding
to between 1% and 50% of the leak rates associated with faults 2(a) and 2(c)
(i.e. flashing discharges). In addition, evaporated drops approximately 0.01lpm
in size, must be removed in the HEPA filters. Demister performance has been
quoted as 99% efficiency for drop sizes greater than 3pmbased on which adequate
removal will take place. Regarding HEPA filter performance, the particulate
size of interest (O.OIPm)approaches the lower limit of these devices (BS3298
sodium flame test) and so the removal efficiency cannot be quantified at the
present time. This is particularly relevant to faults in which flashing does
not take place.

8. UNCERTAINTIES
The major uncertainties in the analysis are as follows:

(i) Drop sizes — removal rates are highly dependent on drop sizes and data
is required. Experimental work is proceeding within the UK nuclear
industry to measure drop sizes and distributions from representative
breaks under flashing and non-flashing conditions.

(ii) Retention in the compartment - this is expected to be very significant
but is difficult to justify at the present time. It is particularly
important for faults in which the RCS temperature is below 100°C
since, if it is assumed that liquid reaches the ventilation ducts,
then rapid evaporation results in the formation of small particulates
which may penetrate HEPA filters. Experimental proposals are to be
made to address retention mechanisms in a compartment.
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(iii) Overall deposition velocity - it is assumed that all deposition

(iv)

(v)

processes considered act independently so that the overall deposition
velocity is given by the sum of the components. The validity of this
assumption is not known.

Filtration system performance - assuming that the performance of the
demisters can be verified, fission product retention may be limited

by the efficiency of HEPA filters in removing fine particulates (0.0lum
in size) produced by drop evaporation.

Chemistry uncertainties arising from the possibility of iodine
volatilisation. )

9. CONCLUSIONS

An assessment of the retention of primary liquid and fission products
in design basis faults taking place in the auxiliary building of the
Sizewell 'B' PWR results in the following conclusions:

(1)

(i1)

(iii)

A large amount of retention can be expected in the compartment in
which the fault occurs (as much as 99%).

For faults in which flashing takes place, if it is assumed that all

liquid enters the ventilation system, then removal by deposition in

the ducts is dependent on drop sizes. The extent of removal will be
between 50% and 99%. Drops which are not deposited will be removed

by demisters.

For faults in which flashing does not take place, drops which enter
the ventilation system will evaporate to dryness and the final

retention depends on the performance of the HEPA filters.
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Introduction

The modelling of aerosocl processes for nuclear aerosols and reactor safety
has been discussed comprehensively for the first time in an Expert Group's
report /1/ and during the Specialists Meeting on Nuclear Aerosols in
Reactor Safety /2/ in 1980. At that time the interest was focussed mainly
on fast breeder reactor related problems. Little work was reported on LWR
aerosol behaviour which also reflected the state of knowledge. E. g. among
the existing computer codes there was only one which had ab initio been
developed for applications in LWR risk analysis. Likewise the modelling of

steam and water related aerosol processes was not fully developed.

Due to different stimulating experiences the activities in LWR aerosol
research have considerably increased and the state of knowledge was much
advanced. This is clearly represented in the program of the present Specia-
lists Meeting which almost exclusively deals with LWR related phenomena.
Much work was done to investigate aerosol processes and essential progress

was made.

An appendix to /1/ was written /3/ with emphasis on LWR related problems.
Much of the following discussion is based on this work with additions of

some recent developments that were known to the author.

In this paper the progress made will be reported first. Then a discussion
of the relative importance of the processes for different applications is
given. This will be restricted to scenarios in LWR core melt accidents.

Finally an attempt is made to judge the today's state of the art in the
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light of the requirements of LWR risk assessment.

Progress in Aerosol Processes Research

As usual the discussion of aerosol processes will be structured in two
groups: interaction processes and depletion processes. Further processes
which are not aerosol processes per se but are influencing the aerosol will
be reported too. E. g. leakage is not an aerosol process but a phenomenon
of the enclosure, but since leakage depletes particles from the airborne

aerosol system it will be treated as a depletion process.

Interaction processes

By definition aerosol interaction processes are processes wich may change
any of the aerosol properties but do not remove particles from the airborne
state. In the highly concentrated aerosol system of an LWR during a core
melt accident these processes are very important. The relevant processes

are agglomeration and condensation/evaporation.

Agglomeration

The basic equations for Brownian, gravitational and turbulent agglomeration
of aerosol particles remains unchanged. The work to be mentioned here
concerns the values of the coagulation shape factor and the formulation of

the collision efficiency for gravitational agglomeration.

Until recently the coagulation shape factor has always been estimated by
parametric fitting of measured mass concentration changes to code calcu-
lations which was very unsatisfactory because more than one parameter had
to be tuned. The first direct measurement of this shape factor was reported
in 1983 /4/. By proper choice of the experimental conditions the brownian
coagulation could be isolated from other aerosol processes, the shape fac-
tor was evaluated from measured changes in the particle size distribution.
Dry aerosols of platinum oxide and unranium oxide were used and values of
the coagulation shape factor of 1.8 for platinum oxide and 3.2 for uranium
dioxide aerosol were measured.

It is interesting to note that these values are approximately equal to the
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dynamic shape factor of the aerosol used in the experiments. Evaluating the
shape factor also indicated that the Fuchs correction to the coagulation
frequency had to be used. Such corrections, however, are important only for
a very short initial phase with nuclear aerosols /5/ until the particle

sizes have grown to values which do not require such corrections.

The correct formulation of the collision efficiency of gravitational
agglomeration has recently been discussed again. In most of the codes the

gravitational agglomeration kernel is formulated following Fuchs
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in two of the codes this has been replaced by the formulation of Pruppacher

and Klett
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The rationale is discussed in detail in /6/. The probable consensus might
be that the factor 1/2 in the Pruppacher Klett formulation represents the
physical situation better than the factor 3/2, and that the use of f or f?
is a matter of definition. The present situation, however, is that codes
differ by a factor of 3f in the gravitational collision kernel. This in
fact leads to large discrepancies among code predictions when gravitational
agglomeration is important /7/. The need is clearly obvious for an
experimental investigation of this effect which has often been demanded but

is still missing.

Condensation

The process of growth of particles by condensation of steam and the inverse
process of evaporation of droplets can be modelled with sufficent accuracy
by use of the Mason formula /8/. The rate of change of the thermodynamic
parameters governing this process is slow enough to justify the assumptions
made in deriving the equation. The condensation rate depends on the partic-
le size, the saturation ratio and the temperature, in that order, the tem-
perature governing the material properties of steam and water. The satura-

tion ratio in turn is changed by the process. Therefore, the numerical
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efforts in computing condensation and evaporation are great, all conceiv-
able simplifications can be valid only for limited ranges of parameters and

have to be used very cautiously.

Given a general consensus on using the Mason formula, the problem arises in
providing the saturation ratio with the necessary precision.
Supersaturation in a core melt aerosol system will always be very low, less

than 1 % typically.

This small quantity has to be calculated from the results provided by con-
tainment thermodynamics codes, a method which is often impracticable. It
still works in a situation where steam is added to a saturated atmosphere.
Then the excess steam can be translated into a supersaturation within one
computational time step, and when the time step is short enough this method

will give reliable results.

The problem becomes more complicated, however, when supersaturated con-
ditions are created not by addition of steam but through cooling processes.
This situation has only recently been analyzed /9/. If the cooling of the
aerosol system occurs by heat transfer to a wall (or structural surface)
only a very small fraction of the steam condenses on particles, most of it
condenses directly onto the wall. The aerosol fraction decreases with
decreasing temperature difference between bulk system and wall, moreover,
it becomes negative when the temperature difference is only a few degrees.
The latter situation is encounterd in the containment at later stages of
the accident, which means that, in the absence of a steam source, existing

droplets will evaporate during the cooling process.

Concerning the cooling by a spray, analogous results were found since a
spray acts thermodynamically similar as a cold wall. Steam was seen to
condense mainly onto the spray droplets, only when the spray is very cold a

considerable fraction of the steam condensed on aerosol particles.

These results for steam condensation in cooling environments have been
obtained only thermodynamically. The data have not been used in aerosol
behavior computations for which, up to now, condensation on particles was

only taken into account when steam sources were in action.
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Condensation of steam onto soluble particles is an important phenomenon for
LWR nuclear aerosol behavior because a fraction of the released aerosol
consists of soluble material. Condensation on, or rather dissolution of,
such particles occurs at saturation ratios well below 100 %. All aerosol

codes described in /1/, however, ignore the existence of this process.

Depletion processes

Depletion processes deplete particles from the aerosol system. They either
remove them from the airborne state permanently by deposition on a wall or
floor or deplete them from the system under consideration by transport

through a leak or intercompartmental flows.

Gravitational sedimentation

Sedimentation undoubtedly is the most efficient removal mechanism for
nuclear aerosols. Moreover, it is the best understood and modelled aerosol
effect. The only uncertainty is in the values of the dynamic shape factor
and/or effective density of the particles which are needed as input data

for the calculation.

In connection to the measurement of coagulation shape factors mentioned
above [/4/ also the dynamic shape factor was measured in a dry environment.
Size dependent values of 1.1 < ® < 3.6 for platinum oxide aerosol and
2.648< 3.3 for uranium dioxide aerosol were measured in a size range well
below 1 um. The UOZ—aerosol also contained a coarse fraction with &= 1.2,
further the size dependence of ® was completely different for the two

materials.

In condensing atmospheres the shape factor problem is less severe because
particles are spherified and compacted. A shape factor of unity can be used
when, for sedimentation, an effective density of the particles is assumed
which is roughly 50 % of the material density. Evidence supporting this

concept has been obtained frequently.
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Diffusiophoresis and Thermophoresis

A temperature gradient in the boundary layer at a wall causes
diffusiophoretic and/or thermophoretic deposition of aerosol particles
depending on the atmospheric conditions. Thermophoresis may occur alone
when no condensation of steam on the wall takes place. Diffusiophoresis
occurs when steam condenses on the wall and is then coupled to simultaneous
thermophoresis. The problem in the analytical treatment of these effects is
that the boundary layer thickness is a critical parameter but is very badly

known under accident conditions.

The temperature gradient that is the cause of particle movement primarily
induces a sensible heat flux in the case of thermophoresis and a latent
heat flux, i.e. a mass flux of condensing steam, in the case of diffusio-
phoresis. Therefore, under given thermodynamic conditions the diffusiopho-
retic deposition rate is proportional to the mass flux of condensing steam
and the thermophoretic deposition rate is proportional to the sensible heat
flux. These fluxes can be obtained with much better quality from thermody-
namic calculations than the boundary layer thicknesses. For diffusiophore-
tic deposition, in a further step, the mass flux can be substituted by the
overall condensation rate. This has been reported recently together with
direct measurements of diffusiophoretic deposition /10/. The agreement of
the measured diffusiophoretic deposits with those calculated from total

condensed steam confirmed the applicability of the formulation.

A similar analytical treatment of photophoretic deposition was given in

/11/, but its effect estimated to be of low importance.

Diffusional deposition

A general consensus exists that Brownian diffusion as a deposition
mechanisms is of very low importance in reactor accidents. Nevertheless, it
is still being computed in most codes giving deposits which are orders of

magnitude lower than those from other deposition effects.
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Inertial deposition

Inertial deposition of particles from turbulent flows applied to reactor
accidents is an upliving field of interest. Formerly inertial deposition
was restricted to analytical work or at best to make up for differences in
comparing calculations to measurements. Today the situation has improved in
so far as a code calculating convective flows in simple geometries is
available /12/ and has been used to provide input data for aerosol beha-
viour calculations. The calculated results were compared with measurements

and a good agreement was observed /13/.

Leakage

A volumetric leak rate from an enclosure establishes an identically large
depletion rate for the enclosed aerosol. So far the situation is quite
clear. The more safety relevant question, how much of this aerosol escapes
from the other side of the leak, is still not answered. So all codes assume

no retention in the leak path which is certainly over~-conservative.

It has been reported that the aerosol mass required to plug the leak chan-
nel is proportional to the cube of the channel diameter and an empirical
proportionality factor was determined /14/. Further, the retention prior to
plugging is proportional to the fourth power of the particle size /15/.
However, all attempts to incorporate these results into an aerosol code
have to fail because it is simply impossible to define the geometry of leak

paths for a real containment with only a minimum of confidence.

Resuspension

In all codes the assumption is made that a particle that hits a surface
disappears from the scene forever. The phenomena of re-release, which exist
but are very weak, are completely neglected. So it is only a question of
relative importance whether one should consider re-release phenomena or
not. At the very moment when codes calculate e.g. airborne concentrations
decreasing down to milligrams per cubic meter also very weak sources will
become noticeable. The possible mechanisms for re-release are dry re-

entrainment from a thick deposit, revolatilization of volatile fission
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products by decay heat, entrainment of dissolved and resuspension of parti-

culate material from a hot or boiling pool of water.

The first two mechanisms may occur only in the PCS when large deposits have
accumulated. The resuspension from the sump in the containment could be a
weak long term source of aerosols. A few activities have been initiated to
investigate the rates of re-release and the properties of the particles
that are released. Aerosol behaviour codes are ready to take into account

the effects once they will have been quantified.

Relative importance of aerosol processes in different environments

Not all of the aerosol processes are of equal importance at the same time.
The properties of the aerosol itself and the boundary conditions are re-
sponsible for different mechanisms to dominate. So the accuracy with which
a process should be modeled depends strongly on the time and environment of
interest. As was seen in the previous section also the state of model
development is unequal for different processes. Therefore, the modeling is

best when processes dominate which are well understood.

The relative importance of an aerosol process is the combined result of the
particle properties and the external influence that acts on the particle,
most generally the particle mobility and the external force. Both may of
course change with time and space (It is interesting to realize that in the
aerosol behaviour codes some sensitive particle properties as well as most

of the external influences are largely treated as input data.)

The basic aerosol properties to be considered here are concentration,
particle shape, particle density and particle size distribution. The main
external influences are gravity, Brownian motion, convective and turbulent
flows, thermal and concentration gradients. The effects of electrostatic
and electromagnetic fields has been ruled out as unimportant. These few
influence parameters allow a judgement of the ranking of individual aerosol

processes in different environments.
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the containment. Surface to volume ratios, temperatures and aerosol concen-
trations are higher; residence times, on the other hand, are much shorter.
Flow velocities and steam saturation vary over a wide range of values.
Therefore in addition to the processes dominating in the containment some

others will be important, too.

Gravitational agglomeration may become noticeable when the aerosol concen-
tration is very high (> 100 g/m® ). Turbulent agglomeration and deposition
may occur in pipes and at obstacles when the flow velocities are high.
Thermophoresis in the reactor pressure vessel is a dominating effect short-

ly before melt through.

Still diffusional and photophoretic plateout are unimportant. Resuspension
of deposited particles becomes the more likely the higher the retention in
the primary circuit has been. Resuspension and revolatilization increase

with the thickness of the deposited layer.

Pool scrubbing

In boiling water reactors the retention of particles when the aerosol
bubbles through the pressure suppression pool is a favorable effect. A
similar situation exists in all types of LWR when the leak in the PCS is
via the steam generator or the pressurizer or when the molten core is sub-

merged in the sump water.

The modelling of this situation has only recently been undertaken /16/. The
models calculate in a first step the properties of the rising bubbles in
the pool, then the aerosol removal in the bubble is calculated using the
usual set of aerosol processes. Limited sensitivity studies have shown that
the more important effects are inertial impaction, sedimentation, diffusio-
nal and diffusiophoretic deposition. Presently the experience with these

models is limited, further investigations are to be recommended.

Current Status of Aerosol Modelling

From the previous sections it is apparent that the greater part of the work

was done to improve already existing formulations and data bases. The
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question immediately arises how long to continue this work, not from a
scientific point of view but with respect to the application of the know=

ledge in risk assessment studies.

In the chain of calculations that have to be made in evaluating the risk of
nuclear reactor accidents aerosol behaviour is only one part, as important
as all the others but only one. The quality of the overall results depends
not only on one step but on all of them. Therfore, it is of little value to
improve one discipline much over the others because the final joint result

will not reflect that.

The models that describe the aerosol behaviour in the containment are al-
ready more precise than some of the input data that they require. There is
also little hope that this situation may be reversed in the future, not
because the efforts are too low but because some phenomena during a core

melt accident are simply unpredictable.

As an example: The total leaked aerosol mass from the contaiment depends

slightly under-proportional to the total mass release into the containment.

An increase of the aerosol source by a factor of two increases the total
leaked mass by (almost) a factor of two. The scatter in values of leaked
mass calculated by different codes using identical input is within the
range of a factor of two or better /1/, on the other hand the data bases
for aerosol release from the melting core scatter over almost one order of
magnitude. Similar considerations can be made for the thermodynamic input

for aerosol codes.

Slightly overstated the situation can be summarized as follows: The mecha-
nistic behaviour of a given aerosol system in a given geometric, thermo-
dynamic and thermalhydraulic environment is well understood and modelled,
the remaining uncertainties can be attributed to poor knowledge of the

required input information.

This statement is confirmed by experiences from many large scale experi-
ments (e. g. /17/) where pre test preditions usually disagree with the
measurement, but post test calculations taking into account the actual

aerosol source parameters and the actual boundary conditions show very
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good agreement with the measured aerosol behaviour.

The modelling of aerosol behaviour is one of the best developped disci-

plines in the field of nuclear accident risk assessment. Therefore, the

todays need is not to refine and improve the modelling of single aerosol

processes - with the few exceptions indicated above - but to improve the

coupling to those models which provide the data that aerosol codes need.

References

1/

12/

13/

14/

15/

16/

17/

/8/

191

Nuclear Energy Agency OECD (Ed.),greater Nuclear Aerosols in Reactor
Safety,
CSNI NEA, SOAR No. 1, Paris (1979)

CSNI Specialist Meeting on Nuclear Aerosols in Reactor Safety,

NUREG/CR-1724, ORNL/NUREG/TM-404, CSNI-45

Nuclear Aerosols in Reactor Safety, supplementary report to /1/,

OECD/NEA Ed., in preparation
W. Zeller: Direkte Messung von Aerosolformfaktoren, KfK 3560 (1983)

G. Metzig: On the Theory of Brownian Coagulation of Aerosols for

Knudsen Numbers Greater than 1, this conference

I.H. Dunbar, S.A. Ramsdale: Improvements in the Modelling of

Sedimentation and Gravitational Agglomeration, this conference

I.H. Dunbar, J. Fermandjian et al: Comparison of Sodium Aerosol Codes,

CEC publication EUR 9172 EN (1984)

W. Schock, H. Bunz, M. Koyro: Messungen der Wasserdampfkondensation an

Aerosolen unter LWR-unfalltypischen Bedingungen, KfK-3153 (1981)

C.F. Clement: Aerosol Growth in Vapour-Gas Mixtures Cooled through

Surfaces, TP 897, AERE Harwell (1982)



/10/

/11

112/

113/

/4]

115/

/16/

117/

— 142 —

H. Bunz, W. Schock: Direct Measurements of Diffusiophoretic Deposition
of Particles at Elevated Temperatures, 1st Int. Aerosol Conf.,

Minneapolis, Minn., September 17-21 (1984)

J.F. van de Vate: Investigations into the Dynamics of Aerosols in

Closed Containers, ECN-report No. 86, Petten, NL (1980)

W. Cherdron: Berechnung der Konvektionsstromung bei Natrium-Flachen-
brdnden in geschlossenen Behdltern, Jahrestagung Kerntechnik,

Frankfurt, 22.-24.5. (1984), Report ISSN 0720-9207

W. Cherdron, H. Bunz, S. Jordan: Properties of Sodium Fire Aerosols
and Recalculations of their Behavior in Closed Containments, this

conference

H.A. Morewitz: Leakage of Aerosols from Containment Buildings, Health

Physics 42, 195 (1982)

J.F. van de Vate et al: Aerosol Leakage through Containment Walls,
ENS-ANS Meeting on LMFBR Safety and Related Design and Operational
Aspects, July 19-23, (1982) Lyon, France

W.J. Marble, T.L. Wong, F.J. Moody, D.A. Hankins: Retention of Fission
Products by BWR Suppression Pools During Severe Reactor Accidents,
Proceedings of ANS/ENS International Meeting on Thermal Reactor

Safety, Chicago, Illinois, August 29- September 2 (1982)

W. Schock et al: The DEMONA Project - Objectives, Results and
Significance to LWR Safety, 5th Int. Meeting on Thermal Nuclear
Reactor Safety, Karlsruhe, September 9-13 (1984)



— 143 —

Vapour Condensation on Particles: AEROSIM Modelling
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ABSTRACT

Condensation of steam in the bulk of the containment atmosphere enhances
the growth of aerosol particles and hence increases their gravitational
sedimentation rate. Containment thermal-hydraulic codes calculate a
condensation rate based on the assumption that the atmosphere cannot go
super-saturated. The AEROSIM code has been extended to take the condensation
rate and calculate the consequences for aerosol behaviour. The results for
a test case used in an earlier work examining diffusiophoretic removal are
presented. In this case, with a high bulk condensation rate over a short
period, aerosol fall-out is predicted to be very rapid.
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1. INTRODUCTION

In severe IWR accidents a considerable fraction of the activity
released from the core is likely to end up in the form of an aerosol in the
containment building atmosphere. A crucial factor determining the eventual
radiological source term to the environment is the rate at which the aero-
sol particles sediment out under gravity, thereby becoming less available
for leakage to the atmosphere. This rate is very sensitive to particle
size. In a typical containment a 1 um radius particle has a lifetime of
the order of a day, whereas a 10 um radius particle settles out on average
within 15 minutes. In some LWR accidents there may be phases when steam
condenses in the bulk of the containment atmosphere. Because this steam
condenses preferentially on the particles, condensation is an additional
mechanism for particle growth, and hence for the enhancement of sedimenta-
tion.

This paper describes how particle growth due to condensation is being
included in the aerosol behaviour code, AEROSIM. Section 2 describes the
physical basis of the modelling, while section 3 describes how the model is
treated in the AEROSIM approximation scheme. Some preliminary results are
presented in section 4. It is important to stress that the AEROSIM code
does not predict whether condensation will occur, or, when it does, how
much steam will condense. This job is left to the containment thermal
hydraulic codes. The task of AEROSIM is, for a given pattern of condensa-
tion, to predict the consequences of this in terms of aerosol growth and
removal.

2. CONDENSATION MODELLING

In the absence of condensation, aerosol growth and removal are
modelled using the familiar equation

(S

1

C(m,t) £ au ¢ (w,m-u) clu,t) Clm-u,t)

C(m,t) [ du ¢(m,1m) Clu,t) - R(m) C(m,t) + S(m,t) (1)

Here C is the number concentration distribution; ¢ is its partial time
derivative, m refers to the mass of a single particle, S is a source term
and R and ¢ are the removal and agglomeration rates respectively. If steam
condenses on the particles such that the mass rate for a single particle of
mass m is £(m), then an extra term has to be added to (1):

9

%= [E(m,t) Cm,t)] (2)

C(m't)lcond s T m

For a given partial pressure of steam, the condensation rate on a
particle is given approximately by Mason's equation [1]. Following
Clement [2], we used a dimensionless "condensation number"”:

Cn = K/(LD pep (T)) (3)
where K = gas thermal conductivity
L = Jlatent heat of evaporation of water
D = diffusivity of steam in air

psg (T) equilibrium density of steam
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péE (T) = temperature derivative of pgp

For a particle of radius r the mass rate of condensation is

Cn
- e - 4
E(r) = 4mr D| ol pep (T) [8-55(x)] (4)
The supersaturation S is the ratio ps/pSE (T) , where pg is the density of
steam in the bulk atmosphere, S,(r) is the ratio psp/psE (Tp), where Tp is
the drop temperature and Psp is the steam density at the drop surface. For
pure water, S,(r) > 1 as ¥ > ®. Equation (4) is derived in the appendix.

For (4) to be used in an aerosol code using a value of S taken from a
thermal hydraulic calculation decoupled from aerosol behaviour, condensation
on the aerosol would have to have only a small effect on the value of S.

To examine this question let us consider a monodisperse aerosol with number
concentration Cp. The change in supersaturation due to condensation has
the form:

S = - Ac(x) [S - Sg(r)] (5)

where, from (4), the rate constant is

Cn
>‘C = 47r D Cp m (6)

As an example consider 1 um radius water droplets with mass concentration
1g m~3. Then using D = 1.93 m? s! and cn = 0.041 (Clement [2]) we get

Ae = 2.3 x 10> s71

This is many orders of magnitude greater than other aerosol process rates.
To an excellent approximation, S = S, at all times. The thermal hydraulic
codes (for example MACE [3]) assume that S = 1 at all times; steam is
predicted to condense at such a rate as is required to maintain this equili-
brium condition. (In principle, S, should be used, depending on details of
aerosol size and solute concentration, thereby introducing a dependence of
the thermal hydraulics on the aerosol behaviour.)

The condensation version of AEROSIM is designed to take from thermal
hydraulic codes a condensation rate, however calculated. What remains to
be done is to distribute this total amount of water over the particle sizes.
The size dependence of £ has to be factored out:

Em,t) = £,(t) £(x) (7)
(Note that in all aerosol modelling it is assumed that a relationship
between m and r is available.) In the case of equation (4) with S5, = 1 we
have simply

f(r) = ¢ (8)

The value of £,(t) is not needed because we assume knowledge of the total
condensation rate.



— 146 —

So far the discussion has been in terms of condensation, but the for-
malism also holds for evaporation, when $§ < S, (r). However when modelling
this it is necessary to ensure that of the total aerosol mass, only that
which is water is allowed to evaporate. The airborne water has to be
followed as a separate component; the version of AEROSIM discussed here
does not do this, so its use is restricted to cases where evaporation does
not occur or where the aerosol is pure water.

3. DISCRETISATION OF THE CONDENSATION MODEL
The discretisation procedure in AEROSIM starts with the choice of
minimum and maximum masses, mg and my. This range is then partitioned into
N intervals
A; = [myj_q, mj) for i=1, .., N
For each interval we define a midpoint and a width:
Mj = d(mj+mj_g) , hy = (mj-mj_p).
The gquantities modelled by AEROSIM are the mass~weighted integrals
1
ci(t) = M, Jp; dm m C(m,t) (9)
The total condensation rate, Y(t), is related to the change in C(m,t) by

Y(t) =V é? dm m é(m,t)[cond (o

where V is the containment volume. Using equation (2) and integrating by
parts gives

o0
¥Y(t) =V J/, dm £(m,t) C(m,t) : (11)
Similarly the total mass condensed in interval A; is
o

Yi(t) = V Eg(t) £ am £(m) C(m,t) (12)

where we have also made use of equation (7). Now we approximate f (m) by
f(m;) and C(m,t) by Cj(t)/hj in the interval a; and get

Yi(t) ¥V Eg(t) £(my) Ci(t) (13)

Using the fact that all of these must add up to Y(t) we arrive at the
AEROSIM approximation

N
Yy (8) = ¥(t) [£(my) Ci(t)/jil f(mj) Cj(t)] (14)
The change in C; due to this condensation is given by (2) and (9):

¢, () | oona = D—dlz [h, a@m E@m,t) Clm,t)

- my &(my,t) Clmy,t) + mj_g E(mj_q,t) Clmj_q.,t)] (15)
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We can approximate the first term, ie the integral, by Y; (t)/V. The
second and third terms are due to particle growth across the boundaries of
the intervals. In the AEROSIM approximation these are based on the inter-
val from which the particles are coming. For condensation therefore

E(mj,t) Clmy,t) ® ¥Y;(£)/(V hy) (16)
while for evaporation
E(mirt) C(mi,t) & Yiiq )Y/ (v hi+1) (17)

(Only (16) is at present included in AEROSIM.) This distinction is needed
to present particles being transferred out of empty intervals. The AEROSIM
approximation to (15) is therefore (condensation case):

. ~ 1

C; (1) lcong * M, v {yj (£) [1-my/hy] + my_y Y39 (8)/hj_q} (18)
In AFROSIM the interval edges are related by mj,q = m;y R, where R is a fixed
ratio. With this simplification (18) becomes
1 1

{- == v () +

¢; (8) | cona * M, v U ORI Y4 (8)} (19)

R
R-1
4.  PRELIMINARY RESULTS

The test case reported here is a simplified version of the case used by
the present author [4] to study the effects of condensation on the walls.
An instantaneous release (at t=0), of 648 kg of aerosol, supposed to repre-
sent the melt release in an S,;D accident, is followed, with the time-varying
atmosphere conditions given on table 1. These are taken from the same MARCH
run as was used in reference [4]. Mg is the diffusiophoretic removal rate,
and t; is the initial time of the phase during which the guoted values hold.
T is the temperature, p is the pressure and Xg is the mole fraction of steam.
The most striking effect, as in the earlier study, is the steam spike,
starting at 500 s. Caused by the core falling into water in the cavity after
RPV melt-through, it leads to a transient increase in the rates of both bulk
and wall condensation.

To discuss the results let us define masses Mpp, Mpg, Dya and oyg. F
stands for fission product and core material and W stands for water. A
stands for airborne mass, while S stands for sedimented mass. What we want
to know is how mpap as a function of time is affected by the condensation
process. Unfortunately F and W masses are not followed separately in the
present version of the code. All we know are the four sums:

Mgy = Myp + Myg  , Mg = Opp + Opg

mp = Mya + Mpp ¢ DIg = Dyg + mpg

For this study we approximate mp, by

fipy = My X (mg/ (mg+m) ) (20)
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ti/s rg/s™1 Y/kg s~ | T/k | p/(10° pa) Xg
ol 1.0 x107? 0 372 2.10 0.46

500 | 4.5 x 107° 70 406 4.35 0.65
900 | 1.25 x 1074 35 398 3.67 0.65
1800 | 0.20 x 107* 4 391 3.21 0.60
12700 0 0 406 4.56 0.60

Table 1. Containment Atmosphere Conditions in Test Case.
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The results are shown on Figure 1. All of the interesting phenomena
occur within the first 3200 seconds. The histogram shows the condensation
rate Y, and the three curves are of mpp (&FA in the case with condensation).
The upper curve (case 1) shows what is predicted with neither diffusiophoresis
nor bulk condensation. The mass airborne falls linearly from 648kg to 620kg.
This is typical of what is found when agglomeration-enhanced sedimentation
is the main means of removal: an initial time interval of the order of an
hour is needed before there is significant fall-out. 1In fact it is 4.4 hours
before half of the aerosol is removed. The next curve down (case 2) shows
the effect of including diffusiophoresis. The result is basically the same
as presented in the Cambridge meeting paper [4]. The curve is approximately
piecewise linear, corresponding to the step changes in Ag. When most of the
diffusiophoresis is over, at 1800 seconds, 30% of the mass has been removed
compared with only 2% of the mass in the case without diffusiophoresis. This
"lead” of almost 200kg caused by diffusiophoresis is eventually made up by
gravitational settling, but the lead is not reduced to 50kg until 5.5 hours.

The lower curve (case 3) shows the dramatic effects of bulk condensation,
as predicted by MACE. When condensation starts at 500 seconds the curve
actually strays above that of case 2. This suggests that &FA has counted in
some water mass. However, by 900 seconds ﬁFA is dropping very rapidly and
by 1600 seconds it is below 100kg. As the particles grow the water is forced
to condense on larger and larger particles, so the water falls out even more
rapidly. At 3200 seconds the code predicts a zero mass airborne. As the
code is written, it can no longer allow bulk condensation, but this does not
matter in the present case because the initial fission product aerosol has
been removed.

It should be stressed again that all AEROSIM does is explore the
consequences of a MACE prediction. 1In this accident, where the core falls
into a wet reactor cavity MACE predicts 28 tonnes of water to condense in
bulk between 500 and 900 seconds, and another 31.5 tonnes to condense
between 900 and 1800 seconds. This water is applied directly to the
particles, needing therefore no agglomeration time to take effect, and it
overwhelms the 0.65 tonnes of core-derived aerosol present initially.

An effect which will tend to suppress bulk condensation is the heating
of the containment atmosphere due to the decay of airborne fission products.
MACE has a model for this source of heat. It predicts a mean decay power
in the atmosphere of about 22MW during the first 600 seconds of the run, and
of about 7MW during the second 600 seconds. The predicted condensation is
occurring even in the presence of this decay heating. If the predictions
of AEROSIM are correct this power will in fact be decreasing more rapidly
as the fission products present as aerosols are washed out, so the tendency
to suppress bulk condensation will be reduced.

5, CONCLUSIONS

Given a total rate of steam condensation in the bulk predicted by
containment thermal hydraulic codes such as MACE, the AEROSIM code is now
able to calculate the consequences for aerosol behaviour. Since condensa-
tion is very much faster than other aerosol processes, the modelling is
based on the assumption that as much steam as needs to condense to maintain
equilibrium does so instantaneously. The details of how this model is
incorporated into AEROSIM have been given in Section 3.
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The new modelling has been tried out on the S-LOCA case, as modelled
by MACE, which was used in an earlier paper {[4] to look at the effects of
diffusiophoresis. For this accident sequence the core falls into a water-
filled cavity, and, following the resultant steam spike, MACE predicts
the condensation of a mass of steam approximately one hundred times greater
than the initial aerosol mass. This mass is added directly to the aerosol
particles, and the initial core-derived aerosol is predicted to be washed
out in less than an hour.

This dramatic result should be seen more as a prediction of MACE than
of AEROSIM, for it is in the thermal-hydraulics code that the crucial
physical modelling is carried out. The result is not a statement of what
is believed will happen in the accident sequence in question, but is
intended to demonstrate the new capability of the AEROSIM code. It also
indicates that condensation could be a major mechanism for aerosol retention
if large quantities of water (such as a significant fraction of the water in
a flooded reactor cavity) can be induced to condense over a short period of
time.
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APPENDIX: DERIVATION OF MASON'S EQUATION
The aim of this appendix is to give a brief derivation of Mason's
equation in the form it appears in this paper (equation (4)). The symbols

are as defined in the body of the text. Thederivation starts from steady
state equations for mass and heat transfer:

E(r)

4rr D (pg - Psp) (A1)

LE(x)

4mr K (Tp - T) (A2)

The two equations are used to eliminate reference to the drop temperature.
To do this we make the linear approximation:

psE (Tp) - Pgg (T) = pgp (D) [T, - TI (23)

It is assumed that T, - T is small enough for higher order terms to be
negligible. The two equations can then be written as
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1
T £(0) = [pg = So(r) pgp (T)] (a4)

202 ¢ (x) = [pgg (Tp)

4aTrK - Pgg (T)] (a5)

(A5) is multiplied by S, (r) and the two equations are added

1
41myD

E(r) [1+So(r) Cn '] = pg = 5,(r) peg(™ (26)

Rearranging this gives the final result

— ___,_Cn. N — —
E(x) = 4nxD o So(r)] psE(T) [S ~ So(r)] (A7)
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ABSTRACT

Severe core damage accidents in nuclea~ reactors can release
aerosols, fission gases, and water vapor int> the primary coolant
system and the reactor containment. Since gradients of vapor and
gas concentrations are established, the aerosol particles can
experience forces caused by the diffusiorn of the gases. These
diffusiophoretic forces contribute to the movement and deposition
of the aerosols. Reliable results for these forces for all
particle sizes are still not available, but in the large particle
limit the forces can be expressed in terms of the diffusion slip
velocity for which results have been obtained by several authors
in the past. We report in this paper the computed results for
the diffusion slip velocity for some conditions pertinent to
postulated light water reactor (LWR) accidents and to recent
National Safety Pilot Plant (NSPP) containment experiments. We
used an updated version of the computer program (DIFSLIP) devel-
oped previously and we find that the results are model dependent.

*This work was supported by the U.S. Nuclear Regulatory
Commission.
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INTRODUCTION

Severe core damade accidents in a light water nuclear reac-
tor can release aerosols, water vapor and fission gases into the
primary coolant system and the reactor containment. Since gra-~
dients of vapor and gas concentrations are established, the
aerosols can experience forces caused by the diffusion of gases.
Such forces are known as diffusiophoretic forces and they contri-
bute to the movement and deposition of aerosols.

A complete description of these forces is complicated, but
in the large particle limit it is known that the force can be
expressed in terms of the diffusion slip velocity.

The diffusion slip velocity has been discussed by Kramers
and Kistemaker (Ref. 1). These authors described experimental
measurements and gave rudimentary theoretical explanations of
their measurements.

More recently, Loyalka (Ref. 2) obtained an expression for
the slip based on a solution of the Boltzmann equation and
general boundary conditions. Lang and Loyalka (Ref. 3) compared
the theoretical results and experimental data. They showed that
the expression in Ref. 2 together with the assumptions of the
Lennard-Jones potential and diffusive reflection coefficients can
provide satisfactory agreement with the available experimental
data 1f suitable choices for the accommodation coefficients are
made.,

The purpose of the present work is to compute values of the
diffusion slip for environments relevant to reactor accidents.
We first summarize the results of various models (Ref. 1-10) for
calculating diffusion slip, and then use a program developed by
Loyalka to obtain results for conditions related to postulated
reactor accidents.

The diffusion slip velocity can be used directly to obtain
the contribution of diffusiophoresis to aerosol deposition. For
example, the aerosol behavior equation can be expressed as:

an(v,t) _ L

A
! () + e ((x) nv,8)) + S(u,t) - Syt s )

C

where n(v,t) 1s the particle size distribution (n(v,t)dv:#/cm3L
L is the collision operator, S(v,t) is the source term, A, is the
containment area (cm<“pP, Ve is the containment volume cm”), and
V(icm/sec) is the aerosol velocity. For good estimations of
n{(v,t), it is important to have verified expressions for the
various functions in the above expression, and it is our purpose

to explore the results for V4, the diffusion slip.
THEORETICAL MODELS

The aerosol particle velocity in a binary gas mixture in
which two gases diffuse into each other can be expressed as:

dx1
Vi = -0

where o4, is called the diffusion slip factor, Dy, is the binary
2



— 154 —

diffusion coefficient, and x; is the mole fraction. A positive
g15 here implies *that the particle moves in the direction of
diffusion of the heavier species (Ref. 1). We will discuss
expressions for o ,;,, based on the assumption that the gaseous
average molecular velocity is zero. Effects of the Stefan flow
can, however, be directly built into equation (2) or (1).

The earliest result on 015, is due to Kramers and
Kistemaker. These authors used momentum balance at the surface
but employed a simple ansatz for molecular distribution incident
on the surface. The expression applied only to Maxwellian mole-
cules, but even here it can lead to results that may be in error
qualitatively.

The work of Brock extends the results of Kramers and Kiste-
maker to arbitrary molecular interaction laws=-=-but the basic
approximation regarding distribution of incident molecules is
retained. Zhdanov uses basically similar arguments.

Lang, Breton, and Shendelman used kinetic models, moments,
and other methods to improve the previous results. They removed
one of the basic weaknesses of the earlier works as regards
approximations to the distribution incident on the surface. The
results, however, still are limited because of a lack of good
kinetic models for gas mixtures.

A general expression, bcosed on the use of Boltzmann and
arbitrary gas surface interaction laws and the use of a variatio-
nal technique was reported by Loyalka (1971). The accuracy of
the expression was verified by comparisons with some exact re-
sults for model equations, and it is believed that the expression
is, in general, accurate to within 1%, provided the intermolecu-
lar and gas-surface interaction laws are known.

The above results are summarized in a paper by Lang and
Loyalka (Ref. 4), where comparisons with available experimental
data are also given.

For the purposes of the present work, we used, with slight
modifications, a computer program DIFSLIP that had been developed
in conjunction with the work described in Ref. 3,4. The program
provides results for the various models, once the molecular
parameters and the mixture conditions are specified. As presen-
tly structured, the program is gquite simple and straightforward.
Some modifications of the program, however, might be in order. In
particular, it should be quite straightforward to incorporate
MATPRO routines for calculation of molecular parameters.

RESULTS

For specific calculations, we considered conditions relevant
to the NSPP experiments. We considered nearly csaturated water
vapor in air, at atmospheric pressure and temperature. Our
results for two situations are reported in Table I (except for
the variational expression, other results were calculated for
unit accommodation coefficients (Gl= = 1}, only). We find that
there is a wide disparity in the results obtained by the use of
the various models. Also the results are quite sensitive to the
choice of ayanda2 . We have found, however, at least for the
water vapor-air mixturedl2is only slightly sensitive to tempera-
ture and pressure, and the thermal diffusion effects.

It appears to us that to resolve the discrepancies between
models, clean experimental measurements are needed. In view of
the apprarent insensitivity of to temperature and pressure,
these measurements perhaps need to be carried out only for a few

3
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selected, well=defined conditions and for different aerosol mate=-
rials.
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TABLE I. Diffusion S1ip Coefficient for Different Humidities (Air and Water Vapor Gas Mixture)
at 1 atm. and 3000K

Mole-Fractions Accommodation Coefficients Diffusion S1ip Coefficients
X X o Loyalka 1F Loyalka 2% Kramers & Waldmann Breton Shendalman Lang Zhdanov
| 2 1 K Kistemake
(Air) (Water) r
0.9645 0.0355 0.5 0.5 0.2299 0.2276 0.212¢ 0.0211 0.0435 -0.3262 0.3348 0.2157
0.5 1.0 -0.5316 -0.5372
1.0 0.5 0.6341 0.6335
1.0 1.0 0.2442 0.2415
0.9612 0.0388 0.5 0.5 0.2302 0.2278 0.2139 0.0211 0.0435 -0.3244 0.3341 0.2159
0.5 1.0 -0.5305 -0.5361
1.0 0.5 0.6355 0.6348
1.0 1.0 0.2445 0.2418

+Loya]ka 1: with thermal diffusion coefficient term.
*[oyalka 2: without thermal diffusion coefficient term.

The diffusion slip coefficient 019 is related to the diffusion slip velocity (vd, cm/sec) by:

Bx]
S TR P L Pl v
where D] is the diffusion coefficient of species 1 (heavier molecules-air) in the mixture, and 9x,/3z is the
concentrgtion gradient. Here, a positive sign for 912 would indicate that the diffusiophoretic f&rCe drives
the aerosols away from the containment walls.
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for Knudsen Numbers Greater than 1

G. Metzig

Kernforschungszentrum Karlsruhe GmbH
Laboratorium fiir Aerosolphysik und Filtertechnik T
Postfach 36 40, 7500 Karlsruhe, W-Germany

Abstract

Smoluchowski's theory of Brownian coagulation of aerosols in air as well as
the corrections from Fuchs and Davies are discussed with respect to Knudsen
numbers greater than 1. Own considerations to the coagulation theory are
also presented, leading to a correction of Smoluchowski's theory which pays
more attention to the experimental results. PARDISEKO IV calculations were
made to demonstrate the consequences when using the different corrections.

Nomenclature

Boltzman constant
: mean free path
: mass of one unit; in air of one so-called "air-molecule'
radius
: mean velocity
Knudsen-Weber-(Cunningham) slip correction
diffusion coefficient
coagulation constant
n : Knudsen number
e : Peclet number
temperature in Kelvin
viscosity
density
gas kinetic constant equal 0.491

O SsSHTYURROOSHE - ®

Subscripts

gas
particle
M : Smoluchowski
Fuchs
: Davies
: Metzig
K : gas kinetic conditions
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Introduction

The scientific discussions about the Brownian coagulation constant of
spherical monodisperse as well as polydisperse aerosols in air are still
going on. Two adapted theories are available to evaluate the Brownian
coagulation constant, namely Smoluchowski's (1916) and the free molecule
theory. Each is valid for a limited range of the Knudsen-numbers only.
Which theory is usable depends on the size of the aerosol particles and/or
on the mean free path of the carrier gas molecules. Difficulties occur
between the two theories in the so-called transition regime. Many investi-
gators (Fuchs, 1964; Hidy and Brock, 1970; Friedlander, 1977; Davies, 1979
etc) tried to find a formula describing the Brownian coagulation constant
as a unique function in the whole Knudsen number range. The formulae from
Fuchs and Davies are coupled to Smoluchowski's coagulation constant Ko
but are corrected with a correction factor. This one from Fuchs is
explainable by his concentration jump theory, while Davies interpolates for
Knudsen numbers greater than 15 between the values of K_ and those under
gas kinetic conditions. He introduced a function of the®Peclet number
associating convective and diffusive motion.

In this paper, a new interpolation between Smoluchowski's theory and
the gas kinetic conditions is presented. The new correction factor is not
based on an own theory. The factor is based on Fuchs' concentration jump
theory and under special considerations of the experimental results from
Shon (1979) and Fuchs and Sutugin (1965).

On the other side, evaluating the coagulation constant in the
transition regime from experiments run into difficulties too, due to
problems in measuring ultrafine particles. The dilemma is to exclude other
removal processes. In Mercer's (1978) review the errors which occured in
experiments are specified.

The exact knowledge of the coagulation constant over the whole range
of Knudsen numbers is for example of importance for simulations of aerosols
in closed containments. Especially when ultrafine particles are present,
i.e. early state situations, the effect in changing the removal rate is the
greatest. The longer the experiment or the simulation runs, the smaller is
the influence of the coagulation constant in the transition regime. It is
well known that longtime experiments produce always the same distribution
independent of the initial distribution.

The coagulation constant

Under the well-known assumptions, the rate of coagulation is con-
trolled by the Smoluchowski coefficient of coagulation

 4kT
'(srn - 3 _'] (1)

which is dependent on the properties of the carrier medium but independent
of the size and density of the particles. Adapting this expression to
gases, the Knudsen-Weber-(Cunningham) slip correction has to be included.
The necessary coefficients are taken from Metzig (1983). The resulting
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4-k-T -
Ko = Ksm* € = _—_n—;l— 1+1.2Kn+.432 Kn. e 1039/Kn (2)

equation is valid only for small Knudsen numbers (Kn = 1 /r ) and for

big particles, respectively. Equation (2) has been confifme by many expe-
riments. However, this is not so in the case of large Knudsen numbers or
small particles. The coagulation is now controlled by the gas kinetic
theory. The idea is that very small particles have the same behaviour like
the gas molecules. According to Jeans' gas kinetic theory (1925), the
coagulation constant is

(3)

but independent on the Knudsen-number and independent on the condition of
the carrier gas. Involving this, equation (3) becomes

3k T
4 - Mg ﬁ.k.T.Kn.¢.pb..ﬁEr_

Kpy = .
GK ;
T2 knd-p, J3:k-T .
nd Py v——"mg Mg - A

(4)

Now the physical and thermodynamical properties of the particles and the
carrier gas, respectively, jointly control the coagulation constant under
gas kinetic conditions.

It is evident that the coagulation constant increases for small
Knudsen numbers (following Smoluchwoski's theory) up to a maximum and
decreases when changing to gas kinetic conditions.

If equation (2) and (4) are combined the resulting coagulation
constant curve will have a sharp bend. That is in contradiction to

processes which happen in nature.

Fuchs' correction

Fuchs tried to find a smooth curve transferring Smoluchowski's theory
into the gas kinetic conditions. He explained the correction with his
concentration jump theory. In his opinion the coagulation xonstant is
described by the following equation:

- S

G. = 4-D‘U m-mp
0 i 8 - k-T (6)

Davies (1979) disagrees with this correction theory. He refuses

with
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to believe the analogy between the coagulation of particles and evaporation
and condensation of gas molecules. He refers to an underestimation of the
rate of coagulation as Kn rises from 0.5 to 15 (see fig. 1). Indeed, in
this Knudsen number range no experiment yields such low coagulation
constants as predicted by Fuchs' theory.

Davies' coagulation

Davies agrees that the coagulation constant must change to gas kinetic
conditions for Knusden numbers above 15. In his correction the decrease of
the coagulation constant is affected by the Peclet-number which is inva-
riable in problems associating convective and diffusive motion.

2 . Vp 'ﬁ)

Pe = ____—-_—-—D (7

This can be explained as follows (Davies, 1979): The mean velocity at which
a particle passes another particle, with which the possibility of collision
exists, is proportional to v_; during the time of passing, the velocity

of approach of the particles| due to Brownian motion, is proportional to
D/2 r_. Equation (7) is the ratio of the distance travelled at the

velocity of translation to the distance diffused on account of Brownian
motion, during the same short time interval.

It is necessary to find a function of Pe which will interpolate
between the values of K and K., . According to Davies the interpolation
is restricted to Knudsef numbefs greater than 15. The coagulation constant
due to Davies is now:

8. d~9.03-Pel |71

Kn = K C - {1+ (8)
D sm 2 . Pe

In my opinion the value of 15 is choosen to high. As will be shown
later, there is no difference when using K or K_ in PARDISEKO IV
calculations. This is also in contrast to a numbgr of experiments. The
coagulation constant curve should mark the lower boundary of all
coagulation constant values found in experiments. Zeller (1983) who
performed direct measurements of aerosol shape factors had to reduce the
coagulation constant K to get agreement between measured and calculated
size distributions. His maximum in Knudsen number was 13.2.

According to all statements mentioned above, own considerations were
carried out.

Own consideration

No independent theory exists in the transition regime. An interpo-
lation between gas kinetic and hydrodynamic conditions can be made only.
Fuchs and Davies presented different physical conceptions of the coagu-~
lation process in the transition-regime leading to different descriptions
of the coagulation constant. Meanwhile, more experiments are available and
can be used to find a good approximation to the "true" coagulation constant
curve.
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The following conditions must be fulfilled:

- For Knudsen numbers smaller than 0.1, the coagulation constant is K

- The theoretical coagulation constant curve represents a lower boundary

- The curve is of smooth character

- For very large Knudsen numbers, the coagulation constant must approach
the gas kinetic value.

The latter requirement is well accepted. Furthermore Davies (1979) demon-
strated that before this situation is reached the coagulation constant is
greater than the corresponding gas kinetic value. This is because the
effective collision radius of the particles becomes greater than the par-
ticle radius due to Brownian motion of the particles in a plane perpendicu-
lar to the direction of their relative velocity when approaching each
other.

In consideration of the above statements, of Fuchs' concentration jump
theory, and of experimental results the following expression is worked out:

1

Km = Ksm" €\ gg5 4+ g

(9)
with
2 + Kn/ 25

My, = .
© " 7% 1 % Kn/100 (10)

The coagulation constant curves for each theory mentioned above are
plotted in figure 1. For better orientation, some experimental results are
added. All calculations are done for air, 293 Kelvin, and spherical partic-
les of unit density. The consequences when using the different corrections
in computer programs for the calculation of the aerosol behaviour are
discussed in the next section.

PARDISEKO IV calculations

Adapting the coagulation constant to computer programs, like PARDISEKO
IV (Bunz, 1983), the coagulation of particles with different radii has to
be taken into account. For that, in all equations the physical properties
of one particle must be replaced by an average value of these properties of
the two different particles.

For all PARDISEKO IV calculations, the thermodynamic conditions are
chosen like those shown in figure 1. Only the Brownian coagulation process
is considered, other removal effects are excluded. The mass (figure 2) and
the number concentration (figure 3) are plotted versus the mass -equivalent
radius at three different times (0, 1.2, 30 seconds after start). The
initial distribution is selected for Knudsen numbers between 25 and 230.
Within one second, Davies' and Smoluchowski's coagulation constant,
respectively, produce exactly the same number concentration as well as mass

distribution. Using Fuchs' correction the particle growth due to Brownian
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coagulation is not as fast as observed in experiments. With Metzig's
correction, the results are in between. Whether this correction describes
the true conditions or not can be checked with experiments only. The
observation period in such an experiment must be within a few seconds
having an initial distribution like above. During longer observation times,
after 10 minutes at the latest, all corrections produce the same distri-
bution. Therefore in this case, Smoluchowski's coagulation constant is
sufficient. The correction is necessary for short-term calculations and of
importance for source term evaluations and for nucleation processes.
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MODELS OF DEPOSITION OF AEROSOLS
FROM TURBULENT FLOWS

A, Willers
Queen Mary College
Mile End Road
London E1

ABSTRACT

Berosols in enclosed systems can be deposited on surfaces by the combined
effects of Brownian motion and turbulent transport. These processes are
modelled both in circuit and containment codes (e.g. TRAP-MELT, COPDIRC).

The work reported here falls into two parts:-
(i) deposition due to Brownian diffusion
(ii) deposition due to turbulent impaction

In the case of Brownian diffusion the work of Fuchs was used as a starting
point to the formulation of a number of simple models of deposition.

The results obtained were compared to the predictions of the Davies model

in TRAP-MELT. Agreement was adequate - approximately + 20% over the range
of particle sizes for which Brownian diffusion is the dominant deposition

mechanism.

In the case of deposition due to turbulent impaction, the particle frequency
response method as proposed by Lee and Durst was investigated. By con-
sidering the experimental results of a number of workers, a quantitative
model was arrived at which predicted the deposition velocity over the

range of particle sizes of interest to within a factor of six or better.
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INTRODUCTION

In calculating the release of radioactive material to the environment during
a core meltdown seguence, the retention of fission products in the RPV

and primary circuit 1s of major importance. It is now generally accepted
that a significant proportion will be in aerosol form. Models predicting
the behaviour of this aerosol over the release path are therefore of benefit.

The work reported here is concerned with the modelling of aerosol deposition
in two regimes of removal: that dominated by Brownian diffusion and that
dominated by turbulent impaction. In the case of Brownian diffusion con-
trolled deposition a number of simple models for calculating the deposition
velocity will be presented. The modelling of turbulent impaction deposition
will be investigated by developing the idea of particle frequency response
to the eddies of the turbulent fluid.

MODELLING OF DIFFUSIONAL DEPOSITION

The early work on deposition of aerosols as exemplified by Fuchs [1], made

use of the idea of a boundary layer. Turbulent eddies were considered

to bring the particles up to a point in the flow, the boundary layer, depo-
sition thereafter being caused by Brownian diffusion. Fuchs took the boundary
layer to extend to the point at which the turbulent core fluid velocity
equalled the near wall viscosity controlled fluid velocity.

The: turbulent velocity was considered to be given by Prandtl's formula {[2].

u* v u*

u = 2.5 1n (zu*) + 5.5 z > 20u (1)
The viscosity controlled velocity was considered to be given by

u_ = zu*¥ z < Su (2)
u* v u*

The difference in regions of applicability was overcome by extrapolating
(1) and (2) to the point z at which the predicted velocities were equal,

z = 11.635 v = §

u* L

where 6L was defined as the velocity boundary layer.

Fuchs then made use of the idea put forward by Boussinesqg [3] that the
turbulent eddy diffusivity can be represented by a scalar. Prandtl's
argument that momentum and mass transfer by turbulence use the same

physical mechanisms could then be used to equate the two diffusivities

However, work by Prandtl [4] gave
et
1.4< . C 2.0

while work by Sherwood and Woertz [5] gave

et _
lve = 1.6
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Taking the value given by Sherwood and Woertz and combining it with the
model of turbulent diffusivity put forward by Landau and Levich [6], Fuchs
obtained, for turbulent diffusivity within the velocity boundary layer
4
0.64 u* z z 6 (3)
E .
L

€
t

He then defined a diffusional boundary layer thickness, 6D' as the point
at which

where DB is the coefficient of Brownian diffusion.

Using the concepts of §  and §_ put forward by Fuchs, it is possible to
formulate a number of models o% deposition. The four cases considered
are detailed below.

Case 1

Particles diffuse to within a distance & of the wall. Thereafter deposition
is controlled solely by Brownian diffusion. Using Fick's equation

j = D, dc
dz

with a constant coefficient of Brownian diffusion, the deposition
velocity is calculated as

Vv, =D
17 8

(e

D
Case 2
Diffusion of particles between $ _ and 6 _ is controlled solely by
turbulent diffusion, while between the wall and § ., Brownian diffusion

is the only transport mechanism. Assuming an averaged value of turbu-
lent diffusivity, the deposition value is given by

-1

where Et is the averaged turbulent diffusivity.
Case 3

As Case 2 but Et is given, not by a constant, but by (3). This gives

)
6L
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Case 4

The above cases have been artificial in that they have considered
turbulent diffusion to be negligible in comparison to Brownian diffusion
inside the diffusional boundary layer. Case 4 considers both Brownian
and turbulent diffusion to be operative over the whole region of the
velocity boundary layer. The deposition velocity is then given by

2 2 -1 -
K . 1n /6° + 2k &_ + 2K° \ + tan 2K !
Ve = |2p L L 2 2
B 2 2 2K° - &
6L 2K6L + 2K L
K = 4
where D 63
B L
2.56 u*

COMPARISON OF MQDELS

In order to check the results of these four cases, it was decided
to compare them to those of an accepted model. The model of Davies
[7] as used in the TRAP-MELT code [8] was chosen.

The physical parameters chosen as a test case were those of Liu and
Agarwal [2]. The results are plotted in Fig. 1.

CASES1and2
CASE 3

2>
8 10‘-E
g E CASE 4
ps r
% - DAVIES EXPERIMENTAL DATA
& oo
| 10—
@ r
w -
o T
=4 -
o
] L
[~
-]
E  10%t—
o E

1078

10—6 L Ill|llll i JJIIIHl I II!II“l )3 !lllllll L 1 it Litl

107 100 102 10" 1 10

Dimensionless relaxation time 1+

Fig. 1. Comparison of models with that of Davies
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The results show close agreement over a large range of particle sizes.
A cut-off to the applicability of the results is given by the experi-
mental results for increasing particle size.

MODELLING OF TURBULENT DEPOSITION

In considering the turbulent deposition of aerosols, the modelling of
Hjelmfelt and Mokros [1l0] as adopted by Lee and Durst [1l] was examined.
The model considers the idea of a particle's frequency response to the
turbulent fluctuations in the fluid, starting with the Lagrangian
governing equation of motion of a spherical particle in a moving
turbulent £fluid [12]. This equation was first derived by Tchen [13].

By expressing the fluid and particle velocities by their Fourier
integrals,

Vf = Z (Ecos” wt + )\ sin wt) dw
Vp = [ n (g cos (wt +8) + A sin (wt +B)) dw
)

it can be shown that r obeys the qualitative frequency relationship as
shown in Fig. 2.

3
R

We

Fig. 2. Variation of n with frequency

It can further be shown that n is directly connected to the diffusional
characteristics of the particles [12] through the following expression

[e=)

€ = I n 2 E_(n) dn

£

0

€

£ @

f Ef(n) dn
o

where € and € are the turbulent eddy diffusivities of the particles

and thepfluid respectively, and E_(n) is the Lagrangian energy spectrum
as a function of wave number, n. Thus 7 gives a measure of the effective-
ness of the initiation of particle eddy diffusion caused by the fluid
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eddy diffusion which is present in the flow. In particular whenn= 1

and thus € = €_, the particle'’s motion is completely controlled by
the diffusignal motion of turbulent eddies in the surrounding fluid.
On the other hand, whenn= 0, and thus ¢ = 0, the particle's motion

is completely independent of the diffusignal motion of turbulent eddies
in the surrounding fluid and is therefore governed by the quasi- laminar
viscous interaction of the mean motion of the surrounding fluid flow
field.

In an effort to overcome the difficulties presented by the fact that
the changeover frommn= 1 ton= 0 is not discrete but continuous, Lee
and Durst defined a cut-off frequency w , such thatn= % when w = w
For w > wc the particle motion was assumed dependent on the turbulegce,
for w ( w_ independent.

Knowing the physical parameters of the fluid and the particle it is
thus possible to calculate a frequency of eddy motion such that above
this frequency the particle motion is independent of the turbulence.

As the eddy frequency of the turbulence increases on approaching
boundaries, the particle can expect to see a cut-off point in the flow.
This is called the cut-off radius. Lee and Durst used experimental
frequency data to predict this cut-off radius.

In presenting their results, Lee and Durst utilised the parameter dpc,
defined as :

dp. = dp (Ns)_ .(m;*)%
v

L is the critical Stokes' number w_ being the

N = v
where ( s)c [w_.g;_z] cut-off frequen0§
C

dp_. is a non-dimensional particle size based on the fluid frequency.
The cut~-off radius, rc, as a function of dpc was given by Fig. 3.

1.0

0.8

0.8

0.4 4

Dimensionless cutl-off radius ro/R

0.2 D
Non-dimensional particle size dpe = dp(Ns)c ( 2nU° )b
vR

0 T T T T T 1
0 0.1 0.2 03 04 05 0.6

Fig. 3. Variation of Cut-off Radius as a Function of dpc

While useful in qualitative work it does not provide sufficient informa-
tion to predict the cut-off radius with any accuracy - especially for

dpc < 0.3 where the non-dimensional cut-off radius is almost indis-
tinguishable from unity. It was therefore decided to use the experimental
particle deposition data from a number of sources [9, 14-16] to produce
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a guantitative relationship between the non-dimensional cut-off radius
and the non-dimensional particle size for dpc < 0.3. Figure 4 shows
the results.

In calculating the dimensionless cut-off distances from the wall, the
eddy diffusivities presented by Owen [17] were used. The concentration
gradients at cut-off were assumed equal to the velocity gradients as
calculated from von Karman [1i8j.

i A I

g » —————— e, | o B L o
29 0.99 ™
P ® %3\6-\__
IL * o e
3 *
= 0.98
|4
=
5
=1
a 0.87

o 0.05 0.1 0.15 0.20 0.25

ch=dNN$c<%%{5k
v
« LIU and AGARWAL Re 10,000

o FRIEDLANDER and JOHNSTONE Re == 10,000
* WELLS and CHAMBERLAIN
o SEHMEL 0.21in. TUBE

Fig. 4. Experimental Variation of Cut-off Radius with dpc

The graph is not as one would immediately expect. As dp _ decreases it
would be expected that the normalised cut-off radius, ro/R, would
increase, approaching unity. This is the case until dp, < 0.03, when
the cut-off radius begins to decrease. As the theory of turbulent
deposition does not predict this, one of two conclusions are arrived
at. Firstly, the turbulence modelling is inaccurate. Alternatively
the assumption that turbulence is the only deposition mechanism is
incorrect. The latter conclusion seems the most likely in view of the
fact that deposition due to Brownian diffusion is known to dominate
deposition for very small particles. If the data for dpc < 0.03 is
disregarded as being influenced by Brownian diffusion, it is possible
to £it a curve linking rc/R to dpc. This was done using a least
squares routine. A low order polynomial was chosen in order to keep
the curve simple. It was found that the equation

- 0.6012. 10°° + 0.5181. 107} dp_

1 -r
R

fitted the results adequately. This curve had the fault that for a
zero value of dpc, rc/R was not unity. This condition was forced

onto the curve by dropping the constant term. It was not considered
that accuracy was seriously affected. This led to the adoption of the
equation
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1 - = 0.05181 dp_ (4 )

r
R 0.03 < ap_ < 0.25

as describing the turbulent deposition for the range of particle
sizes 0.03 dp < 0.25. Figures 5 to 8 show the reworked experimental

data using ( 4 ). The results would appear to be reasonable.
CONCLUSIONS
Two regimes of particle deposition have been investigated. Brownian

diffusion dominated and turbulent diffusion dominated. In considering
Brownian diffusion a number of simple models have been postulated. The
results obtained using these models have been compared. Agreement was
usually better than 30%.

The modelling of Lee and Durst has been extended to provide a working
model for the prediction of the turbulent deposition of particles. The
results show agreement to within a factor of 6 or better.
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Improvements in the Modelling of Sedimentation and
Gravitational Agglomeration

I H Dunbar and S A Ramsdale
UKAEA Safety and Reliability Directorate, Culcheth, UK

ABSTRACT

In nuclear safety applications the most important processes affecting
aerosol removal in containments are gravitational sedimentation and gravita-
tional agglomeration. The existing models in the AEROSIM code for these
processes were not strictly accurate for larger particles. As the particle
radius grows above 30um the terminal velocity becomes less than that
predicted by Stokes law. For particles greater than 10um in radius the
collision efficiency may become greater than that used for smaller particles.
In the modelling of sodium fires it was noted that an appreciable mass is
predicted to accumulate in particles with radius greater than 100um. Steam
condensation on particles in PWR containments is another potential mechanism
for rapid particle growth. Models were therefore included in AEROSIM for
the terminal velocity and collision efficiency of the larger particles. 1In
a test case, a hypothetical sodium fire, it was found that the new
terminal velocity made a negligibly small difference in all the results.

The enhanced collision efficiency caused more mass to accumulate above the
cutoff radius of 100um, but the sum of this mass and the settled mass, which
can reasonably be expected to represent the real settled mass, was little
changed.



— 178 —

1. Motivation for the Extended Modelling

Gravitational sedimentation is the most important aerosol removal
mechanism under the majority of accident conditions. It is especially
effective in removing larger particulate material, which is relatively
stable against diffusional deposition. The relative motion of particles as
they fall at different speeds depending on their sizes also gives rise to
so-called "gravitational agglomeration”. This process is itself the most
important agglomeration mechanism for particles in the size range of
greatest interest (radii between 0.5 and 5um). It was this interplay
between sedimentation and gravitational agglomeration, together with the
importance of these mechanisms to aerosol behaviour, which motivated the
modelling extensions described below.

The extensions made concern the calculation of the terminal velocity
of aerosol particles and the collision efficiency € as a function of
particle size. Most containment aerosol codes use Stokes' law to determine
the fall speed of the particles. However this breaks down at higher
Reynolds numbers, when it over-predicts the terminal velocity. In AEROSIM,
an empirical correlation has been fitted piecewise, using data relating
the drag coefficient to the Reynolds number., It is then possible to use an
iterative scheme to deduce the terminal velocity.

The modelling of the collision efficiency has also been extended to
cover larger particle sizes. The theoretical work of Klett and Davis[l]
predicts that the collision efficiency increases significantly as the
larger particle radius goes above 10um. Previous models due to Fuchs{2]
and Pruppacher and Klett[3] give rise to a collision efficiency which is a
function of the ratio of particle radii r/R only. A simple analytic form
has been fitted to the numerical results of Klett and Davis to account for
the additional dependence on R.

The two modelling extensions affect only larger particles (radii
greater than 10um) and are therefore necessary only in cases where
agglomeration is rapid enough to convert a substantial proportion of the
available aerosol mass into such particles. The work was motivated by the
observation that in the modelling of short, intense sodium fires,
substantial amounts of aerosol mass accumulated above the upper cutoff
particle radius even when this radius was set as high as 100um, and also by
the expectation that in the future AFROSIM will be used to model situations
where aerosol particles grow rapidly due to steam condensation. In this
work the effects of the model changes are investigated in a hypothetical
sodium fire case. Because the effects of the two changes are in opposite
directions (larger particles are more readily formed, but they then
settle out less quickly), the changes are considered first separately and
then together.

2, Terminal Velocity Calculation

The terminal velocity of a falling particle is usually calculated in terms
of the drag coefficient, Cp, and the Reynolds number, Re, which for a
spherical particle are defined by:~-
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Re = 2p2 ur, (1)
n
¥
c_ = D (2)
D [ ————
% u2 bls ﬂrz
202
where
r = particle radius
u = terminal velocity

p1 = particle density

Py = atmospheric density
n = dynamic viscosity
FD = drag force

At the terminal velocity, the drag force FD balances the gravitational
force, and neglecting the buoyancy force (since pp << pl), we have that

F =4
D3

3
ﬂplr g (3)
Substituting (3) into (2), we may now write the terminal velocity u in
terms of the drag coefficient CD as

_ 8gpr r .3
u = [3 o) CD] . (4)

Equation (4) as it stands does not determine u explicitly, since Cp is
itself a function of u., However when Re is small enough (in practice, less
than 0.3) the inertia term in the Navier-Stokes equation can be neglected.
An exact solution can then be obtained (Batchelor[4]). The resulting drag
force is (Stokes law)

FD = oTrnu ,
. 2 2 24
ie u = §%El‘r ’ CD = 2 (5)

For typical nuclear aerosols with pq ¥ 1O3kg m“3 , these results are
accurate up to a radius of around 30um. Above this radius, (5) begins
progressively to overestimate u. Empirical correlations between Cp and
Re are available for these larger Reynolds numbers. One such (used in
the US code, HAA-4A) is that due to Klyachko (Fuchs[2]):

c .24, 4
D Re Rel/3

This formula is a good approximation up to Reynolds numbers of 1000, but
has the disadvantage that it is difficult to invert and implement in a
computer code.
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Instead it was decided to use a simpler empirical formula, namely

-b
= R
CD a Re (7}

and fit this to the available experimental data on a piecewise basis. The
advantage of this is that (7) can be inverted directly to give

1

_ 8 p1 1 2por.b. 2-b
ulr) = [3 oo gr 7 ] (8)

The values of a and b were found for different ranges of Re by fitting the
experimental results of le Clair et al[5,6], reported by Pruppacher and
Klett[3]. The ranges and values are:

Re a b
0 - 0.3 24 1
0.3 - 3 26,75 0.91
3 - 30 20.77 0.68
30 - 300 11.85 0.515
300 - 3000 2.33 0.23
> 3000 0.37 0

Equation (8) is not fully explicit in that the choice of a and b
depends on Re and hence on the velocity. AEROSIM uses an iterative
technigue. Given a value of Re and hence of a and b, u(r) is calculated.
If the corresponding new Re is outside the assumed range, then the calcula-
tion is repeated with the new a and b. Starting from the Stokes law
Reynolds number, this procedure converges rapidly; in general only two or
three iterations are needed. However, the terminal velocity, u(r), is
required as part of the integrand for the calculation of the removal rates
and agglomeration rates. For this reason, it was decided to optimize
computing time further by using the iterative scheme only for the particle
sizes corresponding to the edges of each mass interval. Thereafter a
quadratic fit is used for the integration procedures. The loss of
accuracy in doing this was found to be very small, whilst computing times
were reduced to within 1% of those previously encountered when using the
standard Stokes formula for all particle sizes.

The remaining problem in implementing the new terminal velocity
calculation in AEROSIM was to decide how to incorporate the mobility shape
factor, x. Up to now it has been assumed that the particles are rigid
spheres. At present, deviations from spherical shape are accounted for in
the particle mobility function:=-

1
6TNYXY

B(r) = (9)

where ¢ is the Cunningham correction factor. Stokes®' terminal velocity is
then written in the form
4

3
us(r) =30 g r B(xr) (10)
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In view of the way x occurs in the Stokes velocity, it seems reasonable to
remove a factor of r3 from the righthand side of (8), and then in the
remaining r - dependence to replace r by Xr. Equation (8) then becomes:
_(5—4b) 1
2-b l_(2p2r)b 2-b
n

= S P1
u(r) X [3 oy gr 7 ] . (11)

3. Collision Efficiency Modelling

The gravitational agglomeration rate for a larger particle of radius
R and a smaller of radius r, falling with terminal velocities U and u
respec tively is

g (xr,R) = (r+R) 2 (U-u) € (£,R) (12)

The collision efficiency, €, measures the deviation from the situation where
the larger particle simply collects all the smaller particles lying in its
path. The most commonly used collision efficiency model in containment
aerosol codes is that due to Fuchs:-

3 K 2
EF(r’R) - 5 (1+K) [ (13)
where Kk = r/R. However this was developed for a stationary spherical
collector, and it has recently been argued [7] that a formula due to
Pruppacher and Klett[3] is more appropriate:-

L2 (14)

epg (R =75 (¢

PK
Numerical calculations carried out by Klett and Davis[l] indicate that (14)
is indeed more accurate, provided that k<<1, As the particles become
comparable in size, the smaller particle begins to perturb the flow around
the larger, and a better fit to numerical solutions is obtained if one uses
(14) up to ¥k = 0.5 and then give € the constant value, £ = 0.05 above this.
This option, referred to below as "truncated Pruppacher - Klett" (TPK) is
available in AEROSIM for use when R < 10um,

Klett and Davis predict that for a given k the value of € will increase
as R increases above 10um. They solve numerically the equations of motions
of two interacting spheres using the Carrier-modified Oseen solution for
flow around a sphere[3]. Compared with previous work using the Stokes
solution[8] greater approximations have to be made in the boundary condi-
tions, but there is evidence that inertia corrections are much more
important in the two-sphere case than in the one-sphere case.

Klett and Davis calculate for water droplets falling under atmospheric
condition, and present their results in terms of R. In order to generalize
the results it was assumed that the collision efficiency would scale like a
dimensionless measure of R. This was chosen to be the Reynolds number
corresponding to the Stokes terminal velocity (v is kinetic viscosity):

_4g p1 3
a—gggsz (15)

(Besides k and £ there is one more independent dimensionless parameter
relevant to the collision efficiency. However here it is assumed that ¢



— 182 —

1.2

KLETT - DAVIS
1.1 -

— e AEROSIM

1.0

0.9 +

€(K,R)
0.8 |

0.7

0.5 -

0.4 |

0.3

0.2

0.1 +

FIGURE 1 KLETT - DAVIS COLLISION EFFICIENCIES AND
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depends only on these two parameters.) The analytic approximation chosen
for implementation in AEROSIM is a generalization of the TPK formula, to
which it reduces for & < 0.11:

K 2
6 N(E) (T:zﬁ K<KO(E) (16)
fkp' 7 T <, (£)
N(&) (I:E;TESQ K>Ko(€)
where
N(E) = 0.47 » £<0.11 (17)
0.47 + 9 (£-0.11)"" £>0.11
and
~ 0.5 + 0.03E
ko (8) = 1+ 0.4t (18)

Figure 1 shows the comparison between the Klett-Davis results and this
formula. The aim was to approximate the general rise in €. In doing this
much of the detailed k dependence has been averaged out.

4, Results

To investigate the effects of the modifications, we set up a sample
test run., A sodium oxide aerosol (effective density 1.2 x 103 kg m~3) with
an initial airborne mass of 1693 kg, distributed lognormally with r, = 0.21um
and o, = 1.93, is modelled in a containment volume of 3.1 x 104 m3.  This
aerosol is supposed to be the end result of burning 1 tonne of sodium in 10
minutes. The results of the four runs are shown below on table 1 for the
final time, 1.64 x 104 s,

Masses (in kg) at Stokes Velocity Corrected Velocity
16 400 s TPK (00) KD (01) TPK (10) KD (11)

M (airborne) 70 71 70 71 (57)

M (wall) 2,9 2.8 2.9 2.8 (2.9)
M (floor) 1577 712 1580 715 (930)
M (leak) 0.071 0.065 0.072 0.065 (0.068)
M (over) 43 907 40 904 (703)

Table 1. Mass Balance for Model Variations, Cut-off

radius = 100um except for 11(numbers in brackets),
where it is 200um.

that

The masses on the table are respectively the mass still airborne,

diffused to the wall, that removed by sedimentation, that leaked to the
environment (assuming a leak rate of 0.1%/day), and finally that which is
predicted to agglomerate to particles with radius greater than 100um, at

which point it disappears from the calculation.

The most obvious result is

that correcting the terminal velocity makes very little difference to the

results.

initial distribution is increased to 10um.
particles with radii above 30um are affected at all by the decrease in

terminal velocity.

This result is still valid if the mass median radius of the
In equation (8), only

In the highest radius range considered in this calcula-

tion, from 76.2um to 100um the reduction in sedimentation rate is on

average a factor 0,55.

However the maximum masses in this radius range
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(attained in all four cases at t= 1400 s) range between 0.14% (case 00) and

0.55% (case 11) and these peak values last only for of the order of 1000 s.

Therefore only a small fraction of the airborne mass is ever affected by the
reduction in fall-out rates.

Changing from the TPK to the KD collision efficiency produces a bigger
shift, namely 864 kg, from m (floor) into m (over), as agglomeration is
‘enhanced at the expense of sedimentation. However if one takes the view that
particles larger than 100um will sediment out rapidly (A = 10-2 s~1), and
that therefore m (over) should be added to m (floor) to give a total sedi-
mentation mass, then the change of collision efficiency causes no difference
in the final predictions of the whereabouts of the mass. The situation is
looked at in more detail on figure 2, which shows M (over) and M (over) +
m (floor) for cases 10 and 11 as a function of time. Around 2000 s on this
scale (1400 s after the start of the calculation) there is a surge of
agglomeration. Most of m (over) is accumulated around this time., As is to
be expected this surge is stronger in case 11 than in case 10, However on a
longer time-scale this difference is compensated for by increased sedimenta-
tion in 10, and the two m (over) + m (floor) curves come together again.

Table 1 also includes the results of another 11 calculation, this time
with the cut-off set at 200um. As expected the main effect is to shift mass
(201 kg) from m (over) to m (floor). However even at this radius there is
still a substantial accumulation of material above it. The other change is
a transfer of 14 kg from the airborne to the sedimented mass. This is
presumably because the particles between 100um and 200um are now still
available for agglomeration with the smaller particles. Whether such large
particles will in reality be available, well~-mixed throughout the whole
volume, is however open to question.

&
10 T T
----- m (OVER]}

MASS / kg m (FLOOR) +m ( OVER)

10 |

START OF
CALCULATION

10° l

102 102 10% 108
TIME [ s

FIGURE 2 COMPARISON OF COLLISION EFFICIENCY MODELS
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The inclusion of terminal velocities and collision efficiencies
appropriate to the larger particles does not mean that the modelling of
these particles is complete. As sizes increase, the well-mixed assumption
will progressively break down. Even if a code which could model stratifica-
tion due to settling were written, the input regarding flow velocities within
the containment would probably not be available.

5. CONCLUSIONS

Extended models for the terminal velocity and collision efficiency of
large particles are now available as options in AEROSIM, although they may
be less important than originally thought. The velocity calculation should
be of use when spray modelling is included in the code. The Klett-Davis
collision efficiency results do not go up to the radii of spray droplets,
so further extensions are needed here.

In the hypothetical sodium fire case investigated here, in spite of the
large masses accumulated above the cut-off radius, there is little net
effect of extending the terminal velocity and collision efficiency models.
It appears that at any one time only a small fraction of the airborne mass
exists as the large particles, and that since these particles are destined
to sediment out rapidly, the details of their behaviour are less important.
This is particularly true of the velocity correction. The collision
efficiency change does alter substantially the size to which particles grow,
but if one assumes m (over) can be added to the mass sedimented then there
is no significant effect on the final result. The model changes have yet
to be tested in cases where there is rapid growth due to steam condensation.
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Turbulent-Gravitational Collision

Efficiency of Nuclear Aerosols*

by
T. Enomoto and S. K. Loyalka
Nuclear Engineering Program
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Columbia, MO 65211

ABSTRACT

Estimations of fission-product release from postulated severe
nuclear reactor accidents are sensitive to models used for collisiom
cross-sectinng in aerosol behavior codes. Models of gravitational
collisional cross-sections based on mechanistic considerations have been
constructed in the recent past. The present paper investigates the role
of turbulence in influencing collision cross~sections in synergism with
gravitation.

A computer program that solves the dynamical equations of motion is

described briefly, and some representative results for Na.0 particles

2
are reported. For this case, the collision cross-sections are found to
be about an order of magnitude higher than those obtained from models

presently in use in the nuclear aerosol behavior codes.

*Work carried out under the sponsorship of the U.S. Nuclear
Regulatory Commission.
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INTRODUCTION

Estimations of fission-product release from postulated severe
nuclear reactor accidents are sensitive to models used for collision
efficiency in aeroscl behavior analysis codes [1]. Pertmer and Loyalka
[2] and Tuttle and Loyalka [3] have used mechanistic approaches to
construct computer programs that provide results for gravitatiomal
collision efficiency. These results show that the expressions used in
nuclear aerosol codes such as HAARM-3, NAUA, etc., can be in substantial
error, both qualitatively and quantitatively.

In the afofementioned work of Pertmer and Loyalka and Tuttle and
Lovalka, only the gravitational motion was comnsidered, and turbulence
wag ignored. We have now constructed a computer program based om a
mechanistic approach that provides results for collision efficiency
under simultanecus presence of motion induced by turbulence and by

gravitation.

EQUATIONS OF MOTION
1f g_(Ux,Uy) is the velocity of the particle m(= 1,2) and g(vx,vy)
is the velocity of fluid, then the non~dimensional momentum equations
for a turbulent fileld with Carrier-modified Oseen drag force

approximation can be written as:

- £ ¥ -
d Umx -1 d me s Ei - (Am(Umx me) Pm (Umy me))) -
dT R dT K a 2

m

dg dv & T (U =V )=A "(O__=V )
LA i3 H W my Mmy o M mx -
o LS54 —g5— + ¢ ¢ 2 ) (2)
m
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d X d¥
. 'm

—_D - e - 4
dT Ume = Vmx® ~aT Umy me (3), (4)

where the velocity scale is the particle-l terminal velocity, Uo, and
the time scale 1s the particle-1 radius, a,, over ch& particle~l
terminal velocity, aI/UO, so that t = T al/Uo’ and U = u/Uo, where t is

in seconds and U is in em/sec. Also,

2
2a; '8 Pg s
Uy "5 v ﬁS; - D )
= , (6)
H a2/a1
l,m=1
5 = )
= H, m= 2
0 .
£
Ay o et (8)
£ ps + 0.5 pf
4 .
ga2Ps® o1 )
9 pf v

ps,pf: Aerosols and fluid demsities, respectively

g ¢ Gravitational acceleration

v ¢ Kinematic viscosity.

Explicit expressions for these forces have been reported by Klett

and Davis (1973) and are described in ref. 2.
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The turbulent velocity Vm(g(t)) and “turbulent acceleration” iVm/dT

are expressed as

d v, . d v (z) a -y dv, ay (103
aT dt u 2 x dx u 2
] o
v dv
d y . d vy(z) a; - a; D
dT dt v 2 y dy 42
o ]

and are constructed by assuming turbulence to be homogeneous and
isotropic. In particular, we obtain the fluctuating veloccities by using

the expressions:

V@D -V @) =D (@ = eten?? (12)
and
VD - V@) =D_(p) =3 elen)?/? 13)

where ¢, e, and r are respectively the structural function cons:ént
(=1), turbuilent energy dissipation ratioc (cmZ/sec3) and distance.

Note that in the present case the collisional kernel is defined as:
2
Beg = €(3,2) T(a+2)° [T, @) - U, @) (14)

where

2J¢y P(y) dy
_ (15

e(a,,a,) =
1727 @y’
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where a, and 2, are the particle radii, y is the initial horizomtal

1 2
separation, and P(y) is the probability of collision. P(y) must be
obtained by a solution of the dynamical equation for fluctuating

turbulent field. Us(ai) is the settling speed of particle 1.

THE COMPUTER PROGRAM
A system flow chart of the computer program is givem in Fig. 1.
The program has three parts:

1) Specification of input data: environmental and aerosol
conditions.

2) Generation of turbulent flow field by specification of
appropriate correlatiomns, transform matrices and random number
generators.

3 Solutions of the dynamical equations §f motion, collectlion of
collision probability data, and computation of collision
efficiency.

The program was tested by closed examination of each part, and

comparison with the results of ref. 2 for no turbulence.

RESULTS

We have obtained results representative for Na,0, U02 particles in

2
air, and water droplets in air. We have found that even slight
turbulence (e:, the turbulence energy dissipation ratio 1 to 10
cmzlsecz), can have substantial influeﬁce on the computed values. For
the same conditions, our results for the collision kermel (efficiency)

are an order of magnitude higher than those obtained from the HAARM-3

expression for the collision kernel:
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B =8 + B (16)
tg £ g

where

2 =
5 - g (o og)

3
g el R PTILCTRE Y a7

8rp

&

) 3k
B: = (15u) (»al+a2) e " €

(18)

i 2(p=p,) . Eﬂ% © 3 3/4
+ (8m) ‘T{fg" (1+3) (u ) (ag+a,) |a1-a21 e, €

2 2
e =3 In(a-a,) » —F— +n(3-3) + —=] 19

(3+3)) (143

Here N(x) = 1, x>0, n(x) = 0, x<0; n(x) = 1/2, x=0. Note that we have
written ¢ in & form that is symmetric to avoild slightly confusing
representations of the past.

Our results for Na,0 particles are reported in table 1 and fig. 2-5,

2
and show the substantial effect of turbulence. It would be of interest

to study the impact of the present results on aerosol behavior predictiom.
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Table 1. Collision Kermels, B(cmB/sec)

(Nazo Particles)

r; Gm)

20 BAARM=3 case

Bg' 7.154x10
Bt' 1.250x10
Btg, 7.279=x10
Present work
B : 2.958x10
ge -
t .
30 HAARM=3 case
B.' 3.623x10
Be® 2.596x10
Btg 3.625x10
Present work
Bg 4.766x10
Be 5.300x10
Btg 5.296x10

Where the subseript "t" denotes turbulent

-6

-7
-6

-3

-5
-8
-3

A
-5
-4

0.4

2.504x10

4% 446x10
2.548x10

1.070x10

4.791x10
1.548x10

1.267x10

2.699x10
1.270x10

8.275x10
8.492x10
9.124x10

-5

-7
-5

A
-5
-4

-4
-7
-4

-4
-5
-4

0.6

4.292x10

=5

-7

7.861x10
4.370=%10

-5

1.240x10™%

3 399x10
1.580x10

2.172x10

8.140x10
2.181x10

8.758x10
4.138x10
9.172x10

-5
-4

-4

=7
-4

-4
-5
-4

0.8

4.293x10

-5

-7

8.581x10
4.379x10

7.711x10

-5

=5

-6

6.347x10
8.346x10

=5

2.173x10™%

1.215x10
2.186x10

5.967x10
1.970x10
6.164x%10

case (for this case,

turbulent energy dissipation ratio e = 10 cm /sec3

subscript "g'" denotes gravitational case (e = 0 cm

(6]

y

and the
secd).

-6
-4

-4
-5
-4
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Parameters for Figures 2-5:

Identifi-~ Symbol Particle-l

cation radius Range

Numbez al(um) a e
TG20 Btg 20 0.4=0.8 10
G20 Bg 20 0.2-0.8 0
T20 Bt 20 0.4=0.8 10
TG20HAARM=3 Btg' 20 0.2-0.8 10
G20HAARM-3 Bgv 20 0.2-0.8 0
T20HAARM=3 Bt' 20 0.2-0.8 10
TG30 Btg 30 0.2=0 8 10
G30 Bgl 30 0.2-0.8 0
T30 Bt 30 0.2=0.8 10
TG30HAARM=3 Btg' 30 0.2-0.8 10
G30HAARM=3 Bg 30 0.2=0.8 0

T30HAARM=-3 B.s 30 0.2-0.8 10

Where "e" gstands for turbulent energy dissipation ratio in cmz/sec3.
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ABSTRACT

Past experience in modeling single component aerosol behavior has revealed
the fortuitous circumstance that excellent agreement between experiment and
theoretical prediction can be achieved using size independent shape factors and
a simple approximation (Fuchs) to the gravitational collision efficiency. In
addition, for high concentrations, knowledge of the source particle size proved
uncritical.

In this paper we examine the behavior of a two component (U30g and NaOy)
aerosol system with the aid of the MSPEC model that accounts for the dynamic
evolution of particle composition as a function of size. We show that source
particle size and shape factor size dependence play a significant role in this
case. In addition, choice of a proper collision efficiency model is important.
The predictions of the MSPEC model do not agree with those of a single component
model that assumes instantaneous mixing of components across the full size spec-
trum.
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INTRODUCTION

With the realization that high concentration aerosols are not stable --the
dispersed phase coagulates and consequently settles, attempts at modeling aero-
sol behavior in reactor containments for severe accident conditions were
initiated at several research institutions more than 15 years ago. Natural
decay of the airborne activity in containment by aerosol mechanical means could
be expected to dramatically reduce the radioactive source term to the environ-
ment resulting from leaks or breaches in that containment.

Until recently, all the computer codes that had evolved from these efforts
at aerosol behavior modeling considered only single component aerosols. That
is, particles of the aerosol were assumed of uniform chemical composition. For
such a model, one must assume either internal mixing of the source particles
or, if several sources of distinct components are considered, intimate, instan-
taneous mixing of a source component with the existing components of the dispersed
phase, again leading to an apparently internally mixed aerosol. By contrast,
the term "external mixing" implies the po?sib1e existence of particles of differ-
ing composition. The computer code MSPEC 1) was developed some time ago at BgL
to model such a system. At about the same time, an equivalent code, MAEROS (2 s
was developed at Sandia.

It seems intuitive, nevertheless, that multiple component high concentra-
tion aerosols should coagglomerate quickly and that therefore a single component
model should be adequate for their description. This may well be true for a
large class of systems. There are, however, aerosol systems for which this
intuition breaks down, largely because the agglomeration process mixes compo-
nents only in one direction, that of increasing particle size. Multiple compo-
nent models therefore appear necessary for accurate assessments of particle
behavior under some conditions.

In some sense, the modeling success for single component aerosols has been
remarkable. Excellent agreement between observed and predicted aerosol mass
concentrations can be achieved despite the use of spherical particle models to
describe the dynamics of aerosol particles with often very complex morphology.
For the large aerosol particles that derive from the high agglomeration rates
of high concentration aerosols, gravitational agglomeration is known to be
important. Even here, a simple collision model (Fuchs) based on inertialess,
spherical particles has proven sufficient. For systems with moderate particle
concentrations as are often predicted for LWR containments under accident condi-
tions, models which impose log normality on the particle size distribution for
all times are successful. Finally, shape factors, which might be expected to
be (multi-valued) functions of particle size perform well when taken as constants.

We suspect that much of this success is attributable to the inherent
stability of the agglomeration equations. This stability results from the
integral, in those equations, over the particle size distribution. Thus, the
rate of change of particle mass in any size class is dependent not on the details
of the size distribution as a whole, but only on its average properties.
Predicting the rate of growth of just the mode of the particle size distribution
is probably sufficient to predict aerosol mass concentration behavior.
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There are some hints that in fact the tails of the particle size distribu-
tion may not be well modeled. Thus the long term (relative to cessation of the
source) concentrations of sodium fire aerosols are consistently overpredicted
by MSPEC relative to measured values. The long term population of aerosols
derives, however, from the small particle tail of the early particle size distri-
bution, not its mode. Then, the geometric standard deviation of the measured
size distribution of sodium fire aerosols for long times is consistently much
larger than the predicted value, again suggesting that the tails of the particle
size distribution may not be well modeled, despite correct predictions of the
aerosol mass concentration or third moment of the distribution.

If a multiple component aerosol does not immediately homogenize then the
composition of the aerosol in effect traces details of the particle size distri-
bution and one might indeed see a reflection of the adequacy of the particle
behavior model in the concentration behavior with time of the individual compo-
nents. In this paper we illustrate by calculational examples that this indeed
appears to be the case. We find that predictions with MSPEC for a two component
aerosol show sensitivities to parameters and models to which a single component
aerosol behavior prediction is quite insensitive. Specifically, for the multiple
component system, source particle size is important. Shape factors, which for
a single component aerosol could be taken as constants, now may need to be size
dependent. While a single component aero?gl behavior prediction shows 1itt1?
sensitivity to whether the simple (Fuchs or a more mechanistic (Loyalka) 4)
collision efficiency model is used, this is not the case for multiple component
aerosols.

BRIEF DESCRIPTION OF THE MSPEC CODE

Ih§ MSPEC model for multiple component aerosols was evolved from the

QUICK model for a single component aerosol. In that model, the classical
continuum particle size distribution approach is abandoned in favor of a direct
analysis of the dynamics of the particle size histogram. Rate coefficients for
particle removal at containment surfaces (assumed first order) and for particle-
particle interactions (assumed second order) are taken from the continuum theory
by ascribing a characteristic particle size to each size interval of the histo-
gram and evaluating the coefficients of the continuum theory for this charac-
teristic size. It is found in practice that model predictions of aerosol
behavior are insensitive to choice of the characteristic size anywhere in the
relevant size interval of the histogram provided at least some 20 size intervals
are used to define it.

For a single component aeroscl the dynamic equations therefore have the
form:

dN,

1 _ - R - .
@& - Ik NNy = RNy =55 (1)

where

Ni = Number of particles in interval i
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!

Rj

Kik1 = Collision coefficient for collisions of particles in interval k and
interval 1 leading to particles in interval i

Removal coefficient for interval i

S3 Source rate for particles in interval i.

Kik1 is defined as the product of the continuum collision frequency coefficient
evaluated at the characteristic sizes for intervals i and j and a distributiqn
factor that assures conservation of particle mass and number. For logarithmic
spacing of the size intervals, this factor is unique.

For a multiple component aerosol an analogous dynamic equation can be
derived by considering the transfer of volume by component (rather than number)
in a collision. Then, if X4y is defined as the volume fraction of component m
in size interval i, vj XjpN; is the total volume of component m in interval i
and, with Niypm = XimNi,

=1 Kq NN Z RN, =S, . (2)

d u .
dt im K1 ikl k “kim iim im

Where vi is the characteristic volume of interval i and

_ ka Vi ¥ X

kim v1

Tm v

+ v
m

7 1 (3)

is the volume fraction of component m in the collision product of particles
from intervals k and 1. Implicit and fundamental in this formulation is the
assumption that particles of a given interval of the size histogram can be
characterized by their average composition. This can strictly only be true if
the dynamics of a particle are independent of its composition. To test the
adequacy of this assumption by calculation would require a third index on N in
Equation (2) and would probably be outside the bounds of present computer capa-
bilities. Experimental verification is therefore necessary. Unfortunately, no
unequivocal experimental results are available at present.

RESULTS CALCULATIONS WITH MSPEC
ON TWO COMPONENT SYSTEMS

Gravitational agglomeration is known to play an important role in the growth
of particles in dense aerosol systems. A full treatment of this process requires
a description of the fluid dynamic interaction of two particles of arbitrary
size and in arbitrary relationship to one another while under the influence of
gravity. Numerous attempts at such an analysis h?v§ been made, the most recent
and perhaps complete being that of Pertmer, et al 6). This treatment is
necessarily restricted to spherical particles, but accounts for particle inertia.
It requires an iterative numerical solution that yields tabulated data for
incorporation in aerosol behavior codes.
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A simpler approach is to consider only collisions of inert1a1?s§ particles
that are very unequal in size. In this case the widely used Fuchs 7 expression
for the collision efficiency results:

2
-3
- H(e) *

where r is the radius of the smaller particle and R is that of the larger.

is the ratio of the actual collision cross-section to the geometric cross-section,
(r + R)2. Excellent agreement between predicted and measured aerosol behavior
has been consistently achievable when using this expression on single component
aerosol systems. A comparison of the Pertmer/Loyalka model (identified as GEPS)
for particles of density 2.27 g/cm3 with the Fuchs model is shown in Figure 1.
Note the log scales on the ordinate and the R axis. Clearly the two models

give widely differing results. In view of this difference, it is striking that
the simple Fuchs model should prove adequate for the description of single
component aerosol behavior. Even more striking was our discovery that applica-
tion of GEPS in MSPEC for such systems gives results that differ littie from
those using the Fuchs model. An example of such a comparison is shown in

Figure 2. This figure depicts the predicted behavior of a sodium oxide aerosol
generated in a full sized containment by a sodium fire that consumes all avail-
able oxygen in one hour --surely an extreme case and one that should accent
gravitational agglomeration. Both the mass concentration and the mass mean
aerodynamic diameter are shown, with results using the Fuchs model drawn out in
solid lines, those using GEPS for three different particle densities indicated
by discrete points as deciphered in the key.

An explanation for this apparent insensitivity to widely differing values
of the collision efficiency, ¢, may lie in the fact that ¢ enters the dynamics
equations only as an average over the size distribution. Figure 1 clearly shows
regions where GEPS < Fuchs as well as regions where GEPS > Fuchs. 'On the aver-
age, both models may yield similar values. If this is so, then a multiple
component system, for which composition tags individual sections of the distri-
bution, may be expected to resolve differences between the two models.

To test this hypothesis, we reexamined data from a series of two component
experiments 8) performed at ORNL some years ago. We chose NSPP-306 as most
representative of likely accident conditions. For this experiment, aerosol
source quantities, as determined from post test surface washes, do not yield
believable results and values approximately one-half the measured values were
used. We believe this procedure to be justified on the strength of past experi-
ence in comparison calculations for single component aeroscl experiments for
which the source terms were well defined. Thus, we assumed that 1650 kg of
NaOy were generated over a period of 0-25.3 minutes and that 151 g of U30g were
generated between 43.9 and 56.9 minutes into the experiment.

The necessary shape factors{9) were taken from previous code fits to
experimental data on the behavior of the individual components by themselves.
U30g [x = 3, v = 15], NaOy [x = 1.3, v = 2.51. Agglomerates, which generally
consist of both components, require a shape factor model that accounts for
composition. No empirical data exist to determine such a model and indeed,
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previous sensitivity studies by us have shown order-of-magnitude sensitivity of
predicted aerosol mass concentrations on the choice of such a model. For the
present calculations, we chose the following:

X5 In Xm M (5)
_ 3
Y = ; Y Xy

This model makes some sense for the collision shape factor if one interprets
that factor as the ratio between a geometric and volume equivalent diameter.
Then Equation (5) is a statement of volume additivity, at least in the case of
y. More realistically, Equation (5) should be taken as an arbitrary example
for the sake of illustration. Clearly, many other possibilities exist.

Figure 3 shows a comparison of MSPEC predicted aerosol mass concentrations
with measured values. The solid lines depict predicted U30g and NaOy concen-
trations using the Fuchs collision efficiency, the dashed lines those using
GEPS (p = 2.27 g/cm3) = the Loyalka efficiency. The result confirms our suspi-
cions. A multiple component system does resolve the differences between the
two models. Note that the NaOy component is predicted to be higher by about a
factor of 4 for the Loyalka model during the component interaction period. Note
also that the Loyalka and Fuchs models predict virtually identical U30g
behavior. This confirms previous single component aerosol behavior observations
since U30g represents the bulk of the mass and therefore essentially traces the
total mass of the aerosol. Figure 3 also exhibits predictions of mass concentra-
tion for the MSPEC code run in a single component mode. These curves are marked
with an (s), while all curves derived from calculations using the multiple
component mode are marked with an (m). The (s) mode assumes instantaneous homo-
genization across the total size histogram and can thus account for dilution
but not dynamic effects on particle composition. Only results for the Fuchs
collision efficiency model are shown. Those for the Loyalka model closely match
these.

It is apparent that none of the predictions trace the total measured aerosol
picture very well. Clearly, the single component model does not even reproduce
the most obvious gualitative feature of the data: the spliit in mass concentra-
tion of the two species and must therefore be judged inadequate. The large
quantitative difference between the (s) and (m) mode predictions forcibly illus-
trates the strong influence of the detailed treatment of compositional dynamics
of the MSPEC model. While the long term measured behavior of the NaOyx component
concentration is poorly reproduced, the remainder of the picture is predicted
quite well, particularly with the Loyalka efficiency model.

Figure 4 illustrates the same conclusions for a system in which the roles
of the two components are reversed. For this NSPP-305 case, 165.3 g of U30g
aerosol were introduced first for a period of 5.75 minutes, followed by 1281 g
of NaOy aerosol from 6.7 to 23.7 minutes. Again the Loyalka model gives the
best fit of the behavior of the initially introduced component. The single
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species approximation now looks better but note it once again overpredicts the
initially introduced component at early times, a characteristic of this approach.

The poor fit of experimental data exhibited in Figure 3 for NSPP-306
prompted trial calculations with change in source particle size and with shape
factors that depend on particle size. Again, it is known from single component
aerosol behavior calculations that relatively large changes in source particle
size produce little change in mass concentration for these systems, provided
significant agglomeration occurs, Z.e., the concentrations are high. Also,
shape factor models based on Kops' 0) observations (1inear dependence of X on
volume equivalent particle diameter of iron oxide agglomerates up to some trunca-
tion size above which x is a constant) do not, in our experience, produce a
better fit of experimental data than shape factors that are assumed independent
of particle size.

Figure 5 shows the effect of introducing a particle size dependent model
for the shape factors of the pure components. The earlier shape factor mixing
model is retained. The values of both x and Yy are assumed to vary linearly
with volume equivalent diameter from a value of 1 for a primary particle to the
previously used constant values when the primary particle count for the given
component of the agglomerate reaches 5000, in agreement with Kops observations.
Beyond this region, both x and y are assumed constant at their previous values.
Two observations can be made. One, before the introduction of U30g aerosol,
the fit of the NaOy concentration data is now slightly worse and two, the fit
of the NaOy data after this point in time is slightly better. The fit of the
dominant mass component (U30g) remains essentially unchanged, as expected from
our single compoment aerosol behavior experience. Overall, however, there is
little to choose between the two shape factor models.

Again, from single component aerosol modeling experience, it is known that
changes im source particle size for the NaOy component of the NSPP-306 system
will have little effect on predictions. The increase of source particle size
for the U30g component may however influence the results. A reduction in the
interaction rate between the two components and therefore a reduction in the
growth and removal rate of the sodium fraction might be expected. To test this
hypothesis, calculations were performed again with variable X and Y but with
the source geometric mean particle diameter raised from the 0.02 um of the
previous figures to 0.08 um. The results, using the Fuchs collision efficiency
model, are shown in Figure 6 and those for the Loyalka efficiency model are
shown in Figure 7. In both figures the solid lines retrace the earlier results
for 0.02 ym diameter source particles of the U30g component for comparison.
There is not much to choose between the Fuchs and Loyalka models in this case,
probably because with increase of source particle size, the population density
of U30g has been reduced to the degree that interactions play a lesser role.
However, it is clear that much better agreement is now achieved between the
theoretically predicted NaOy concentration and the measured data. In fact, the
overall agreement between prediction and experiment, especially in Figure 6, is
quite good, except for one datum, the NaOy concentration at approximately 3000
minutes.

Finally, Figure 8 exhibits the performance of a single component mode
calculation as a function of U30g source particle size variation. The
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difference here is not pronounced and the fit of the data remains poor for this
model.

SUMMARY AND CONCLUSIONS

The MSPEC code, a multiple component aerosol behavior model that considers
the dynamic evolution of particle composition as a function of size, was applied
to a system of U30g and NaOy aerosol particles that was investigated experi-
mentally in the ORNL NSPP-300 series. The initial calculation used the Fuchs
collision efficiency model as well as source particle sizes and shape factors
that had been determined to work well for each component aerosol in comparisons
of code predictions with single component experiments. An intuitive shape factor
mixing model was use to account for shape factor dependence on composition.

The results of this calculation showed order of magnitude disagreement between
the predicted and measured mass concentrations of the secondarily introduced
component.

Much better agreement between experiment and theory was achieved by
(1) increasing the source particle size of the U30g component, (2) allowing the
shape factors of both components to vary with particle size, and (3) invoking a
more mechanistic collision efficiency model than that of Fuchs.

These calculations are illustrative of sensitivities to parameter values
and models that are absent in single component models and indeed single component
aerosol systems. In particular:

(1) The behavior of at least one component is strongly dependent
on the assumed (measured) source particle size of at least one
component (not necessarily the same one).

(2)  The use of shape factors that depend on particle size
leads to results that are significantly different from
those for constant shape factors.

(3) Significantly different mass concentrations are predicted
for at least one component when a mechanistic collision
efficiency model is substituted for the commonly used
Fuchs approximation.

(4) Predictions of a multiple component model such as MPSEC
and those of a single component model that accounts for
multiple components by instantaneous mixing of composition
across the particle size distribution, do not agree.

Clearly these observations present new challenges to the experimenter.
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LOG GEPS/FUCHS

(pP = 2.27 g/cm3)

Figure 1. Comparison of Loyalka (GEPS) and Fuchs
Gravitational Collision Efficiency Models.
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Figure 2. Prediction of Aerosol Behavior for a Severe, One-Hour Sodium
Fire in Containment. Comparison of Loyalka and Fuchs
Collision Efficiency Models.
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COAGULATION AND DEPOSITION OF TWO-COMPONENT AEROSOLS

J.D.R. Stocks S. Simons and M.M.R. Williams
Queen Mary College, University of London

Mile End Road, London, U.K.

ABSTRACT

It is normally assumed in calculations of the coagulation and deposition of
a radioactive aerosol that the total airborne radiocactivity at any time is
proportional to the total airborne particulate mass. This, however, will not in
general be true. In an LMFBR accident, the radioactive particles may initially
be smaller than the non-radioactive particles by more than an order of
magnitude. It follows that the airborne radicactivity will be underestimated at
later times if it is assumed to be proportional to airborne mass. On the other
hand, in a PWR accident the situation is the reverse, so that the above
assumption would then yield an overestimate for the airborne radioactivity.

In order to deal with these difficulties, we have formulated the equation
which governs the function P(m), where P(m)dm is the total airborne radiocactivity
per unit volume in particles with masses lying between m and m + dm. The
formulation is exact if the coagulation kernel and deposition rate depend only on
the total mass of the particles involved, being independent of their detailed
composition. The equation for P can be discretised in such a form that in the
absence of source and removal terms, radioactivity is exactly conserved in
analogy with the mass-conserving discretisation of the equation for N. The
resulting set of equations for both P and N has been solved numerically by the
code AERORAD based upon the earlier code AEROSIM which calculates N alone.
Preliminary results indicate that significant deviations can occur from the results
obtained assuming airborne radioactivity to be proportional to airborne mass.

* Supported by Extra-Mural Research Contract No 4R 544 90B with the 5afety and
Reliability Directorate of the UKAEA.
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INTRODUCTION

Prediction of the evolution of a radioactive aeroscl through the processes of
coagulation and deposition is an important aspect of research into the safety of
nuclear reactors. Calculations have generally assumed that the total airborne
radioactivity at any time is proportional to the total airborne particulate mass.
This, however, is true only 1f the radiocactivity per particle is initially
proportional to the particle mass, and if the same relation holds in the case of any
source term. Under general accident conditions, this will not be so, and a more
accurate estimate of the quantity of radicactivity airborne is therefore warranted.

QUALITATIVE DISCUSSION

In a typical LMFBR accident, the mean particle size of the sodium oxide aerosol
produced from the coolant may be much larger than that of the radioactive fuel
aerosol. Consider the development of this combined aerosol, where for simplicity we
first neglect coagulation. Since the dominant depositicn mechanism is gravitational
sedimentation which deposits the larger particles faster than the smaller ones, the
non-radicactive particles will be preferentially removed. This means that the total
airborne mass will decrease relatively more rapidly than the total airborne radio-
activity. Thus, in this instance, airborne radiocactivity will be underestimated if
it is assumed to be proportional to airborne mass.

In a hypothetical severe PWR accident there may also be two distinct types of
aerosol: that produced by the melting core inside the reactor pressure vessel, and
that produced later by the core-concrete interaction. The former, carrying the bulk

of the volatile fission products, will have had time to grow by agglomeration when
the latter is produced.

Of course in practice, this picture is complicated by the process of coagulation,
which will tend to mix the radicactive and non-radiocactive materials together by
forming composite particles. In the case of the sodium oxide/fuel aerosol for example,
Brownian coagulation may deposit the small radioactive particles onto the larger
neutral particles. This will give rise to a radioactivity per composite particle
proportional to the particle radius (Twomey, 1977}, resulting in the smaller particles
having a greater radioactivity per unit mass than the larger ones. The previous
qualitative arqgument for a discrepancy between proportional losses of radiocactivity
and mass is therefore essentially unchanged by this Brownian coagulation.

By considering a two-component rather than a one-component aeroscl, it is
possible to develop a more accurate formulation of the problem that follows the total
airborne radiocactivity in addition to the airborne mass, and thus to quantify the
above statements.

THE MASS AND RADIOACTIVITY DISTRIBUTIONS

The relevant mathematics for the case of a two~-component aerosol has been given
by Simons (198l). Let n(m,s,t) be the number of particles at time t with masses in
the range m to m + dm and radioactivities in the range s to s+ ds per unit volume
of space. Then the equation governing n takes the form

m §
an(wns,t) i

T S S At m-)n(t,rE) n(m-€,5-r k) dE dr

© ‘o

(s k) ” B (61, dl & —R(w)n(mst) + Q(ms,t) |

(L}
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where ¢(m,i) is the agglomeration kernel, R(m) is the removal rate and Q(m,s,t)
1s the source term. Taking the zeroth moment of (1) with respect to s, we
recover the usual equation for the mass distribution of aerosocl particles

[aa]

N g A8, m-0) N(, )N (m-t,b) df
— N ) g FEm) N(€E) d = R(WIN(m,t) + S(mt) , (2)
N(m,t) dm = g n(m,s,t) ds dm

is the total number of particles with masses in the range m to m + dm per unit
volume of space, and

o0

S (m.t) = ( Q(ms,t) ds

o
is the source rate.

If we now take the first moment of equation (1) with respect to s, it may
be shown that the result is

B0 - (0 met) N(m-t,8) P(e,2) A€

3t .
—mmwg (8 m) N(£,E) I8 = R(m) Plmt) + S'(nt), (3)
P(m,t) dm = g swn(m, s, k) ds dm

is the total radicactivity per unit volume of space contained in particles in the
mass range m to m + dm, and the radioactivity source rate satisfies

o0
/
S'me)= | s QwsE) ds
o
Given the solution of (2), N{(m,t), equation (3) now determines the radiocactivity
distribution P(m,t). The total mass airborne per unit volume 1is given by

o]

m(t): g mN(m,t) dm

o}
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while the total radiocactivity airborne per unit volume is

o0
T () - g P(m.t) don
o
By splitting the mass axis into a set of intervals [d; s B\) , L=0,1,2,..

with ﬂ» =% equation (2) can be discretised to yield a set of simultaneous

differential equations
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where the discretised quantities are defined by
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(Walker et al, 1978). It can be shown that in the case where the removal and
source rates are zero, the equations (4) conserve mass exactly. This follows
from the fact that the y guantities satisfy the relation

o0

Z mLXLJ‘k - m\;*'my

L=0

The discretisation of (3) can be carried out in a similar manner to that for
equation (2). With the additional definitions

P = Sﬁ“ P (m) den

~ '3
and h; Fz;, = g F2 G“) Ar“ J
the result is the set of equations

A,R { J ’ N
= 53 -8 B, (NRNR)

LJ"(

-P Z %LJN, —réi P+ S: (t=0,1,2,.) |
4=0 ’ (s)

where the y' quantities are defined by

£ (B

! I
Y o= — (met) dm A8
LJk LJ hk °(J D(k 90.( + )

It can be shown that in the absence of removal or source terms, radioactivity is
conserved exactly, since the y’ satisfy the relation

od

2 Y |
L=o ijk

In discrete form, the total mass and total radiocactivity airborne per unit volume

are 2 m, Ni and Z Pi' respectively.

The program AEROSIM solves the equations (4) using the Gears method employed
by the package FACSIMILE. A new code AERORAD, based upon AEROSIM, now solves the
sets of equations (4) and (5) simultaneously, thereby enabling the mass and
radioactivity distributions to be monitored separately .
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It should be noted at this point that the validity of equations (1), (2) and
(3) depends upon the assumption that the coagulation kernel ¢ and deposition
rate R depend only on particle mass and not the detailed composition of the
particle. Although a means of removing this assumption has been suggested by
Simons (1982), it involves the coefficients ®ij and Rl becoming implicitly

time-dependent, which is precluded by current methods of solution due to
limitation of computing time.

Two cases are considered here for the initial aerosol:-

(a) Bimodal distribution: radicactive and non-radicactive materials both
lognormally distributed but with different values of mean radius and

standard deviation,

(b) Unimodal distribution: non-radioactive material lognormally distributed,
with superimposed radioactivity proportional to an arbitrary power, B, of
the particle radius.

A general approach to the sodium oxide/fuel problem will utilise case (a), while
the assumption that radioactivity quickly becomes proportional to radius
corresponds to case (b) with B = 1. An AERORAD run for the latter case with a
representative set of parameters describing conditions in the reactor containment
yielded a value for

J{t)/J (o)

M(t)/M(o)

of about 2, where J(t) and M(t) are respectively the airborne radioactivity and
mass per unit volume after time t.

Another situation of interest is where an initial radiocactive aerosol becomes mixed
at later times with non-radiocactive source material. Since the radioactivity 1is
initially distributed uniformly throughout the particulate material, this can be
modelled using case (b) with 8 = 3, together with a non-radioactive source term.

Work 1s currently in progress on both of the problems discussed here. It is
intended to test the sensitivity of the results to various input parameters,
particularly the thickness of the boundary layer for diffusional deposition, and
also to run AERORAD with the number of mass bins, N, equal to 20, 40 and 60 in order
to verify the convergence of the results with increasing N.
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REVIEW OF AREAS THAT MAY REQUIRE SIMULTANEOUS COUPLED
SOLUTION OF THE THERMAL HYDRAULIC AND FISSION
PRODUCT/AERQOSOL BEHAVIOR EQUATIONS FOR
SOURCE TERM DETERMINATION

T. S. Kress
Oak Ridge National Laboratory
Oak Ridge, Tennessee

ABSTRACT

In the determination of the behavior of nuclear aeroscls in the re-
actor coolant system and in the containment for the development of
severe accident source terms, present practice generally is to first
perform thermal hydraulic calculations for specific plant types and se-
quences and then to utilize the results as input for separate fission
product/aerosol dynamic transport calculatioms. It is recognized that
there are several areas in which the thermal-hydraulics and the fission
product/aerosol behavior may be significantly coupled and that it is
then basically incorrect to do the analyses in a separated manner. This
review paper produces a speculative list of these potentially coupled
areas and attempts to assess the importance of the coupling for as many
of the specific items that time has allowed before this conference.
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INTRODUCTION

The determination of severe accident source terms must, by neces-
sity it seems, rely on the use of complex computer codes that involve
the solution of thermal-hydraulic models (generally heat transfer and
fluid mechanics) to determine system temperatures, pressures, and flows
and fission product/aerosol transport models to determine their movement
and disposition. For example, the U.S. Nuclear Regulatory Commission
has recently conducted a study (BMI-2104) with Battelle Columbus Labora-
tories using this type of procedure in reassessing the severe accident
source terms for LWRs. 1In the BMI-2104 study, the MARCH-2.0 computer
code was used to determine the core heat-up and melting behavior, the
resultant steam and hydrogen production rates and core exit tempera-—
tures, the reactor coolant system (RCS) pressure, and the containment
thermal hydraulic response including effects of ejection of steam from
the RCS; core melt/concrete interaction to produce thermal and mass
loading in the containment, combustible gas (H2 and CO) burning, and
natural convection and condensation heat transfer to surfaces.

The core fuel temperatures were input into CORSOR, a simple cor-
relation model, to determine the release rates of fission products and
aerosols into the core exit region.

The RCS pressure and the core exit steam and hydrogen flows and
temperatures were input into MERGE which calculates flows, gas tempera-
ture, and surface temperature in several control volumes that represent
the RCS. These, along with the fission product/aerosol release rates
from CORSOR are input into TRAP-MELT which calculates the transport and
deposition of the fission products and aerosols within the same control
volume representation of the RCS. After MARCH calculates RCS vessel
melt—-through failure, the residual fission products not released into
the RCS (along with other core materials) are assumed dropped into the
reactor cavity. Here MARCH calculates additional steam/H2 production
from the debris thermal interactions with any water in the cavity.

Although MARCH also calculates the thermal and gas loadings in the
containment due to the interactions of this debris (or melt) with the
basemat concrete, a separate pair of codes, CORCON and VANESA, were used
for the purpose of calculating fission product and aerosol release.
CORCON calculates the thermal history of the melt, the concrete penetra-—
tion, and the production of gases from concrete ablation and their sub-
sequent chemical reactions with the melt. VANESA uses the output of
CORCON for the thermal history of the melt and the gas production rate
from the concrete to calculate the rate of release into containment of
fission product vapors/aerosols, and their chemical composition. The
containment thermal hydraulic response and steam sources calculated by
MARCH, the fission product aerosols escaping the RCS into containment
calculated by TRAP-MELT, and the fission product/aerosol sources from
core-melt/concrete interactions calculated by VANESA are input into the
NAUA code to calculate the transport and deposition of the aerosols
within the containment volumes.



— 227 —

Because these codes were generally developed independently of each
other and only "forward” coupling is accomplished, the above procedure
leads to inconsistencies and to potentially incorrect results when there
is significant two-way coupling between the thermal hydraulic and the
material transport behavior. An integrated system that removes the
inconsistences and provide simultaneocus coupling is necessary to produce
defendable source term estimates.

The above approach to source term development is illustrated sche-
matically in Fig. 1 in terms of phenomenological areas rather than spe-
cific codes.  The nature and direction of the present coupling is indi-
cated by solid arrows whereas areas where simultaneous coupling is be-—
lieved to be important are indicated by the dashed arrows.* The identi-
fication and nature of these areas suggested for coupling are discussed
below.

SPECULATIVE LIST OF COUPLED ITEMS

The use of the term "coupled” in this paper implies that the mathe-—
matical model for the thermal hydraulics phenomena contains elements
that include the fission product/aerosol transport phenomena and vice
versa and that a simultaneocus solution of these would result in a sig-
nificant difference in either the thermal hydraulic behavior or the
fission product/aerosol behavior compared to the separate solution with
only input from the thermal hydraulics to the aerosol/FP transport.
Items that should be coupled in this way have been pointed out by sev-
eral people in different countries so the list below is not particularly
original nor is it believed to be exhaustive. The order in which items
are presented is more-or—-less chronological as one would move from the
core outward to the containment (so much as that is possible).

ITEMS AND NATURE OF COUPLING

(}) Fuel heat—up and melting — fission product release:

The release of fission products is driven by the fuel temperature
and exposure time before slumping. As fission products escape from
the fuel, they carry a portion of the decay energy, thus removing
part of the internal heat for the fuel.

*1t can be noted here that there appears to be only minor back
coupling from the containment to the RCS up to the time of RCS failure
so that separate sets of integrated systems are possible — one for the
RCS and one for containment. The CONTAIN/MAEROS system at Sandia, for
example, represents an integrated system for containment analyses that
should be appropriate for the bottom part of Fig. 1.



(2)

(3)

(4)

(5)

(6)

(7)
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RCS thermal-hydraulics — nucleation/condensation of fission pro-

duct vapors:

The rate of nucleation/condensation of fission product vapors into
aerosols is determined by the rate of cooling of the carrier fluid
as it passes through the RCS. However, on condensation the vapors
give up their latent heat of vaporization to become a source of
heat to affect the thermal hydraulics.

RCS thermal hydraulics — released fission products as contributors

to carrier fluid propertiese.

The RCS thermal hydraulics (flow rates, gas and surface tempera-
ture, heat transfer coefficients, etc.) influence the behavior of
the aeroscl/fission products. However, there may be sufficient
quantities of fission products compared to the H2/H20 that they
should be considered as part of the carrier fluid.

RCS thermal hydraulics — released fission products as decay heat

sources within the carrier stream.

The quantity of decay heat represented by the transported fission
products could represent a significant internal heat source into
the gas stream.

RCS thermal hydraulics — deposited aerosols/fission products as

decay heat sources on surfaces (revaporization).

(a) The deposited fission products/aerosols could provide a suf-
ficiently strong local heat source to alter the system thermal
hydraulics (surface temperatures) and perhaps revaporize vola-
tiles.

(b) The relocation of the heat source distribution could alter the
strength of natural circulation.

Core/concrete thermal hydraulics — aerosol production:

The presence of a dense cloud of aerosols above the core/concrete
interaction zone could shield thermal radiation thus increasing the
melt temperature and enhancing aerosol production.

Containment thermal hydraulics — water vapor condensation onto

aerosols.

(a) The presence of aerosols in the containment provides a poten-—
tial repository for water that could influence the containment
thermal hydraulics with respect to the relative humidity.

(b) The presence of significant quantities of liquid water on
aerosol particles could influence the severity of effects of
hydrogen burns.
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(8) Containment steam condensation — diffusiophoretic plate out of
aerosols.

The deposition of aerosols on surfaces by diffusiophoresis could
alter the steam condensation rates by their presence as local heat
sources or as imnsulation.

(9) Containment natural convective mixing — aerosols.

The presence of aerosols as mass loadings and heat sources could
alter the strength of natural circulation (affecting turbulence
levels) and creating stratification of aerosols.

(10) Thermal hydraulic — fission product/aerosol removal in:

— Ice condenser

— Suppression pools
- Coolers

— Filter systems

SIGNIFICANCE OF VARIOUS COUPLED ELEMENTS
EVALUATED TO DATE

We will now examine as many of the above items that there is time
for before "press-time"” to attempt to make some quantitative judgments
as to their significance. The most direct approach for such evaluations
would be to develop the coupled mathematical models, develop solutioms,
and compare results of calculations over appropriate ranges both with
and without the coupling being operative. Unfortunately neither the
time nor the resources were available for such a comprehensive ap-
proach. Some attempts were made along those lines with much simplified
versions of coupled models that could be amendable to "hand"” calcula-
tion. In general, however, no systematic approach was utilized.

Item (1): Core thermal hydraulics/fission produce release:

This is an area in which coupling appears fairly obvious and is, in
fact, done to some extent in MARCH where the fission product inventory
as a heat source in the fuel is altered as fuel melts by using the WASH-
1400 release model. However since most of the "volatile” fission pro-
ducts can be released prior to fuel melting, this approach may or may
not be adequate.

A very simplified approach is used for this assessment.

A calculation was made for a unit volume of fuel heating adiabat-
ically (without heat losses to the steam or surroundings and without
steam/Zr reaction energy). This could be viewed as a whole core heating
up uniformly. On reaching a "melt” temperature of 2400°C, the tempera-—
ture was held constant until full melting of the unit volume — at which
time the calculation was discontinued. The calculation was made both
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with and without fission product losses to give some insight as to the
possible extent of influence. A CORSOR like release model was used. To
produce the coupled solution, an iterative procedure was followed as
outlined below:

Needed parameters for the calculation were assumed to have values
as follows:

Operating reactor power = 2441 Mwt

Fuel melt temperature = 2400°C

Cp = 0.12 Btu/°Felb

Ts (at time of start of calculation) = 1000°C
M for melting = (0.12) (1029) Btu/lb

Total core fuel mass = 1.027 x 10° kg

Total decay heat power versus time after scram was determined from Ref.
[2] to be:

Time (s) 0 1.5 10 30 110 1000 8547 1 day
Decay heat (percent ~7 6 5 4 3 2 1 ~0.5
of core operating

power)

The relative contribution to the above decay power due to various
fission product groups was estimated from an ORIGEN 2 run to be as fol-
lows.

Time 0 15 m 30 m 60 m 90 m 1d
Group 1 [volatiles] (Xe, 0.39 0.37 0.35 0.34 0.33 0.28
Kr, I, Br, Cs, Sb, Te)

Group 2 (Ba, Sr) 0.09 0.087 0.082 0.080 0.080 0.065
Group 3 (Ru, Tc, Rb, Smn) 0.13 0.074 0.059 0.046 0.042 0.036
Group 4 (Rare earths 0.49 0.47 0.46 0.45 0.45 0.52

and others)

An examination of the accident sequences in Ref. [1] indicates that, for
many of these, the core melts over a period of time for which a repre-
sentative choice for the power level is about 1% (or according to the
table above at ~142 minutes at which time the contribution to the power
from the volatile group is about 0.30. Therefore the following assump-
tions are also made.

Decay power level = 1%
Group ! fraction = 0.30
Group 2 fraction = 0.08
Group 3 fraction 0.036
Group 4 fraction 0.5

An initial adiabatic heat-up was calculated from

aT
Mz = R
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up to the fuel melt temperature, after which the temperature was held
constant for a time increment given by

LT = Mo, /@
This gave a linear change in temperature,
T=To +(QRMCIT = & + L1,

up to fuel melt and constant thereafter.

The result of this initial calculation at 1% power level is indi-
cated on Fig. 2 — which represent the thermal hydraulic situation for
no coupling.

The fission product releases as a result of this thermal history
were calculated using a CORSOR type release model as recommended in Ref.

[3]:
dMy o Ko Me
drt

where the release coefficients, Ki, are given by

i, = fq‘gtal//Clé

where, for the various nuclide groups,

Group 1, C1 =1

Group 2, C2 = 300
Group 3, C3 = 10,000
Group 4, Cy = 30,000

and A and B are selected for three temperature range:

T

(°c) A B
<1600 6.5 x 10719 1,061 x 1072
1600-2000 3.616 x 10=° 5,22 x 10 3
>2000 2.41 x 10~% 3.12 x 10~3

For a linear temperature transient, T = a + bt, solution of the above
release model gives,

(28] = (2e%) () ]

p———
M <o
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The result of the application of this equation over the three tempera-
ture ranges using the original adiabatic heat-up temperature transient,
T = a + bt = 1000°C + (28.47)t, is shown as the first iteration curve on
Fig. 3 in terms of the fraction of decay heat remaining in the fuel as
the fission products are lost. This represents the uncoupled fission-
product transport result. It can be seen that essentially all of Group
I is lost over the time period from about 25 min to ~50 min and very
little of the other Groups are lost.

This fias'on—product loss curve was represented by a linear curve,
Q/Qo =1 -(54—9t starting at t = 25 min as shown on Fig. 3 and the tem-
perature trangient was recalculated from a solution of

for:

Q = constant up to t = 25 min = Q,

Q=0Q, [1—%3—3-]t for 25 < t < 45 min

Q Q (0.7) thereafter

The result of this is shown as the "coupled solution” on Fig. 2.
Linearizing this new temperature transient over two time periods and
iterating on the fission product loss calculation gave the "2nd
iteration curve on Fig. 3. Since this 2nd iteration curve is not
significantly different from the lst iteration, additional calculations
were unnecessary.

The fission product losses by groups were calculated to be as shown
in the table below in terms of the fraction remaining in the fuel:

Time min O 10 ~21 30 ~36 40 50 60 70
Group 1 (1.0)% (0.999) (0.971) (0.755) (0.462) (0.22) (0.014) ~0 ~0
1.0 0.999 0.971 0.755 0.462 0.225 0.023 ~0 ~0
Group 2 (1.0) (1.0) (1.0) (0.999) (0.998) (0.996) (0.986) (0.972) (0.959)
1.0 1.0 1.0 0.999 0.998 0.996 0.988 0.976 0.962
Group 3 (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (0.996) (0.991)
1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.998 0.994
Group 4 (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0)
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

3Uncoupled solution ( ).

Interpretation of Figs. 2 and 3 suggest the following conclusions.
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1. A coupled solution in this area would not much affect the fission
product releases.

2. The timing of core melt and slump is slightly extended.

Coupling in this area appears to be only marginally important. However,
it could become more important if temperatures exceed the "melt” temper-
ature, when better models are available for core slumping behavior, or
when there are improved fission product release models and data.

Item (2), (3), and (4). RCS thermal hydraulics/nucleation-condensation
of fission product vapors; volatiles as decay heat sources; fission pro-
ducts as part of the carrier streams:

For aid in assessment of these items, a very simplified “"control
volume” analysis of an upper plenum was developed as follows:

—‘_:" We, To

r//
Q ‘@ﬂg [ ComMTROL VobuMmC€ ; V

- T
S TRUCTURE momys
s | P )

Sy FiSsion PRoDUCT $SouURed t w,;l'r‘, (enmarica )]
A simple energy balance gives:

AV Y7 T ChGTi- LoCeT - WA(T-T) + g™V + ﬁ\:"%..,af“m

where w.,,q is the rate of condensation of volatile fission products in
the control volume, AH. .&6 their latent heats of condensation, and ¢°°~

is the volumetric %nternal heat generation rate due to decay of
figssion products.

Auxiliary equations are:

dT
o For the structure temperature: Mg p I hAS(T - T )

o For the concentration of fission products within the control

vdC
: — =8-—-—¢C
volume ac 5 .
@ssume quasi-steady conditions for the fission product concentration so
that

0

aC
Ni g

R

(o o C = C 5/‘5/‘5%)

and let the internal decay heat be C x P where P is the power per unit
mass associated with the volatile fission products.
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dT
In addition, make the gross approximation that HEEA: %%

(substantiated to some extent by detailed code calculations of upper
plenum thermal hydraulics — see, for example, Ref. 1), so that

T _
Mcpgéj';_ = ’e\,ﬂs(T‘ ‘S) e

With the above assumptions, the energy balance equation reduces to:

= - 0. &5H,
Covay r My dl = o] - vt - i « B

The terms in the "boxes” can now be compared to evaluate their
relative potential effects on the thermal transient. Some other assump-
tions on needed parameters are given below:

Because expressions for the equilibrium vapor pressures for CsI,
CsOH, and Te were available from the TRAP-MELT code, use was made of the
Clausius~Clapeyron relation to estimated values for AHfg as follows:

Clausius— Clapeyron:
A>¥J¥¥
d (&P _ —

e 2
4T RT
or, alternatively
d(2P) _ AHeo
o - - R )

L
(%)
R= La¥7 (CAQ/?.—M‘&~°K)
From TRAP-MELT:
CoT: P~ -9672/T
So DHyq = (2678)(. 981) (£n10) = w44.3 tacd /ol

CaOH e ~ -—¢700/T
1© 30.6 W/,ywre(

:Q AHS& = ((,'100)((-9?'1)(,&4 10) =
: A — O/T
TC ' M‘OP 79%

oo AH&’ = (7‘)10)(1.977)(,&4 10) = 2¢.5 boeh /i



Therefore, assume a representative value of 30 kcal/mole for M
the volatile condensable fission product wvapors.

and a second control
the grid plate.
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volume of 13 m3
Both of these values will be used for comparison.
addition, the values for the source rates of H2 and H20 along with CsI,
CsOH, and Te and the inlet temperature, T

[1] with a great deal of difficulty.

Mwt core.

1

H2 and H20 rates extracted from Ref.

Lo H,
o Ha0:

Ce

1Y

Cp

3.5

005

These values, along with the cal-
culated values for w,Cp.T. ; SpPV/wO; and w, OH
tables below for a TMLB*

The carrier stream flow rates,

for

A volume, V, gr the
control volume must be selected for the decay heat term.
utilizes a control volume for the grid plate above the core of 1.5 m3
for the upper plenum region above

Reference [1]

can be extracted from Ref.

and an AB sequence. T

1

are presented in the
values for P include
all of Group 1 at an assumed total decay power level of 1% for a 2441

w; and w,, are the sum of the

1. The values of Cp used were:
pro/et -°F  (e/2-°K)
gro/- - °F  (ct/g- oK)

Comparison of inlet enthalpy, decay heat, and heat of vaporization:

In

TMLB' sequence:
Time (s) 0 720 1440 1680 2700
Ti (°C) 900 1530 1860 1920 2050
Wy, (g/s) 0 89 108 70 4
Y0 (g/s) 1813 169 18.8 1.28 0.011
w (8/s) 0.17 5.70 7.67 3.43 1.56
w_, (g/s) 2.73 60.8 78.9 35.6 16.2
vy, (8/9) 0.001 7.42 10.32 7.67 4.1
fw, C_ T, (kcal/s) 1.06 x 103 7.14 x 102 8.26 x 102 5.39 x 102 325
in p in
Zw, AHfg (kcal/s) 0.64 16 22 10 5
[§E§Y]:v = 1.5 m3 7.08 x 103 1.53 12.3 85.9 4.39 x 103
(22 :y = 13 (5525) 6.1 x 1072 13.3 107 744 .3 3.81 x 10%
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AB sequence

Time (s) 0 260 660 1260 1500 1620
T, (°C) 315 1200 1790 2030 2060 2060
mH2 (g/s) 91 96 113 1153
.  (g/s) 1891 398 178 163
H»0
v, (g/s) 1.93  5.44  7.55 5.13  3.17 2.6l
o, (8/s) 25.1  58.6  79.7 52.1  31.4  13.5
wp, (8/9) 0.83  5.79 11.70 13.67  11.67  10.0
tw.cp. T, (Xaly 743 788 1.0 x 103 1.15 x 10“
1 i1 s
o an (kealy 6 16 22 5.8
(o4 s
Sy = s <2l 43 g8 162 36
Sy =13 <Ly 373 769 1.41 x 107 312

Inspection of these tables reveals the following about these three areas
of suspected coupling:

1. The latent heat of condensation for the condensable fissions pro-
duct vapor species does not appear to be important.

2. The decay heat load of the volatiles as released in the upper
plenum regions is geunerally important and can sometimes be domin-
ant.

3. The quantities of fission product gases (Xe, Kr) ) and condensable
fission product species along with the quantities of aerosols can
equal to and often exceed the combined H2 and H20 flows. Hemnce,
the thermal hydraulic analyses should consider including these as
prominent members of the carrier fluid in terms of flows, heat
capacities, thermophysical properties, etc.
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Item (5) RCS thermal hydraulics/deposited aerosols as decay heat sources

on surfaces.
(a)Revaporization potential

For assessing the potential significance of this item, we are for-
tunate to have available an analyses by Ref. [4], which made use of the
same codes used in the BMI-2104 Ref. [1], study: MARCH 2.0, MERGE,
CORSOR, and TRAP-MELT. However, MERGE, CORSOR, and TRAP-MELT were com-
pletely integrated into a single package that could perform simultaneous
coupled analyses of the RCS thermal hydraulics and fission product/
aerosol transport. Some results of these coupled analyses have been
obtained from the study and are presented here in Figures 4-7. These
show clearly the effects of the deposited fission products as heat
sources in driving up the RCS structure temperatures (tc failure condi-
tions) and subsequently revaporizing and driving off volatile species
late in time.

It appears that this may be the most significant area for the RCS
that needs a completely coupled treatment.

Item (5) b: Effect on natural circulation:

[analysis not completed at this time]

Item (6): Core/concrete thermal hydraulics/aerosol production and
shielding of thermal radiation

Here again, we have some outside help. Reference [5] reports on a
sensitivity study of the CORCON Code in which the effective core melt
surface emissivity was varied over the values of 1.0 (base case), 0.05,
and 0.001 to simulate the effects of an overlying cloud of aerosols in
blocking the radiation heat transfer. The results of this study for.the
maximum temperature reached by the melt and the total evolved gases are
given below:

° Total Gas
Case Tpax ¢ K) (kg)
Base (e = 1.0) 2310 9,900
e = 0.05 2320 10,550
€ = 0.001 2450 12,250

The influence of these parameters on aerosol production are exponential
for T and linear for the gas flow. Reference [5] estimated that the
case for € = .00l would have increased the aerosol generation rate by a
factor of 10 compared to that of the base case. It is clear that this
could be a significant area of coupling depending on the actual value of
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effective emissivity that would represent the effect of the aerosols.
Analyses have not been completed for this but preliminary estimates in-—
dicate values of the order of 0.0l1. Hence, the actual inclusion of this
effect within the calculations that influence both gas and aerosol pro-
duction is believed to be important.

Item (7): Containment thermal hydraulics/aerosol-water vapor interac—
tions:

(a) Effects on relative humidity:

The concern here is the effect that water, airborne as condensed
liquid on aerosol particles, might have on controlling the containment
relative humidity which is calculated, in MARCH, without benefit of a
coupled aerosol behavior analysis.

The Mason equation is used in NAUA to model the condensation/evap-—
oration interactions of airborme water vapor and aerosol particles,

e AHss SHgg™ "‘ + ____,4 RT
( N f e

The mass of water exchange per unit containment volume associated with
the change in size of N particles of size r is

dn
M, = —( 4772 MY T
Hence, multiplying the Mason equation by
— TS vy

will provide an expression for the rate of water vapor exchange with the
containment atmosphere due to condensation/evaporation onto aerosols.
Therefore a full mass balance, including sources of steam, S/V and
condensation on the containment structures is given by

o - M’,Em 4 erOJ

= - TSN (_:M ___-
KT (2 -0 G 0

do ] kBeo-ny + 31V
dx

This can be expressed as

i—fi = -%Pﬁ&r - hcoﬂd.’o + K.(ﬂ-) ¢ Ka

in which the "time constant" A's are

= Cemnate) /T TA (A ) 4 KT (e



— 239 —

i

Ea .

and \)COHD\ =

These time constants can be evaluated to estimate the potential relative
influence on affecting containment airborne water vapor coutent:

For quantifying A the following parameter values were used:

parts
p, =1 g/cm® = 62.4 1b /fe3

# = 250°F = 120°C = 393°K = 710°R
P. = 29.8 psia

s
M_ = 945.5 Btu/lb:

fg

M = 18 1lbs/lb~mole

R = 82.047 atm - cm3/g-mole °K = 1206 psia - cm3/g-mole °K

K = 0.015 Btu/hr - ft - °F

D = 0.25 cm?/sec

R = 85.78 (ft-lbg/lb_ - °R)

It is seen that A depends on the concentration of particles, C,

part
through

N = 3<L/C4Tr/i3

and on the radius of the particles. Using the above values, XA ... can
be expressed as |A| = 0.333 C/r2 sec™! if C is the concentration in g/m3
and r is the particle radius in um.

Parametric variation of these gives the various values for A
shown below:

part 2%

c r 0.1 1.0 5.0 10.0 100.0
.1 3.33  0.0333 .0013 .0003 3 x 107°
1.0 33.3 .333 .013 .003 3 x 107°
10.0 333 3.33 .13 .033 3 x 1074

It now remains to quantify Acond'

The relation used in MARCH-2.0 to calculate the heat transfer asso-
ciated with steam condensation onto containment structures is

a/m = M LT-Tul b, 2 1o (sro/bn-F"F) |
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The rate of steam condensation that this would predict is given by:

R/IVoH,, = AP /At V) [T-7D)

= @u‘f /AHH_V)T - A CONSTANT 7ermmn

or CCQ/V“#;—;) ~ C‘?cﬂ/"#&;‘/) ‘%’T‘(ﬁ)

oo Ks 1n the expression

(i

el = [ 42]

k ~ A4 RT /24, p

can be estimated as

(&VBI ~ U RT (MDY (BIV)

Values used for the various parameters are:

he = 10 Btu/hr-ft2-R
RS = 85.78 ft-Tb./Tb R
T = 710 °R
AH. = 945.5 Btu/1b
P9 = 29.8 1bc/in?" 144 in2/f12 ;
AJV = 1.292 105/1.8 106 ft-! = 072 ft

(12> (‘5'5-71)@/0)2-(0.0729 /

(945.5)(292.¥) (/)

°°° >\amo -

= 7272

Since 7.7 is generally>A,[especially for 1m and bigger particle
(droplet) sizes] the presence of condensed water vapor on aerosol par-
ticles would be assessed to not have much effect on containment humidity
compared to condensation onto wall surfaces.
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Item (7b): Effects of airborne liquid water on H2 burns in containment

During some accident sequences, as much as 50 to 100 grams of water
vapor per m3 of containment volume have been calculated to be airborne
as condensed onto particles. It is of interest to compare the heat
absorbing capacity of this water on vaporization, M, AHg,, compared to
the potential heat addition to containments by H2 burning. Estimates
for H2 mass addition to containment generally range from 100 to 600
kg. Assuming the heat of combustion for H2 to be

ad
-

AH (CoMGUSTwV) 61,000 (gBro/in)

and AHf for vaporization of water = 948.5 Btu/lbm the relative energy
release and absorbing capacities can be compared as shown below.
Mqpgray, for 100 g/M3 of water = 208 Btu/m3
AHparag, for 10 g/M3 of water = 20.8 Btu/m?
263 Btu/m3
1578 Btu/m3

AH due to burning of 100 kg of H2

W

AH due to burning of 600 kg of H2
It appears from the above that there could be circumstances (heavy
water loadings and limited amounts of H2) in which it would be important

to consider this in the thermal hydraulics calculations.

Items (8), (9), and (10):

[Quantitative evaluation of these items has not been completed at this
date]
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AEROSOL NUCLEATION AND GROWTH AND THEIR COUPLING TO THERMAL HYDRAULICS

C.F. Clement
Theoretical Physics Division, 424.4, AERE Harwell,
Didcot, Oxon 0X11 ORA UK.

ABSTRACT

We examine the physical processes leading to vapour condensation as an
aerosol in the formation and cooling of vapour-gas mixtures. Requirements
for mathematical, computer and experimental modelling are discussed in
relation to nuclear aerosols.

In the absence of sudden pressure drops we give a complete schematic set
of equations which govern the motion of aerosol, vapour, gas and heat
including radiation. The coupling to the aerosol equation is mainly through

the droplet growth rate, R, and a nucleation term whose possible forms are
described. Rapid equilibration between vapour and aerosol means that the
likely heterogeneous nucleation term must be treated separately.

General forms are given for the coupling terms in the equations for
vapour concentration and temperature in terms of the local mass transfer rate
to the aerosol. The properties of this quantity are shown clearly by an
expression for it obtained in terms of Lewis and condensation numbers and the
quantity, §, whose derivative gives the local total heat transfer rate.

Sizes of these numbers are given for some relevant vapour-gas mixtures.

Throughout the paper we give the physical requirements necessary to make
the transitions to the more calculable cases of uniform or well-mixed
aerosols, and finally we discuss the case of initially unsaturated vapour-gas
mixtures.

The interaction between aerosols and the thermal hydraulics of their
containing gas is of interest in fields as diverse as reactor safety[l] and
the physics of clouds in the atmosphere[Z]. Many problems remain in the
subject, but we report here mainly on recent advances in the understanding of
aerosol formation and growth from vapour-gas mixtures. First, however, we
consider the general problems of the subject in the modelling of nuclear
aerosols. The main conclusions of this work are emphasized in the text.

Because of the difficulty in reproducing possible though unlikely,
events, such as the emission of vapours from an overheated reactor core, we
have to have recourse to mathematical, computer and experimental modelling of
the subsequent processes which include aerosol formation and decay. This
means acquiring a good enough understanding of the basic physical and
chemical processes involved. Otherwise we may be forced into making unduly
conservative assumptions such as assuming that all the vapour condenses into
a persistant aerosol. This is a low density (< 0.1 kg m ) suspension of
micron-sized droplets or particles with a long lifetime against removal
processes: gravitational removal by fallout is fast for higher densities and
larger particles[B]. We may look on heating a core as a giant distillation
experiment and need to understand why it might be different from normal
distillation processes in which no aerosols are usually formed at all. This
applies particularly to experimental modelling where, unless the coupling
between heat and mass transfer processes is taken into account, inappropriate
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results may be obtained. As opposed to aerosocl decay processes which have a
long lifetime, the formation processes are usually very fast which partially
accounts for the present inadequate experimental work in the area.

Theoretical guidance is clearly needed in deciding which experiments to
perform, and this raises the question as to whether there is an adequate
mathematical framework at present in which the interaction between aerosols
and thermal hydraulics wmay be examined. 1In figure 1 we give in a schematic
form a minimum set of equations which are required to describe the three
fluid system consisting of aerosol, vapour and gas. In order to discuss
condensation it is necessary to include both the usual heat or temperature
equation and an equation for the radiation intensity, I(A), which may be
strongly coupled to the aerosol. Symbols used in figure 1 are defined in the
nomenclature and we define here only the vapour concentration

o(r,t) = py(p,t)/plz,e) (1)

whose equilibrium values, cg(p,T(r,t)), can be expressed in terms of the
total pressure and the equilibrium vapour pressure, pVE(T).

In principle, the forms of most of the terms in these equations are
known or can be derived, but problems still remain. One problem of
particular interest concerns the convective driving force in the overall
momentum equation whose normal form involves the coefficient of expansion,
B = —-(1/p)(3p/dT)_ = 1/T for a simple gas. It was pointed out some time
ago[4,5] that this term can change sign and convection be suppressed in a
heavy vapour-light gas mixture, and recently that it can lead to ‘upside-
down' convection[6]. However, these treatments did not properly take into
account the aerosol density. We hope to return to this subject elsewhere,
but it is clearly of considerable potential importance because most nuclear
vapours are heavy, i.e. have a greater molecular weight than the surrouading
gas.

We assume that only one parameter, the radius R, is needed to
characterise the aerosol size distribution, although this may not be
sufficient for solid particles. Then the equation for the aerosol
concentration, n(R,r,t), takes the general form:

SE+ vUn + Vo(nvy) + T.(-Dy(R) n) + Jp(nR) = [R n?] + Sy®R,z,t) , (2)

where [an] represents the coagulation terms in whose detailed form we are
not interested here.

The directional velocities relative to the fluid are contained in \Z2D
which includes the gravitational velocity as well as those from
thermophoresis and diffusiophoresis, proportional to VT and Ve, respectively.
Most current computer programs solve a spatially uniform version of eq. (2)
with no growth term, no source term, Sy which arises from nucleation, and
surface removal rates which arise from the V. terms. Because of the
nonlinear nature of the coagulation terms even this simplified calculation is
non-trivial. Even without coupling to the radiation field, whose
transmission alone is a complex problem[7], it is obviously extremely
difficult to include spatial dependence for the aerosol concentration as well
as the coupling to c, T and v in a general computer program. Thus we have:
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Conclusion ! Considerable simplifications are required in the equations
coupling the aerosol to thermal hydraulics before numerical solutions can be
obtained.

Hitherto, we have neglected to explain that the dashes around the boxes
in figure 1 denote that the terms in the equations are usually small. For
the aerosol the diffusion term in eq. (2) is negligible for micron_?6zeg ]
particles because the diffusivity, D_(R), is extremely small (< 10 ms *)
Mathematically the neglect of this term implies that there are no second
order spatial derivatives of n(r) in eq. (2). Spatial discontinuities in
n(r) can then occur and, in fact, are commonly observed with aerosols:

Conclusion 2 Aerosols have sharp edges in space.

The movement of such boundaries is a difficult problem in general. They
do not necessarily move with velocity v because, as we shall see, nucleation
and growth are so rapid that the coupling terms can easily move the
boundaries relative to the gas flow. Again this is observed with clouds.

For aerosols the only effective mixing mechanism is turbulent flow so
that we have:

Conclusion 3 Criteria for the validity of the approximation of a spatially
uniform aerosol are:

A, The whole spatial region is encompassed by turbulent flows.
B. Aerosol coagulation and removal times >> Turbulent mixing time.

The criterion A will be violated for an enclosed volume if convection
does not exist or is suppressed in part of the volume. If convection does
exist the aerosol number or mass density must be high to violate criterion B
since turbulent mixing times are fast (typically seconds even for cavities of
tens of metres in size).

In our remaining discussion a crucial role is played by the microscopic

droplet growth rate, ﬁ, whose form has been derived by a number of
authors[8,9,10]. Heat transfer occurs between a droplet at temperature, Tg,
and the surrounding gas at temperature T and, by radiation, with more distant
aerosol and walls. The radiative heat loss from a droplet of radius R may be
written as

dpag = 47R2[A + B (T4 - T)/T] . (3)
where A and B are independent of Tj.

The effect of radiation to nearby gas (the term B) turns out to be
negligible for micron-sized droplets, in which case we have

! [S -1+ LRAD]]

= 4
oL “TuEar [+[mass]” “

which is valid for the supersaturation, S = py(T)/pyg(T), not too far from
unity.



— 254 —

[HEAT] = " A L+ R (5)

R. T
[mass] = —C¢ (L +Ry | (6)

where H and k., are surface transfer coefficients and k' and D' are slightly
modified[10] forms of the thermal conductivity and diffusivity which reduce
to their normal values for large R and small pv/p.

The radiative term is

[RAD] = L w A/(Rg T2 ky) . (7)

An examination of these results leads to the following conclusions:

Conclusions 4 For small R, R is independent of R but R ~ 1/R for large R.

For water droplets, if we assume 5, = 0.5 for the sticking probability
for water molecules which enters into the coefficient k., the critical
transition radii are in the range 0.3 - O0.4um. However, there is
considerable uncertainty in SA[IO].

Conclusion 5 Even in the absence of supersaturations it is possible for
radiation to promote condensation onto, or evaporation from, an aerosol.

Familiar examples of these processes occur in the atmosphere. In the
reactor case the interaction with radiation would almost certainly be
important in the region above the core.

Actual supersaturations may be calculated by solving the equation for
vapour concentrations, c(E)t), and using the relation[ll],

[ng + (P-v"llg) PVE(T)] [C - CE(T)]

S -1 =
pvE(T ) [by = (uy = pgde]

(8)

In conjunction with eqs. (4)-(7) this relation completely specifies the
growth term in the aerosol equation (2) in terms of the other variables, T,
¢, cg(T), R and I. Actually eq. (4) requires modification for tiny droplets
and the factor S-1 should be replaced by S - exp[a(T)/R], where a is given in
terms of the surface tension, y, and specific volume, vy, of the condensate
by

Since a is of the order of nm the expression (4) is adequate outside the
nucleation regime. Heterogeneous nucleation occurs for a given size, Ry, of

impurity anucleus when S reaches the value given by

In S = a(T)/Ry . (10)
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In the reactor enviromment this type of nucleation is expected to
predominate over homogeneous nucleation because of the likely presence of
small impurity nuclei as well as ionizing radiation, although an exception
could be in the small boundaries around spray droplets[lZ]. In principle, we
could then use the modified eq. (4) with a knowledge of a density of impurity
nuclei to calculate n in eq. (2) without the use of a specific source term
Sy - However, this is not likely to be a useful approach for the following
reasons. We have shown elsewhere[ll] that equilibration between an aerosol
and its vapour is a rapid process and that supersaturations cannot become
large over large volumes. In the nucleation regime equilibration through the
growth term and Smoluchowski diffusive coagulation term in the aerosol
equation is likely to be even faster. The growth equilibration time is[13]

where Ry is the final equilibrium droplet size and p, the final aerosol
density.

For py/p, ~ 10° £~10—2 kg w3 aerosol), k. ~ 102 ms™1 and Rp ~ IO"me,
we would have ty < 10 “s. The corresponding number density would then be

about 2.1018 m"3 which would given an initial timescale for coagulation of
about 107%s.

Conclusion 6 Nucleation will be highly localised in space and very fast in
time.

Because the timescale is much faster than that of the aerosol decay
processes (e.g. gravitational fallout) described by eq. (2), a separate
source term, SN(R,EJt), is appropriate. This term could be specified by:

(a) requiring that S exceeds a critical supersaturation, S , in a given
spatial region, and

(b) converting the excess vapour into aerosol so that the region comes into
thermal and vapour—aerosol equilibrium.

As long as R is not chosen to be too large, the size chosen for the
aerosol in the nucleation term will not be critical: subsequent coagulation
will rapidly remove any differences from different choices of starting
conditions.

The local mass transfer rate to the aerosol is, per unit volume,

m, = 4npy f Rzﬁ n(R,r,t) dR . (12)

The source terms for the equations for c¢ and T shown in figure 1 are,

respectively, —(1~c)év/p[11] and

(Lo, = [ q,.4 n(R,r,t)dR]/pS . (13)
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The radiation term, whose specification will depend on the geometry and
other radiative properties of the medium and enclosure, was omitted
previously[ll]. In this approximation we have completed an extended
investigation of the physical factors which control aerosol growth[1l] and
have performed calculations for steam condensation[lZ]. We now summarise and
slightly extend some of our results, bearing in mind that the possible
effects of radiation are not included.

Using the coupling terms given here and knowing v, we can, in principle,
solve the equations for n,c and T. However, because of the rapid
equilibration requirement[ll], we know that, in the presence of an aerosol,

S ~ 1 and ¢ » ¢cp(T), except possibly in small spatial regions. In this
approximation, the equations for ¢ and T can be solved first and the

solutions used to obtain ﬁv and R. If the dependence of R on R is known it
is easy to invert eq. (12). For example, if R ~ 1/R we have

R

m,/(4np  NRR) (14)
where

NR

J Rn(R,r,t) dR . (15)

In conjunction with eq. (4) this result can be used to determine S, and
so check on the self-consistency of the approximation that S ~ 1[1l1]. The
physics appears in terms of the dimensionless Lewis and condensation
numbers:

Le = k/(DpT) (16)
Cn(T) = k/(LDpc'g(T)) . 17)

Le describes the relative rates of heat and mass transfer, and Cn the
ratio of the rate of latent heat removal by conduction to the rate of mass
transport. In fact Cn is essentially the same as the ratio [MASS]/[HEAT], as
given by eqs. (5) and (6) in the diffusive and conductive limit which has the
same physical interpretation. Rather than in terms of T or c[ll], we here

express &v in terms of the quantity
= + o .
E=T LcE/cp A (18)
For Cn >> 1, and in general for Le close to 1, the total heat transfer

rate including that at walls is given by -kVE. Then, if we neglect the
expected small dependences of ¢ Le, and L on T, we obtain

p’
. 1 Cn
m_ = V. (kVE)
v L (Le + Cn(l-cp))(Cn + Le)
2 2 cp e .= cC
{1-Le + k(VE) Cn Cntle” E _ pv _ 'pg Cé]} . (19)
V.(kVE) CntLe Cntle cf p

An examination of this expression gives all our previous general
results[ll] which we summarise here as conclusions:
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Conclusion 7 Aerosol growth depends on diffusive and conductive currents.
It is therefore mainly localised to boundary layers.

Conclusion 8 For Le#l and small enough AEY (or AT), the sign of &v depends on
the sign of V.(kVE) which is different depending on whether the mixture is
being heated or cooled. In one of these cases the aerosol will evaporate.

Conclusion 9 For a fixed total heat transfer rate, m, has a fairly sharp
maximum in the temperature region where Cn = 1.

The size of m, in a boundary layer depends on the quantity A{ cg/cg,
where AE is the change across the layer. This quantity also mainly
determines the supersaturation possible in the layer.

To calculate heat and mass transfer rates in practice it may be possible
to use the following procedure[l&,S]:

Knowing v and a Reynolds number, or alternatively a Grashof number in a
convective case, the heat transfer to a wall in a pure gas case may be
determined by an experimental correlation. Provided, in the convective case,
that convection is not affected by the condensation (at least true for
Cn >> 1[11]), the same correlation in § gives the total heat transfer. From
this we would get AY across the boundary layer and the missing element in
calculating the ratio of aerosol to wall condensation in the well-mixed
model[15,11,12].

We have proved that the well-mixed model with S = 1 in the boundary
layers gives a maximum to this ratio[ll], but have shown, both analytically
and by explicit calculations[lZ], that allowing even only small
supersaturations leads to a sharp decrease in the proportion of vapour
condensing on the aerosol. Another effect which has emerged, and whose
implications need further study, is that aerosol growth may not have the same
sign throughout a boundary layer[10].

For large enough values of AT or AfZ the well—mixed model predicts
dominant aerosol condensation for Cn >> 1 and dominant wall condensation for
Cn << 1., Values of Le and Cn obtained so far for some nuclear aerosols are
shown in Table 1. The values of Cn are given for p = 1 Atm. and those for
other pressures may be obtained using the proportionaity of Cn to p.

Gas Vapour T°C Le Cn
Air Water 0 0.85 1.3
4 0.85 1
50 0.85 0.1
100 0.54 0.91
Argon Sodium 200 > 1 10
520 1 1
700 | <1 0.1
H,0 Cs1 1200 ? ~0.2
980 ? ~ 1
780 ? =~ 10

Table 1 Lewis and Condensation Numbers for some Vapour-Gas Mixtures
Relevant to Reactors ’



The physical consequences for high temperature water vapour—air mixtures
of having Le < 1 and Cn << 1 have heen thoroughly explored elsewhere[ll,lz].
Without having a value of Le for Csl in steam, we cannot guess what sort of
temperatures differences, AT, in boundary layers are necessary to produce an
aerosol. At higher temperatures (> 1000°C), however, values of cg/cf for CsI
indicate that values of AT needed are probably 4-6 times larger than those
needed in water vapour-—air mixtures.

Conclusion 10 Basic transport data are needed for possible nuclear vapour-
gas mixtures, e.g. CsI and CsOH in steam.

Finally, we discuss what happeuns to initially unsaturated vapour-—gas
mixtures, as this may correspond more closely with some possible nuclear
cases and certainly occurs in many distillation processes. The equations for
vapour councentration, ¢, and temperature are mainly uncoupled. Mixing and
diffusion will make ¢ practically uniform. With cooling through walls the
temperatures are lowest there, and this is where initial condensation takes
place. The possibility of forming an aerosol depends on subsequently
removing enough heat at walls, but not so much mass, so that the bulk of the
mixture becomes supersaturated. In practice there are many examples where
this does not happen e.g. water condensation on interior cold windows of a
house. The process needs to be thoroughly characterised for possible nuclear
aerosols.

We have not touched on some other well known processes, such as Ostwald
ripening, which is probably important for high temperature water aerosols,
and the influence of dissolved species. These can be included in a
straightforward way, but the interaction between radiation and aerosol in
turbulent convective flows is more difficult, and we are presently in the
process of describing possible physical effects. In principle, these effects
and the effects of radiocactive heat sources are the major sources of
uncertainty in the theory outlined here for dealing with nuclear aerosols.
Within the present theory the main uncertainty lies in specifying
supersaturations at which nucleation takes place, but at least we do have
means of calculating the maximum possible fraction of vapour which condenses
as an aerosol,
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NOMENCLATURE

constants in eq. (3)

vapour concentration

derivative of cp with

respect to T

specific heat

(pgCpg * PyCqoy)/p

condensation number

modified vapour—gas diffusivity
aerosol diffusivity

surface heat transfer coefficient
radiation intensity

modified therml conductivity
surface mass transfer rate
total heat transfer coefficient
coagulation kermal

latent heat of vaporisation
Lewis number

mass transfer rate to aerosol
per unit volume

aerosol number density

total aerosol number density
total pressure

radiation heat loss from droplet
position vector

droplet or particle radius

mean droplet radius

gas constant

radius growth rate
supersaturation

S, molecular sticking factor
Sy source term in aerosol
equation

£ time

T temperature

T4 droplet temperature

v velocity

vgq droplet velocity relative

to fluid

vy, specific volume of condensate

Greek symbols

length parameter (eq. (9))
coefficient of expansion
surface tension

wavelength

molecular weight

heat transfer quantity
(eq. (18))

p total density

p, density of aerosol

e < TR

p1, density of condensate

Subscripts

E pertaining to equilibrium
g pertaining to gas

N pertaining to nucleation
v pertaining to vapour
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THERMAT ~HYDRAULIC BEHAVIOUR OF A CONTAINMENT ATMOSPHERE
MEASURED IN THE DEMONA AEROSOL EXPERIMENTS

T.F. Kanzleiter
Battelle-Institut e.V.
Frankfurt am Main, FRG

ABSTRACT

The DEMONA experiments which are being conducted in the Battelle
Frankfurt model contairment (640 m3 capacity) investigate the aerosol
behaviour in a steam/air containment atmosphere under relevant core meltdown
accident conditions (late containment failure caused by overpressure).
Bophasis is also being laid on investigating the containment atmosphere's
thermal hydraulics as these play an important role in aerosol behaviour.

The DEMONA experiments performed so far yielded the following thermal-
hydraulic results:

Temperature distribution and steam/air composition of the containment
atmosphere may be inhamogeneous. This is in contradiction to the well-mixed-
volume assumption which is generally used as a basis for aerosol model com-
putations. Two effects in the experiments were identified to produce an at-
mosphere stratification which may be very stable over an extended period of
time:

—~ Injection of a medium of lower or higher density into an existing haomo-
geneous containment atmosphere (e.g. steam into an air atmosphere or gas
into a steam atmosphere) leads to "filling up" of the containment volune
downward fram the top or upward fram the bottanm.

-~ Diffusiophoretic processes continuing over extended periods of time may
also lead to a stratified, inhamogeneous atmosphere or further intensify
an existing stratification.

The experiments showed that mixing mechanisms which are due to natural
convection often are not strong enough to overcome the stratification
effects.

Thermal-hydraulic codes considering inhamogeneity effects are avail-
able; wverification work is still in progress. The results are used as input
for aerosol codes, single-node aerosol codes needing suitable averaged
thermal hydraulic data. The further DEMONA evaluation will show what degree
of accuracy can be reached in this way and which of the simplifications made
appear permissible.
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INTRODUCTICN, OBJECTIVES

In the assessment of the risks resulting fram nuclear power plants, the
prediction of aerosol behaviour in the containment during a core meltdown ac-
cident plays a central role. The camputer codes by which these predictions
are being made are mainly based on separate-effect and integral tests on a
small scale and under very idealised conditions. To broaden the verification
basis of these codes, the DEMONA experiments in the Battelle Frankfurt model
containment facility were started. These DEMONA experiments investigate the
behaviour of metal oxide aerosols in a steam/air containment atmosphere under
relevant core meltdown conditions (late overpressure containment failure) in
a subdivided scale-model containment geametry of 640 m3 volume. Bmphasis is
also being laid on investigating the contaimment atmosphere's themal
hydraulics, as these play an important role in aerosol behaviour and its
modelling. The present paper describes themal-hydraulic results of the
first DEMONA experiments.

DEMONA TEST FACILITY

The main camponents of the DEMONA test facility and its main data are
depicted in Fig. 1. It should be mentioned that the model contaimment is
built from conventional reinforced concrete (not prestressed) without steel
liner. The model containment thus has a certain leak rate, which was measu-
red to be 70 ¢ per day under DEMONA operation conditions.

Although the model contairment is a scale model of a real PWR contain-
ment (volume scale 1:100), it has almost the same surface-area-to-volume
ratic as a full-size plant. This is due to the fact that the model contain-
ment is almost "empty"” in its interior, while a real PWR is equipped with a
lot of steel camponents. But the major part of the surface area of the model
containment is formed by concrete structures which are heated up much slower
under accident conditions than the steel structures of the original. To can
pensate the influence of this effect on the aerosol behaviour, all internal
structures of the model contairment are preheated prior to the start of each
DEMONA aerosol experiment.

TEST CONDITIONS

The DEMONA test programme consists of ten main experiments and addition-
al pretests. This paper deals with the results of

- Pretest V 3 (performed on 14th July, 1983) and
- Main Test A 1 (performed 27th to 30th septenber, 1983).

Both of these tests were thermodynamics tests without aerosol injection
that were aimed at checking the function of test facility and instrumentation
under the same thermal-hydraulic conditions as specified for the later DEMONA
aerosol experiments. In addition, the Main Test A 1 had the dbjective to
yield experimental data for camparison with the results of thermal-hydraulic
model calculations.
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Pretest V 3 was the first long-term steam experiment that was performed
in the DEMONA facility, starting with steam injection into the cold air-
filled (1 bar) model containment. This pretest yielded same interesting
themal-hydraulic findings (see below), but it also suggested a change in the
experimental procedure to reach the specified experimental conditions in the
existing test facility.

As a result of the findings of Pretest V 3, Main Test A 1 was performed
in a sequence of four phases:

1. Expelling of the air initially included in the model containment by steam
injection at a pressure level of approximately 1 bar.

2. Heating up of the model containment structures by an atmosphere of pure
steam of 1.7 bar pressure (115 ©C saturation temperature). At the end of
this phase, after approximately two days, all internal concrete structures
haved reached a wniform temperature of 115 ©C, the outer contairment shell
and the base mat showing an approximate steady-state temperature gradient
fram 115 ©C at the inner surface to about 60 ©C at the outer surface, the
steam injection rate reaching a minimun necessary to cover steady-state
heat losses and leakage.

3. Injection of a defined portion of air to reach the specified experimental
conditions:
Total pressure 3 Dbar (= 0.3 Mpa)
Partial pressure of steam 1.7 bar (saturation temperature 115 ©C)
Partial pressure of air 1.3 bar (ocorresponding to 1.0 kar at 20 C)

In later DEMONA experiments, aerosol will be injected together with the
air during this operational phase.

4. Steady-state operation under the specified experimental conditions.
During this period, aerosol depletion will be measured in later experi-
ments over a period of one or two days.

With minor modifications, this procedure was accepted to be used for the
later aerosol experiments. The resulting thermal~hydraulic conditions are
considered to be representative of core melt-down accidents.

RESULTS OF PRETEST V 3
Pretest V 3 covered the following steps:

- Steam injection into the model contaimment initially filled with air at 1
bar

- Discontinuation of the test because of a defect at the model containment
by pressure relief and temporary opening of the manhole

~ Repated injection of steam until a total pressure of 3 bar was reached

- Constant continuation of the pretest at 3 bar by feeding in additional
steam to caonpensate condensation and leakage

-~ Tentative additicnal injection of air shortly before the end of the test.
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Fig. 2 shows the measured time histories of the total pressure of the
contaimment and of local partial steam pressures, the partial steam pressures
being determined fram temperature measurements on the assumption of a state
of saturatim.

During the first steam injection phase already, a pronounced vertical
tanperature and steam-content gradient in the model contairment appeared,
with high steam content in the upper zones and low steam content in the lower
zones.

This steam-content gradient persisted throughout the pretest. By the
temporary pressure relief and opening of the marhole, a major proportion of
the air initially contained in the containment was lost. The amount of air
enclosed was further reduced be leakage, so that -~ after about 6 hours’
duration of the prestest - the air was almost campletely removed fram the
upper contairment zones. As a result, these zones contained an almost pure
steam atmosphere at a temperature which was about 20 K above the desired mean
contaimment temperature and resulted in inadmissibly high loads on the con-
tainment concrete structures and their plastics coating. Steam content and
saturation temperature in the lowest zone of the contaimment, on the other
hand, were still camparatively low at that time.

Shortly before the end of Prestest V 3, cold air was tentatively in-
jected into the containment through the steam injection pipe instead of
steam, the total pressure remaining constant at 3 bar. This did not result
in a variation of steam content and temperature in the upper containment
zones; in the middle and lower zones, lhowever, these quantities showed a
gradual decrease, as can be seen fram Fig. 2. This is due to the fact that,
due to gravity, the injected air gathered preferably in the lower zones of
the containment wvolume and thus increased the steam~content and temperature
gradient between the upper and lower zones.

The findings from Pretest V 3 may be summarised as follows:

- 1In a plant of technical size, a hamgeneous stean/air atmosphere cannot be
readily achieved; 1in general, a vertical temperature and steam—content
gradient results. In the present pretest, the temperature in the upper
contaimment zones was about 20 K above the desired mean value, and in the
lower zones it was correpondingly lower.

— 1Injection of a medium of lower or higher density into an existing hamo-
geneous contairment atmosphere (e.g. steam into an air atmosphere or air
intc a steam atmosphere) results in a stratified, inhamogeneous atmo-
sphere.

- The nonuniform temperature and steam-content distribution in the atmo-
sphere leads to nonuniform heating of the concrete structures. This is a
very unfavourable starting position for a possible later equalisation of
tamperature and concentration in the contairment atmosphere.
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RESULTS OF MAIN TEST A 1

Rerosol codes are nommally based on the assumption of hamogeneous atmo-
sphere - hamogeneous in terms of the thermal-hydraulic state and of the aero-
sol distribution - in the contaimment. To approach this ideal at least in
the first main aercsol experiments, the mode of operation of the model con-
taimment facility was changed in camparison with that in Pretest V 3, and the
above-described four-phase procedure was tried in the Main Test A 1.

The time histories of the total contaimment pressure and of same local
partial steam pressures measured in the Main Test A 1 are presented in Fig.
3. Duwing Phase 1 (expelling of air), steam was injected in the middle of
the containment. The air originally contained in the model containment was
then expelled by the resultant low overpressure through the opened bottam
valves. Temperature measurements showed that the steam injected into the
containment immediately moves upward and fills up the volume fram above. As
a result, a sharp front formed between the steam and the air below, which
gradually moved downward with .time. When a temperature measuring point
location was reached, this resulted in a steep rise of the measured signal
(see Fig. 3).

As soon as the descending steam front reached the bottam valves, these
were closed. In the subsequent Phase 2, the contairment pressure was raised
to 1.3 bar and kept constant at this value for more than 40 hours by control-
ing the injected steam flow. This phase was characterised by an approxi-
mately pure steam atmosphere in the model containment. All the temperature
measuring points uniformly indicated saturation temperature, and the contain-
ment structures were uniformly heated by the condensing steam.

When stationary structure temperatures were reached in the internal and
external walls of the model containment, the steam injection rate required
for keeping the contaimment pressure constant had decreased to a low value
{(about 10 % of the initial value). This steam injection rate, which served
for covering the stationary heat losses, was continued to be used in the
further course of the experiment. In Phase 3, a specific volume of air was
additionally injected through th same pipe as the steam, and thus the con-
tainment pressure was raised to the desired value of 3 bar. It was found
that in the first instance the temperatures in the upper containment zones
rise - according to the saturation condition - together with the pressure;
this means that the upper zones continue to contain pure steam, as can be
seen fram Fig. 3. The injected steam/air mixture thus first enters the lower
zones and later - with increasing reduction of the air-free steam zone by
condensation -= also the middle zones and finally also the upper contairment
zones (see Fig. 3). This is the opposite to Phase l: Injection of an air/
steam mixture of higher density into a hamogeneous steam atmosphere leads to
"£illing up" of the contaimment volume fram below. After removal of the ori-
ginal steam atmosphere by condensation, an almost uniform atmosphere finally
results, which correspords approximately to the injected air/steam mixture.

In Phase 4 of the experiment, the containment pressure was kept constant
at a value of 3 bar by readjusting the steam injection rate. It was fourd
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that the temperatures and the steam content in the upper and lower zones of
the model contairment diverge as a function of time. This is due to dif-
fusiophoretic processes: Because of the heat losses, steam is continuusly
being candensed at the external walls and on the surfaces of the containment
sumps from the existing air/steam mixture, whose air content thus increases
locally. This, in tum, results in an increase in density, and the mixture
which is richer in air descends into the lower containment zones, where the
air content further increases by further condensatiai. As the result of the
displacement of an increasing amount of air downward, the steam content and
the temperature in th upper contairmment zones increases continually. This
leads to the permanent increase in the steam-content gradient from top to
bottan, i.e. to an increasing inhamogeneity of the contairmment atmosphere.

To facilitate the evaluation of the first DEMONA aerosol experiments
(Nos. A 3 and A 4), it is planned to provide the steam injection point in the
model containment at a lower level, i.e. in the zones which were enriched
with air in Test A 1, in order thus to force hamogenisation of the model con-
tainment atmosphere. For the future DEMONA aerosol experiments (Nos. A 5 to
A 10) with more realistic conditions, on the other hand, the steam injection
point will be provided again at the original position.

CONCLUSIONS

~ As had been expected, only a pure steam atmosphere shows a uniform tem-
perature distributim.

- In the case of an air/steam atmosphere, diffusiophoretic processes (con-
tinuous local steam condensation leading to air enricdhment at structures
with steady-state heat losses) may result in an increasing vertical gra-
dient of temperature and steam content (stratification) in the contairment
atmosphere. The existence of effective counteracting mixing mechanisms
cannot be assumed to be a matter of course.

- If a medium of higher or lower density is injectd into an existing con~
tainment atmosphere, the contaimment is "filled up" fram the bottam or
fram the top in strata.

- Density stratifications with upward decreasing density formed in the con-
tainment atmosphere may be very stable.

- Themal-hydraulic model calculations assuming a hanogeneous contairment
atmosphere in general do not correspond to reality. If they are used only
for the approximative calculation of mean values, e.g. for generating in-
put data for aerosol codes, the limitations resulting fram the incorrect
calculation of local thermal-hydraulic and aerosol processes have to be
carefully observed. Examples:

- Condensation heat transfer at structures and sunp water, affecting
both the containment pressure history and aerosol processes.

- Pogsible aerosol transport and removal by the diffusiophoretic
air/steam separation processes cbserved.
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— Saturation and local oversaturation of the atmosphere affecting the
shape and behaviour of the aerosol particles and the generation of
droplets.

- Effects of local differences in aerosol concentration on the aerosol
removal processes (agglameration and sedimentation) and the aerosol
leak rate.

Thermal-hydraulic codes considering inhamogenity effects are available,
but have not yet been sufficiently verified by experiments. Aerosol codes
are still predaminantly based on the hamogeneous approach using mean
values. The evaluation of the future DEMONA experiments will show what
degree of accuracy can be reached in this way and which of the simplifi-
cations made are permissible or should be modified.
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ABSTRACT

To calculate aerosol depletion in a wet post accident atmo-
spere, computer codes like NAUA need detailed thermohydraulic
data. To meet these requirements the thermohydraulic COCMEL-
code, which is a one volume code being widely used for pre-
dicting pressure time histories after severe accidents, has
been improved by adding new models. This paper describes the
models and shows its suitability by some postcalculations of
the first DEMONA leakage test (A1). Furthermore, a prediction
of the thermodynamical state within the model-containment after
injection of aerosols is given. This 1is important, because
aerosols are injected together with a carry gas (air or steam)
that has to remove part of the aerosol generators waste heat.
Therefore, the injection may change pressure and temperature
within the model containment close to design pressure or to
values where the instrumentation would no longer work before

a sufficient concentration of aerosols might be obtained. It
is shown, however, that these problems could be solved by

the use of an air-fog resp. steam-fog mixture as a carry gas
for the aerosols.



— 269 —

INTRODUCTION

The overall behavior and suitability of the NAUA-code, which
has been developed by KfK/LAF 1 during the last years, is
going to be demonstrated by the DEMONA experiments at Battelle
Frankfurt. NAUA needs, like any aerosol code, thermodynamical
data of the atmosphere in which the aerosol-physical processes
are taking place. This applies especially to condensation
phenomena in the wet post accident atmosphere. However,
computer codes developed so far to describe containment be-
havior after severe accidents, which chiefly means the
pressure time history, are not modelled in such detail as

to account for a sufficient precise description of condensa-
tion phenomena.

The KWU developed computer code COCMEL, a one volume code
which is now widely used to predict pressure time histories
in a PWR-containment after severe hypothetical accidents,has
been improved to satisfy the requirements of the NAUA code.
This has been done by adding a heat transfer model developed
by IVA-Hannover. With the application of this new model,
heat and mass transfer to the walls can be calculated
separately. With the additional use of energy balances for
the atmosphere, the condensation rate in the volume can be
determined. It may than serve as a basis for the prediction
of the condensation on aerosols.

In this paper a short description of the heat transfer model
is given. Furthermore, a post calculation of one of the first
starting experiments of DEMONA (A1) is presented for veri-
fication of the code. After that a predetermination of the
atmospheric conditions within the Battelle-containment for
several different modes of aerosol injection is given

THE CONDENSATION MODEL

In the previous COCMEL code the heat flow to the structures
has been calculated by the equation

4 = o.- A . (Ta - Tw) (1)
where ¢ accounts for both, the contribution of convection
and condensation to the heat transfer. It may be derived
for instance from the empirical Tagami-Uchida relation.

T and T are the temperatures of the atmosphere and the
will surfaces resp. and A means the wall area. The mass of
the condensed water was being calculated from the energy
balance. Thus, one could not distinguish between condensa-
tion on the walls and within the volume.
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Now, both effects have been separated. The convective heat
transfer is still calculated according to equation 1 but
with a modified heat transfer coefficient, whereas mass
transfer is evaluated using the mass transfer coefficient R:

(P, - P ) (2)

with

1 condensation rate (kg/s)
A surface area of the walls (m2) ,
R specific gas constant for steam, based on the

S actual steam conditions (J/kg K)
Ta temperature of the atmosphere (K)
P partial pressure of the steam in the atmosphere
5 (N/m2)
Pst saturation pressure of the steam for wall

temperature (N/m2)

oo and B are calculated from Nusselt and Sherwood numbers:

Nu = &L = 0.23 (Gr . Pr)0'28 (3)
lg
P.. /P_.
sh = 22L 2025 (ar . 5¢)0-28 .76 e 2ir ()
g
with:
L thickness of the boundary layer (m)
X g heat conductivity of the atmosphere (W/m°K)
Dg diffusion constant (m2/s)
PH /Pair partial pressure of hydrogen and air, resp.
2

Gr, Pr, Sc¢ Grashof, Prandl and Schmidt number, resp.

the condensed water is added to the sump water with a temperature
according to the surface of the walls.
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POSTCALCULATION OF THE A1 LEAKAGE TEST

To check the overall behavior of the improved COCMEL version,
post calculations have been performed for the leakage test
experiment A1. The course of the experiment can be devided
into several phases (see figure 1 for the time scale):

A: blow-out of the air by steam injection

B: steam injection at a constant pressure of 1.7 bar
to reach a steady-state temperature distribution
inside the walls

C: injection of hot air in order to raise the pressure
up to 3 bar
D: continuous steam injection to compensate for

leakage and condensation.

Fig. 1 compares the measured and the calculated feed rate
of steam. The latter one was self-controlled by the code
to hold the given constant pressure value.

Fig. 1

Comparison of Measured and Calculated Feed Rate for
Leakage Test A1
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A general agreement can be taken from this figure which
means that the condensation model is satisfying. However,
the condensation rate on the aerosols has not been measur-
ed independently. Thus, condensation phenomena could only
be validated on an integral basis. Fig. 2 compares the
measured and calculated temperature of the atmosphere.

Fig. 2

Measured and Calculated Temperature of the Containment
Atmosphere
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Time

Because of the saturation conditions this temperatures also
specify the partial pressure of the steam. So, the agree-
ment of both curves is another indication of the validity
of the condensation model.

PREDETERMINATION OF THE THERMODYNAMICAL STATE WITH RESPECT
TO AEROSOL INJECTION

For the DEMONA experiment aerosols are produced by vaporiz-
ing powdered metal in a plasma torch. They are transported
into the containment with air or steam as carry gas. There
are several limitations to this gas flow: conditions within
the containment atmosphere should not exceed design values
for pressure (3 bar) and temperature (135 °C). To obtain
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the desired concentration aerosol injection must be main-
tained over more than one hour and significant depletion
within the feed line should be avoided. Therefore the gas-
flow must be greater than about 0.1 m3/s.

The most severe challenge,however, is to cool down the hot
plasma gas removing a power of about 120 kW. To check, how these
requirements can be satisfied, a set of parametric calcula-
tionshas been performed with the COCMEL code to predict the
atmospheric state within the DEMONA facility after the
aerosol injection. Table 1 shows the most import parameters
for a selection of these calculations.

Table 1
Selection of Parametric Calculations to Predict the Thermo-

dynamical State of the DEMONA-Atmosphere after Aerosol
Injection

calc. number carry gas feed rate
/ kgl/s /
1 air 1
2 air 0.2
3 steam 0.2
4 air/fog 0.15/0.05
5 steam/fog 0.15/0.05

Initial pressure within the containment: 1.7 bar
Thermal heat of the generators to be removed by the carry
gas: 120 kW.

A low feed rate (arocund 0.2 kg/s) of both air or steam

will result in an increase of atmospheric temperature well
beyond the limitation values tolerated by the instrumenta-
tion. On the other hand, a sufficient large increase of the
flow rate to about 1 kg/s would cause a fast pressure rise
above the design pressure of the DEMONA-building. That means
the aerosol concentration would be much to low compared
with the concentration that is expected to occur in

core melt-down scenarios. To reach such a concentration

one expects to need about one hour (gas flow 0.2 kg/s).
Table 2 (calc. number 1 and 2) summarizes the results of
these calculations.
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Table 2

Restriction for Feeding with Air or Steam

pressure: 3 bar, temperature: 135 °C

Calc number Injection time to temperature of
reach design the containment
pressure after injection

/ s / / °C /
1 700 114
2 3310 154
3 6140 162
4 4740 126
5 9740 132

Thus feeding with pure steam or gas is impossible because

the above mentioned limitations will be reached before the
aerosol concentration would be high enough. This applies to
both, air and steam flow. A possible solution of this problem
is the use of a fog-gas-mixture to cool the plasma torch. In
this case most of the waste heat of the plasma generator will
be consumed to evaporate the water droplets. The aerosols
will therefore be transported into the containment by a steam-
air-mixture. Table 2 also shows that by taking an air-fog-
mixture as carry gas the temperature of the atmosphere will
stay low and a sufficient amount of aerosols will be injected
as well (calc. no. 4).

Fig. 3 shows the feedrates into the containment for this
operation mode.

Nearly 30 % of the initital fog will be evaporated in this
particular case. This means that even an increase of plasma
generators power will not result in a higher temperature of
the feed gas, Starting of aerosol injection Fig. 4 shows the
temperature of both, the injection gas and the atmosphere

as a function of time.
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Fig. 3
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The inlet temperature will never increase the saturation
value (133 °C) corresponding to the total pressure (of

3 bar). Therefore a sufficient low temperature throughout
the containment is guaranteed. Furthermore, the practicable
time period for aerosol injection of more than one hour
(see table 2) will fullfill the requirements and may even
be increased by passing over to a steam-fog-mixture as
carry gas (cale. no. 5). There one has the advantage, that
most of the injected steam may partly condensate onto the
walls, a process which 1s highly favored by the reduced
amount of inert gas.

Fig. 5 shows the condensation rate on the walls and within
the atmosphere.

Fig. 5

Condensation Rate on the Walls and within the Volume
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During the injection period the atmosphere becomes super-
heated and no volume condensation occures. Later with the
increase of the noncondensable gas fractions the heat
transfer rate at the walls also drops down. Both conden-
sation rates will get back to their steady state values
after the end of the aerosol injection.
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CONCLUSION

The use of either pure air or pure steam as a carry gas for
aerosol injection in connection with the DEMONA experiments
is not possible because of the limitation to temperature
and pressure within the model containment. However, using
an air-fog or a steam-fog mixture to cool the plasma keeps
atmospherical state tolerable with the advantage of a low
aerosol temperature. Local temperature peaks can thus be
avoided. By this method there will be no problem to reach

a sufficient high concentration of aerosols within the test
facility.
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INTEGRATED AEROSOL AND THERMOHYDRAQLIC ANALYSIS
USING THE CONTAIN CODE

K. K. Murata ' ® J. L. Tills*, D. C. Williams -,

*Sandia National Laboratories
Albuquerque, NM 87185

*Jack Tills and Associates
Albuquerque, NM

ABSTRACT

CONTAIN is a code designed for integrated analysis of
the containment response during severe reactor accident
sSequences. Features of the code with respect to
aerosol and fission product behavior are briefly
reviewed. Calculations using the code have been
reviewed with respect to the need for integrated
analysis in the areas of transport of fission product
decay heat, fission product decay chains, and
condensation on aerosols. Illustrative examples are
presented for fission product decay heat and fission
product decay chains. Results from a multi-cell
calculation are presented which show substantial local
variations in the aerosol concentration. This local
variation may be highly significant in the assessment
of integrated analysis effects. It is also shown that
multi-cell analysis is very important for source term
calculations.

*This work was supported by the U.S. Nuclear Regulatory
Commission and performed at Sandia National Laboratories
which is operated for the U.S. Department of Energy under
Contract Number DE-ACO4-76DP00789.
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INTRODUCTION

The CONTAIN computer code 1s intended to be the
U. S. Nuclear Regulatory Commission's best-estimate tool for the
analysis of the thermohydraulic and radiological conditions
within the containment building during a severe accident. The
code has been under development for a number of years for both
LWR and LMFBR applications, and the first version to be made
avallable to the general reactor safety community has bzsen
released. This version is designated CONTAIN 1.0 (1).

The CONTAIN code has been developed from the start as a
multi-cell code with an integrated treatment of thermohydraulic,
aerosol, and fission product behavior. It treats a number of
phenomenological areas which historically have been treated
separately. Its scope, however, is limited by the fact that it
does not treat processes within the primary system or outside of
the containment building. The sources to the containment
building from the primary system need to be supplied as input to
the code. These are typically obtained from various primary
system codes. Because of the specification of primary system
sources on input, the effects of feedback from containment
processes on the primary system cannot be addressed conveniently.
However, the effects of feedback from aerosol and fission product
processes on thermohydraulic processes within containment can be
readily addressed.

The primary purpose of this paper is to present CONTAIN
calculations which have implications for integrated analysis.
Results for the three areas of integrated analysis which are
potentially the most important and for which there are models in
CONTAIN are presented. These are transport of fission product
decay heat, fission product decay chains, and condensation on
aerosols. Finally, to illustrate the importance of multi-cell
analysis with respect to the assessment of integrated analysis
effects and to the source term, results from a five-cell
calculation will be presented. A number of results presented
here are taken from the QUEST study (2), which used CONTAIN both
for parametric studies and for calculating the final upper and
lower bounding cases for the source term.

The aerosol module in CONTAIN is based on the MAEROS code
(3) and has been extensively validated (U4). The module uses a
discrete representation of the particle size distribution and has
standard models for aerosol processes, including diffusiophoresis
and condensation and evaporation of water on aerosols. Between
ten and twenty size classes, or sections, have been found more
than adequate for a variety of containment analysis problems. Up
to eight aerosol species or components can be independently
specified. The particle composition in terms of the components
is calculated separately for each size class. Thus, CONTAIN is a
multi-component and multi-sectional code.
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After thermohydraulics and aerosol behavior, fission product
behavior is the third major area of integration in the code.
CONTAIN uses a very flexible representation for the fission
product inventory. The user may specify the inventory in terms
of a combination of individual radionuclides or release groups.
The fission products zare considered to reside on a number of
hosts within each cell. For example each aerosol component is a
potential host as are the atmosphere gas, the structure surfaces,
and the layers which defins the lower cell, or pool,
configuration. Radionuclide decay, decay heating, and transport
with the atmosphere gases between cells are modeled. Both
natural deposition and engineered systems removal of aerosols and
the associated fission products from the atmosphere are modeled.
The present operational engineered systems are containment
sprays, 1ice condensers, and fan coolers,

A number of potentially significant effects which require
integrated analysis are not modeled in CONTAIN. These include
the effects of aerosols on radiative heat transport, the
insulating effect of aerosol deposits on surfaces, the
degradation of engineered systems, and the plugging of leak paths
due to deposited aerosol materials. While these effects are
currently not modeled, CONTAIN can play a key role in assessing
the importance of these effects in the event that the local
aerosol and fission product concentrations need to be obtained
from a multi-cell analysis.

For a more complete synopsis of the code features, the
reader should consult Ref. 5. For details on the models he
should consult Ref. 1.

EFFECT OF TRANSPORT OF FISSION PRODUCT DECAY HEAT

After the beginning of core degradation in a severe accident
a reasonable fraction of the decay heat may be associated with
gaseous and aerosolized fission products released to the
atmosphere. In a non-integrated analysis, the transport of these
fission products within containment is not known at the tims the
thermohydraulics calculation is done, and the effects of the
transport of the decay heat cannot be incorporated. In CONTAIN,
the transport of azerosols and the atmosphere gases automatically
results in the transport of the associated fission products and
decay heat. For example, the settling of aerosols onto the floor
results in the transfer of decay heat from the atmosphere to the
floor.

The differences in the temperature and pressure in
containment between a non-integrated analysis and an integrated
analysis which includes the transport of decay heat can be
significant. The comparison below which illustrates this fact 1is
based on a MARCH calculation of a TMLB' sequence for the
Bellefonte plant.
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Fig. 1 gives the containment pressures for the MARCH
calculation and for a number of CONTAIN calculations for
Bellefonte TMLB'. MARCH simulates the release of fission
products by calculating a fraction of the total decay heat which
is assumed to heat the atmosphere directly. This decay heat is
left in the atmosphere indefinitely. The CONTAIN calculations
used the atmosphere decay power and the thermohydraulic sources
calculated by MARCH. By comparing the CONTAIN calculation
(CONTAIN-GAS) which assumed that the decay power heats the
atmosphere and the one (CONTAIN-NCNE) which assumed that no
atmosphere decay heating is present, one can see that most of the
pressure rise in containment 1is removed when the atmosphere decay
heating is removed. The third CONTAIN calculation
(CONTAIN-AEROSOL) shows the effects of assuming that the decay
heat 1is associated with the aerosols. Because of aerosol
deposition on strizctures and the subsequent reduction of heating
of the atmosphere, the pressure is substantially reduced at late
time. The effects of transport of decay heat are quite
significant in this example.

The distribution of decay heat on the structures as a
function of time 1is shown in Fig. 2. The relatively large amount
of deposition on the walls is due to the large amount of steam
introduced within containment following vessel failure in the
TMLB' sequence. Condensation of the steam results in
considerable diffusiophoresis to walls.

This calculation should be taken to be illustrative of the
effects of transport and not best estimate, since MARCH does not
consider the holdup of released fission products in the primary
system, The lack of significant holdup which is assumed in the
calculations is probably more representative of an AB sequence
rather than of TMLB'. Also, both MARCH and CONTAIN consider the
fission product heating to be local, whereas the portion due to
gamma radiation is long range. The long range heating effects
should reduce the effects described above.

EFFECT OF FISSION PRODUCT DECAY CHAINS

Previous fission product transport codes have generally
neglected effects of the transformation in the chemical and
physical properties of the fission product due to radioactive
decay. The effect of such transformations after shutdown is to
change slightly the abundance of elements in the total fission
product inventory. However, natural deposition and engineered
systems removal of fission products from the atmosphere are often
quite effective in decontaminating the atmosphere. After a
significant amount of decontamination has occurred, the effect of
decay transformations may be quite significant in determining the
fission product inventory remaining in the atmosphere.
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One decay process which may be quite significant is the
decay of 78 hour Te-132 into 2.3 hour I-132. The effect of this
decay on the suspended radiocactivity on containment was evaluated
in the QUEST study (2) for the TMLB' base case for the Surry
plant.

In the base case almost all of the existing inventory of
iodine is released from the fuel prior to vessel failure or
shortly thereafter. About 54 per cent of the iodine inventory is
released to containment as Csl at vessel failure. Natural
deposition processes in containment are quite effective in
removing this early iodine. Tellurium, on the other hand, is
only partly released in vessel and a substantial amount remains
in the melt at the start of the core-concrete interaction.
According to the VANESA code (6) the tellurium remaining in the
melt during the core-concrete interaction is released slowly over
many hours and incompletely, while iodine is released much more
rapidly.

The CONTAIN code not only includes explicit representation
of decay chains, but also permits reasonably realistic, though
non-mechanistic, simulation of the release of tellurium and
iodine from the melt. Calculations were performed for the QUEST
base case with both the Te-131 and the Te-132 decay chalins
explicitly included.

When the decay processes are nct modeled, the CONTAIN
calculations show that very little radioiodine is airborne in the
containment at late times. When decay processes are modeled, the
decay of Te-132 in the melt to I-132, followed by rapid release
of the iodine, can provide a significant amount of I-132 to the
atmosphere. The iodine may persist for many hours or even days
after the calculations neglecting decay predict the containment
atmosphere to be almost entirely depleted of radioiodine.

Results are shown in Fig. 2. Between 7 and 10 hours
following reactor shutdown, the 1I-132 airborne activity is seen
to be about 20 MCi, which is roughly equal to the total curies
suspended for all other species combined. For other conditions
the I-132 effect could be as much as doubled. The figure also
compares 8-day I-131 produced by decay of 30-hr Te-131 in the
mzlt with I-131 released from the primary system (which is
accounted for in the conventional calculations). These results
show that modeling the Te-131 decay 1is relatively insignificant
except at late times.

EFFECTS OF CONDENSATION ON AEROSOLS

In severe accident thermohydraulic codes other than CONTAIN,
an ad hoc model is used to describe the removal of any liquid
water condensed in the atmosphere. For example, the CONTEMPT
code (7) assumes that any liquid formed settles with a fixed time
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constant. In the MARCH code (8) the user may specify the
fraction of liquid which 1is removed instantly to the sump; the
rest settles with a fixed time constant.

In CONTAIN the user may treat the settling of the liquid
water mechanistically within the aerosol module by specifying the
liquid water in the atmosphere to be one of the aerosol component
materials. Both condensation on and evaporation from aerosol
particles are modeled. The rate of condensation and the
distribution of the water vapor to particles of different sizes
is controlled by the rate of diffusion of the water vapor to the
particle. The rate depends on the degree of supersaturation or
subsaturation present in the atmosphere.

In this section we give general arguments for the importance
of an integrated approach in which the thermohydraulic
calculation is done simultanesously with the aerosol calculation
and the behavior of the liquid condensed on aerosols is
calculated according to aerosol dynamics. We also discuss the
fact that CONTAIN calculations indicate that condensation on
aerosols is not prevalent after the initial blowdown.

We restrict the present discussion to periods after the
blowdown, when the amount of suspended liquid is typically
considerably smaller than the amounts encountered during the
blowdown. The amount may be on the order of_several tens of
grams per cubic meter as opposed to 1000 g/m”. However, such
small amounts are significant in terms of aerosol inventory and
in determining thermohydraulic conditions if the liquid 1is
evaporating. Under evaporating conditions the role played by the
heat of vaporization means that the liquid is much mocre important
than the amount of mass present would indicate.

By not allowing the correct amount of suspended liquid to
evaporate under superheating conditions, a non-integrated
analysis will in general predict the wrong amount of superheat.
The amount of superheat 1s important in two respects:

1) The shape factors of aerosols is sensitive to the amount of
superheat. A small amount of superheat (say 25 K) may reduce
the relative humidity to the point wnere the sphericalization
of aerosols observed at high relative humidities (9) no
longer occurs. Under nominal conditions, & superheat of 25 K
can be removed by the evaporation of 20 g/m3 of liquid.

2) If condensing conditions follow the period of superheated
conditions, the difference in the superheat will affect the
amount of water condensed. Consider, for example, the effect
of the assumption commonly made in non-integrated analysis
that any liquid is removed from the atmosphere as soon as it
forms. In this case, if the atmosphere is rapidly
superheated and then saturated, one can expect the amount



condensed to be too small by the actual amount of liquid
present at the start of evaporation. Therefore, the ability
of the non-integrated analysis to predict the correct amount
of condensation on aerosols may be lost after a period of
superheat.

Fig. 4 is shown to illustrate the differences in the
relative humidity which can arise in integrated versus
non-integrated analysis. The results in Fig. 4 are from CONTAIN
calculations of the AB-d sequence for the Surry plant. The
sources to containment are as specified in the Battelle source
term study (10) for this sequence. (The substantial differences
between the CONTAIN recalculation of this sequence and the MARCH
results reported in Ref. 10 are discussed in Ref. 11.) In order
to obtain the result labeled "non-integrated"™ in Fig. 4, the
CONTAIN code was run with evaporation from aerosols turned off.
With respect to the heat of vaporization, this procedure
simulates a non-integrated analysis which assumes that liquid is
removed as soon as it forms in the atmosphere.

The water aerosol concentrations in this sequence are
rapidly reduced from the maximum of 2640 g/m- which occurred
during the blowdown to the 34 g/m-’ which is present at the
beginning of evaporation in ths atmosphere at 15 minutes.
Nevertheless, the "non-integrated" result considerably
underpredicts the relative humidity as shown in the figure. The
difference in relative humidity between the integrated and
non-integrated results is 32 % at the start of evolution of the
in-vessel aerosols at 27 minutes.

The differences in relative humidity in this example are
probably too small to be significant with respect to shape
factors. However, because of the rapid settling of the suspended
water, the timing of the evolution of the in-vessel aerosols is
critical to the magnitude of the differences between the
integrated and non-integrated results. The relative significance
of the water also depends on the amount of superheat introduced
by the hot gases from the core. In other scenarios, the
differences in the relative humidity may be significant with
respect to shape factors.

With respect to the broader issue of whether condensation on
aerosols is important in general, CONTAIN calculations seem to
indicate that condensation is not prevalent at times after the
initial blowdown when fission products are suspended. The review
of a large number of CONTAIN calculations indicates that the
conditions in containment are substantially different from those
indicated by MARCH (8), which predicts that significant amounts
of time can be spent either saturated or close to the saturation
point. Most of the CONTAIN calculations involve accident
sequences for large, dry PWR's in which the reactor cavity does
not reflood and engineered systems are not available. They
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indicate that despite allowing for evaporation from aerosols the
containment atmosphere is significantly superheated during these
periods. Therefore, the potential for condensation and
significant effects from non-integrated analysis of condensation
on aerosols appears to be small. These effects may occur
immediately after the blowdown and during and after special
events, such as compartment depressurization and steam
explosions,

One conclusion from the QUEST study for Surry TMLB®' (2) is
that the superneat during the period of suspension of fission
products may be large enough to prevent the sphericalization of
aerosols which occurs at high relative humidity (9). Fig. 5
shows the relative humidity for the QUEST base case and the
changes in the relative humidity due to both a dry heat source
and a steam source at rates characteristic of the uncertainties
in these types of sources. The relative humidity is in all cases
lower at times than the value estimated in the QUEST study (2)
for sphericalization.

For the sequences considered, the presence of an unexpected
amount of superheat reduces condensation on aerosols from a
prevalent decontamination mechanism to one which depends on
special events which can be highly scenario dependent. The
importance of an integrated approach to condensation on gerosols
is obscured by the difficulty in characterizing these events.

EFFECTS OF MULTI-CELL ANALYSIS

The accurate assessment of the effects of aerosols on
thermohydraulics may require knowing the local concentrations of
aerosols within a specific part of containment. For example, the
decrease in radiative transfer due to suspended aerosols is of
interest with regard to the heating of overhead structures in a
PWR reactor cavity during the core-concrete interaction. On the
other hand, the plugging of leak paths by aerosols is of interest
primarily in the upper containment. As shown by the multi-cell
calculation discussed below, during a period when significant
aerosols are being generated by the core-concrete interaction,
the aerosol concentrations in both the cavity and the upper
containment can be significantly different from what is expected
from a single cell model of containment. The calculation also
shows that significant local variations in the fission product
inventory can be present and that multi-cell effects can either
significantly increase or decrease the source term.

The following five cell calculation of a Surry TMLB®
sequence was conducted for the QUEST (2). Fig. 6 shows the
multi-cell configuration of the Surry plant, including flow
paths, used for this problem. Cell 1, with a volume of 1200 m3,
is the cavity compartment and is the point of entry of all
radionuclide and aerosol sources. Cell 2 is the basement, and
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Cells 4 and 5 are_steam generator compartments. Cell 3, with a
volume of 33000 m3, is the upper containment; it includes about
two-thirds of the total containment volume and it is from this
cell that releases to the environment would most likely occur due
to containment leakage and/or failure.

Fig. 7 shows the aerosol mass concentrations in the reactor
cavity (Cell 1) and upper containment (Cell 3). The aerosols
prior to vessel failure at 157 minutes are composed entirely of
water. The sharp reduction in mass concentration at vessel
failure is due to the fact that the hot steam and gases released
at vessel failure vaporizes these aerosols. They are, however,
almost immediately replaced by in-vessel aerosols released to
containment at vessel failure. Recondensation of water on
aerosols does not occur except in the basement cells. This water
is evaporated away relatively quickly and plays a minor role in
aerosol processes. The core-concrete interaction which commences
in the cavity following vessel failure generates copious amounts
of aerosols which dominate the subsequent aerosol behavior in the
problem.

The difference between the mass concentrations in the
reactor cavity and upper containment after vessel failure 1is due
to the rapid agglomeration and settling of the ex-vessel
aerosols, due to the high concentrations in the basement, before
they reach the upper containment. Fig. 7 shows that the
differences can be almost two orders of magnitude. The results
from a single cell calculation are also shown in Fig. 7. The
concentrations in the upper containment and the cavity differ by
almost an order of magnitude at times from the single cell
result. Such differences may be highly significant with respect
to the assessment of effects of aerosols on thermohydraulics.

In the QUEST base case, the iodine is released entirely as
CsI. The CsI is assumed to volatilize almost completely in
vessel, and consequently, almost none is volatilized from the
fuel during the core-concrete interaction. The behavior of the
airborne iodine is typical of the in-vessel source term. From
Fig. 8, it is seen that airborne iodine (present as CsI) in Cell
3 declines more slowly than is implied by the single-cell
calculations, with order-of-magnitude differences being present
at late times. On the other hand, the amount of tellurium, which
is largely released as a continuous source durung the
core-concrete interaction, is at least an order of magnitude
lower in the upper containment than predicted by the single-cell
results. This is demonstrated in Fig. 9.

The tellurium results reflect the relatively low
concentrations of ex-vessel aerosols in the upper containment.
However, most of the CslI is released from the RCS when the vessel
fails and is rapidly carried into the upper containment by the
large volumes of gas released at the same time. Since the
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ex-vessel aerosols larpgely agglomerate and settle out before they
reach the upper containment, the degree to which they interact
Wwith and sweep out the CslI is reduced. In the single cell
calculation, the ex-vessel aerosols are assumed to mix with the
in-vessel aerosols before they settle out. Hence, the amount of
Csl remaining airborne at late times 1is decreased, relative to
the multi-cell calculation. It is evident from this example that
multi-cell effects can either increase or decrease the source
term by significant factors.

SUMMARY AND CONCLUSIONS

A number of CONTAIN calculations are presented with respect
to the implications for integrated analysis. The effects of
transport of fission product decay heat, of fission product decay
chains, and of condensation on aerosols are discussed in detail.
Examples are presented for the transport of fission product decay
heat and for fission product decay chains which show that the
effects are significant. General arguments are presented which
indicate that being able to model condensation and evaporation of
water on aerosols simultaneously with the thermohydraulic
calculation may be significant. An example is presented which
illustrates the effect of this coupling. CONTAIN calculations
which address the broader issue of whether condensation on
aerosols is important after the initial blowdown are discussed.
They seem to indicate that condensing conditions are not
prevalent, although they may be present during and after special
events. Finally, a multi-cell calculation is presented which
demonstrates that significant local variations may be present in
the aerosol concentrations in containment. This variation may be
highly significant with respect to the assessment of integrated
analysis effects which are not modeled in CONTAIN. The
multi-cell effects are in addition shown to be able to either
increase or decrease the source term by significant factors.
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Introduction

During fast reactor accidents aerosols can be formed either by mecha-
nical dispersion of molten fuel and fission products or as a result of com-
bustion of sodium. Sodium fire aerosols will be the major carrier of radio-
active species, and will determine the amount of airborne radioactivity
available for release via any leaks in the secondary containment during
deliberate venting. Therefore, considerable effort has been devoted to
study the different sodium fire aerosol phenomena.

The objective of the aerosol measurement workshop was to assess the
applicability and reliability of specific aerosol measuring instruments for
sodium fire studies. The aerosol experts participating in the exercise
agreed to concentrate on the techniques of measuring aerosol particle size
distributions. The tests were performed using the aerosol loop at the FAUNA
test facility, KfK Laboratory for Aerosol Physics and Filter Techniques.

A sodium spray fire was produced under open-loop conditions to give a
continuous aerosol source of variable concentration. Measurements performed
with equipment from the participating laboratories were evaluated using a
standard procedure, enabling an estimate to be made of the accuracy of the
experimental data. These results can be used as input data for the mathe-
matical modelling of aerosol behaviour in computer codes, and the work
reported here is a contribution to the definition of the radioactive source
term for severe accidents in LMFBRs.

Test Loop

The FAUNA facility is shown in Fig. 1. It has a total floor area of
about 12 m x 6 m, and consists of a three-storey main building (6 m x 6 m)
with a cylindrical test vessel of volume 220 m® installed close to the
northern wall. The vessel is situated immediately above a room with a floor
area of about 6 m x 6 m whose walls form the foundation of the vessel
supports. This room can be entered from the main building, and is used to
condition and store molten sodium kept under a cover gas.

* CEA Fontenay-aux-Roses, France; #*% CEA - Cadarache, France
ek CEN/SCK - Mol, Belgium; #**** UKAEA - Winfrith, United Kingdom;
*%%%% ENEA - Bologna, Italy
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The facility consists of a fire room, a measuring room, and an aerosol
measuring loop. A cylindrical steel vessel of 6 m in diameter and 6 m high
with domed ends (volume 220 m* ) serves as the fire room. It can be entered
via a circular hatch.

The measuring room is located on the second floor of the FAUNA build-
ing. The test vessel is directly accessible from the measuring room via a
removable partition. This means that measurements can be undertaken during
the tests and that the distances to the measuring instruments are very
short. The aerosol mesuring loop is an extension of the original FAUNA
facility (Fig. 2). The operating conditions for this loop are as follows:
loop length about 80 m; gas flow, up to 20000 o? /h; pipe diameter, 700 mm;
maximum gas temperature, 75 °C; relative humidity, up to 80 % at 75 °C. The
components are accomodated in a separate building adjacent to FAUNA.

The operating conditions within the loop can be set and monitored
at a central control panel. The gas flow can be varied between 1000 and
20000 w* /h by two speed-controlled axial blowers in series. The two off-gas
purification sytems are each equipped with a blower of capacity 4000 o /h.
These blowers, which can be operated individually, can be used alone or in
combination with the main blower. It is therefore possible to reverse the
gas flow in the measuring section by disconnecting the main blower and
adjusting the valves. This is of particular advantage because the aerosol
can be sampled and analysed before being exposed to the influence of the
blower.

A sodium spray fire was chosen as the method of aerosol production in
order to keep the mass concentration constant at the sampling points
throughout the measurement period. The spray fire offers the following
advantages over other methods of sodium fire aerosol generation: a high
reaction rate and consequently a low sodium consumption; the ability to
change the aerosol yield by appropriate selection of nozzles and spray
pressures; ease of clean-up because only small amounts of metallic residue
are present; simple design.

Test Conditions

The proposed test conditions were discussed and defined by the
participants in the workshop. An important parameter is the aerosol mass
concentration which can be varied by changing the gas flow rate in the loop
and the aerosol generation rate. Several series of tests were planned in
each of which the aerosol generation rate was kept constant. This was
achieved by changing the spray nozzle configuration between each series of
tests. The aerosol mass concentration was varied within each test series by
changing the gas flow rate. The test conditions finally adopted are given
in the Table 1.
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Exp. Date Airborne Na Mass Gas velocity Reynolds Number
Concentration
mg [’ m/s
1 05.10.82 68 6 280 x 10°
2 05.10.82 230 2 93 x 10°
3 06.10.82 220 2 93 x 10°
4 06.10.82 430 1 47 x 107
5 07.10.82 1200 1 47 x 10°

Table 1: Test Conditions

The sodium mass concentration was monitored continuously during all
the tests using the sodium aerosol mass monitor (SAMM), developed by
KfK/LAF, which was located at the bend of the FAUNA loop. The variation of
the sodium mass concentration during the four experiments is shown in
Fig. 3. The dotted lines show the original data including fluctuations, the
broken lines show the average value for each measurement period, and the
solid lines show the smoothed variation of the mass concentration. The SAMM
data were checked by either intermittent sampling into a wash bottle
followed by the titrimetric determination of the sodium content or inter-
mittent sampling onto an analytical filter followed by dissolution and
titrimetric determination of the sodium content.

The temperature and humidity at the sampling points were monitored
continuously throughout the tests and are shown in Fig. 4. The residence
times of the particles in the test loop were between 40 and a few hundred
seconds. Under humid conditions these residence times were sufficiently
long for the sodium oxide particles to react with the atmosphere to produce
NaOH and Na,CO,. The aerosol composition was determined during all
tests and most of the particles were found to be solid and to consist of
mixtures of NaOH and Na CO,. On the final day droplets were obtained,
and it was assumed that on%y a small fraction of the material was
transformed to Na2C03.

Experiments and Results

Six groups from five countries in the European Community participated
in the workshop. They used twelve aerosol measuring instruments, of which
ten were based on the principle of particle inertia and two provided data
evaluated from aerosol photographs. Seven of the instruments were impac-
tors, and the remainder operated under conditions of continuous particle
deposition. Details of the instruments are given in Table 2. The various
instruments used in the workshop were either calibrated by their user or
the manufacturer's calibration was adopted. Fig. 5 gives a schematic repre-
sentation of the calibration data including the various flow rates used.
The effective cut-off size (ECS) which is defined as the aerodynamic
diameter of particles which have a 50% probability of penetrating a glven
stage, was used for data evaluation.

The sodium content of the aerosols was chosen as the basis for the
measurement of the mass of aerosol on individual stages. A standard sample

of a mixed solution of NaZCO3 and NaOH was analysed by each group and
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the sodium content was reported. The results are given in Table 3 and can
be seen to be in good agreement, indicating that there are very small
differences between the sodium analysis data of the participating
laboratories.

Country Sodium (mg Na/l)
Germany 1151
United Kingdom 1130
France 1197 + 18
Belgium 1140
Italy 1006 + 32
Mean value 1125
Standard deviation 71.19 (= 6.33%)

Table 3: Comparative Sodium Analysis Data

To ensure consistency it was agreed that all groups would use the
evaluation program developed by the Italian group. This program enables the
experimental data from the different instruments to be compared. The input
consists of the cut-off diameters of the impactor stages or equivalent data
of the other instruments and the corresponding masses of aerosol sampled.
The output gives the mass median diameter and the geometric standard
deviation together with graphs of the histogram and the cumulative size
distribution by mass plotted against the log normal function on a linear
ordinate scale. The log normal function was fitted to the experimental data
by means of the least squares method. A subroutine in the data evaluation
program enabled the log normality of the measured distribution to be
checked using a x*® test.

Although the primary objective of the workshop was to determine the
particle size distributions of the aerosols, measurements of the sodium
mass concentration were also made. Each time an aerosol sample was taken
its total sodium content was determined, and the sodium mass concentration
was then calculated. The measurements for all the instruments are compared
with the SAMM mass concentration data for experiments 3 and 4 (see Table 1)
in Fig.6. It should be noted that the SAMM gives mean values of the mass
concentration owing to its long time constant, whereas the size-separating
instruments which have sampling times as short as 30 s give values which
include short-term fluctuations of mass concentration in the pipe. All
instruments showed the same trends in the variation of the mass concen-
tration during an experiment, although there was some disagreement among
specific values.

The relative standard deviations (S) of the measured AMMDs are given
in Table 4. This was only done if at least five out of ten instruments were
performing the same measurements under the same conditions. The mean coef-
ficient of variation of the AMMD measurements is 19%, and that for the
measured O values is 23%. The x®-test for the log normality of the
evaluated garticle distributions did not fully support or reject
assumptions of log normality.
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TEM-micrographs were analyzed with a TGZ 3 Zeiss particle counter and
an IBAS image analyzer which is an automatic system for the analysis of
grey level images. Excellent agreement was found between the data obtai-
ned by the two methods.

Discussion

The aerosol mass concentration was monitored using both the SAMM and
the light extinction photometer, and the results indicated that many large
short-term fluctuations took place. The other instruments sampled the
aerogol for discrete periods varying from 30 s to 60 min and provided a
single average mass concentration for each period. Comparison of these re-
sults with the continuously fluctuating output from the monitors was diffi-
cult but it was found that the time-averaged SAMM responses agreed with
many of the individual measurements. Occasionally, however, individual
results were much higher than the SAMM responses. Some of these
discrepancies may have occurred because the time-averaging procedure
smoothes out the large concentration increases which in many cases lasted
for less than one minute. Unfortunately, the quantity of raw data from the
instruments is insufficient to perform a detailed statistical determination
of which fluctuations are systematic and which are random. However, it is
believed that the time-averaged SAMM data represent all the major long-term
aerosol concentration fluctuations since these changes were also detected
by the other instruments. The mass concentration results may also have been
influenced by a number of systematic factors such as particle losses and
instrument handling.

The comparison of the aerodynamic mass size distributions obtained in
this workshop is greatly simplified if they can be treated as being log
normal since the AMMD and O unambiguously define each distribution. Some
of the particle size distriButions were log normal but no clear pattern was
obtained from any of the instruments used in the workshop. This is not sur-
prising since there is no fundamental reason why these aerosols should have
had log normal size distributions.

An important aim of the workshop was to obtain particle size distribu-
tions from as many instruments as possible at selected times during each
experiment. There were sixteen occasions when most instruments sampled the
aerosol at about the same time. The individual AMMD values for each of
these occasions were almost always within the 997% confidence limits of the
sample mean: the AMMD determined by any one of the instruments was general-
ly within + 20% of the sample mean. Similarily, the individual © wvalues
were mostly within the 99% confidence limits of the sample mean:®°g va-
lues varied more widely but were generally within + 50% of the sa&ple mean
except for the first experiment when initial experimental difficulties
probably accounted for the large spread in the AMMD and 6 values. In
general, the 0 values for the impactors were greater thafl those for the
spectrometers %spiral duct centrifuge, sedimentation battery and inertial
spectrometer). The sample mean AMMDs increased slightly when the aerosol
was more concentrated but this was not accompanied by systematic changes in
the sample mean ¢ values. The changes in AMMD with increasing aerosol
concentration mayghave been caused by enhanced agglomeration simply because
there were more particles present per unit volume. However, it must be



remembered that the air velocity in the loop was reduced at the same time
in order to increase aerosol concentration. Under these circumstances an
agglomeration mechanism would be expected to produce larger particles
simply because the aerosol had more time to age and coagulate before being
sampled.

Size distributions obtained by image analysis are not directly compa-
rable with aerodynamic size distributions unless the particles are spheri-
cal and their density is 10° kg/m’ . There was close agreement between
J_—I and the sample mean AMMD values despite the fact that the particles
were non-spherical, presumably because the particle density was greater
than 10° kg/m®* and this compensated for the non-sphericity.

Conclusions
The following main conclusions can be drawn from the workshop data:

- There was sixteen occasions when more than five instruments sampled the
aerosol at about the same time. The individual AMMDs were almost always
within + 20 % and the 0s were generally within + 50 % of the sample
mean values. The occasiBnal large differences in individual results were
clearly greater than the random variations and can be attributed to
systematic deviations. These differences were particularly evident during
the first experiment when participants were developing their sampling
procedures.

- All of the instruments used in the workshop produced aerosol data that
were consistent and in reasonable agreement. Provided that the AMMDs were
within the instrument's range of operation, their magnitude was not
influenced by either the width or the resolution of the operating range.
However, the Gs obtained for the impactors were slightly greater than
those obtalned for the spectrometers.

- Determinations of the particle size (d .) by image analysis of the
micrographs agree quite well with the aerodynamic sizes obtained using
the other instruments.

- The particles sizes obtained by the two methods of image analysis
(Zeiss TGZ 3 particle counter and IBAS image analyser) were in good
agreement.

Acknowledgement: The modification and preparation of the FAUNA facility,
and the analysis and comparison of the data were sponsored by the
Commission of the European Community.
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Group

Measuring Instrument

Number of Size Ranges

Collector

CEA-Cadarache

CEA-Fontenay-aux-Roses

UKAEA-Winfrith

CEN/SCK-Mol

ENEA-Bologna

Andersen Mk 1] impactor

Sedimentatfon battery

Andersen Mk 1 impactor
Andersen Mk II impactor

Stoeber spiral duct centrifuge

Low pressure impactor
In-stack impactor

Sierra 228 impactor
Inertial spectrometer

8 + back-up filter
7 + back-up filter
8§ + back-up filter

8 + back-up filter
15

-+

3 low pressure
6 + back-up filter

8 + back-up filter
7

Grease-coated glass plates
Stainless steel plates
Stainless steel plates
Glass fibre

Stainless steel foil

Glass fibre or
cellulose fibre

Glass fibre
Membrane filter

KfK-Karlsruhe Andersen Mk II1 impactor 7 + back-up filter Glass fibre
Thermal precipitator and Al Micrograph evaluation
electron micrographs with TGZ 3 counter
UKAEA-Winfrith Thermal precipitator and All Micrograph evaluation
electron micrographs with 1BAS image analyser
Table 2 : Instruments
Time Mean S o 5 % Number of Instruments
Date (h) ?MMD D 3 g Gé
pm)
05.10.1982 10.20 1.42 18 1.83 28 5
11.00 1.75 31 3.27 47 6
12.00 1.41 28 2.89 56 7
05.10.1982 13.40 1.01 23 1.91 27 7
14.20 0.96 17 1.91 25 8
15.00 1.02 21 1.91 27 9
06.10.1982 10.48 1.21 16 1.85 11 10
11.20 1.20 20 1.84 10 5
11.50 1.14 16 1.88 19 6
12.17 1.46 16 1.74 16 5
13.50 1.40 19 1.83 11 10
14.15 1.54 14 2.02 19 6
14.30 1.54 14 2.00 27 6
07.10.1982 10.48 1.50 13 1.76 9 9
11.20 1.89 16 1.90 18 10
12.00 1.75 18 1.89 17 9
Table 4:

Mean AMMD and mean og values
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ABSTRACT

A four-stage cyclone aerosol sampler has been calibrated. In order to
investigate the effects of high temperature and gas viscosity, both air and
argon were used as the gaseocus medium. The calibration was performed using a
series of monodisperse particles. Two different types of particles were used.
The first technique involved dioctylphthalate particles produced with a
Berglund-Liu aerosol generator combined with fluorometric detection. The second
technique was based on the use of commercially available polystyrene latex par-
ticles and an optical particle counter.

Particle collection efficiencies of each cyclone stage were measured
systematically as a function of particle size and flow rate. Dependency of the
50 percent cut size on the cyclone stage, the flow rate, and the gas viscosity
was studied. Comparison of the air with the argon data shows that the cyclone
performance depends not only upon the gas viscosity but also on the gas density
indicating that the traditional way of correlating cyclone performance using
only the Stokes number may not be applicable. A possible correlating parameter
which accommodates both air and argon experimental data is discussed.
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INTRODUCTION

Small cyclones have recently been introduced as a sampling method for
streams which are not suited for inertial impactors or instrumental methods due
to high particulate loads or extreme gas conditions. The use of a multi-stage
cyclone train allows size determination of relatively large quantities of parti-
culate or aerosols.

Generally cyclone performance is based on theories which include centripetal
force equations along with viscous drag and turbulent flow effects. Based on
the cyclone dimensions and the gas flow rate a particle size efficiency can be
predicted which is proportional to the square root of the ratio u/Q where u is
gas viscosity and Q is gas flow rate.

In experimental work by Chan and Lippman (1977), an investigation of small
sampling cyclone dependence on sample flow rate provided an equation fit of
Dsg = kQN where Dgg is the aerodynamic diameter of particles with a collection
efficiency of 50 percent at a given flow rate Q. The parameter k is based on
physical dimensions of the cyclone and n represents the exponent which according
to theory should be -0.5. In the empirical fitting of 11 cyclones, the value
of n varied from -0.636 to -2.13. Consideration of turbulence suggested that
from -0.75 to -1.25 indicate a transition point to more turbulent flow regimes.

In the development and calibration of a standard series cyclone sampling
train of the same design as used in this study, Smith, Wilson, and Harris (1979)
applied the Dgg = kQM relation to develop calibration constants for the various
cyclones. Calibrations were conducted at three flow rates of 7.1, 14.2, and
28.3 1/min and with three air temperatures of 25, 93, and 204 C. Tests with
particles having densities of 2.04 g/cm3 and 1.09 g/cm3 were also included.

The collection efficiencies and Dgg values were reported as equivalent aerody-
namic diameters. For cyclones numbered 1, 3, and 5 (in order of decreasing
cyclone size), the reported values of n and k were as follows:

Cyclone 1 3 5
-0.63 -0.84 -1.11
44 .6 22.7 14.0

By plotting the Dgg versus the calculated gas viscosity, the data showed a
linear relation between the two parameters with the steepness of the slope of
cyclone 1 the largest, and of cyclone 3 the smallest. Viscosities of 183, 214,
and 259 micropoise were used and the results were plotted using a linear regres-
sion. These results indicated a direct proportionality of gas viscosity to

Dgp.
CALIBRATION PROGRAM
The commercially available Sierra Cyclone Sampling Device was to be applied

in a test program for sampling aerosols in a high temperature steam/N» environ-
ment. Following the redesign of the original sampling train to the configuration
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as shown in Figure 1, it was decided to conduct a program of calibration checks
using aerosols at ambient temperature. In order to evaluate the effects of gas
viscosity for extrapolation of the calibration to high temperatures, the calibra-
tion was performed with different gases. Argon and air were chosen such that

the gas viscosity could be adjusted between approximately 180 and 210 micropoise.

For the calibration program, two particle generation systems were used.
Both systems were able to be connected directly to a 45 x 45 x 60 cm Plexiglas
chamber from which samples of the aerosol were extracted through the individual
cyclones. A schematic of the calibration setup is shown in Figure 2.

Two different techniques were employed to generate monodisperse particles.
The first technique is the vibrating orifice aerosol generation method using
the Berglund-Liu generator and the second is based on the use of commercially
available monodisperse particles.

The Berglund-Liu aerosol generator was used with 0.98 g/cc density DOP
(dioctylphthalate) particles. The size range for particle generation is gener-
ally between 1 um and 20 um. For these calibrations the DOP was tagged with
uranine dye. Following approximately 15 to 20 minutes of sampling, the cyclone
and a final filter placed at the cyclone exit were washed with acetone. This
solution was analyzed to determine the mass concentration of particles using a
Turner fluorometer. The particle collection was calculated for the three volu-
metric flow rates through the cyclone/filter assembly. The volumetric flow
rate was monitored using a hot wire anemometer after the filter. A1l calibra-
tion points were replicated and in cases where replicates were significantly
different, additional measurements were performed.

The second used Polystyrene Latex (PSL) solid particles. These particles
were generated with a standard nebulizer. As shown in Figure 2, both upstream
and downstream sampling points were used to measure the percent particle collec-
tion. A Royco 245 optical particle counter was used to monitor the two streams.
Care was exercised in assuring that all line losses were either minimized or
equalized by using short tubes with equal lengths and equal diameters.

Calibrations were conducted at three flow rates. The nominal or baseline
flow rate was specified as that flow rate which would provide a Dgg cut point
of 15 um in the first (280-10) cyclone. Based on the manufacturer's data, this
was calculated to be as shown in Table 1.

The other flow rates would represent 70 percent of the nominal flow and
150 percent of nominal flow. Each cyclone and the probe was to be calibrated
individually in the vertical position. Multiple samples were to be included in
order to provide a well defined plot of collection efficiency versus particle
size. The system also included two mass flow meters. A wet test meter and a
gas meter were used to calibrate the mass flow meters. A1l calibrations were
conducted at ambient temperature/pressure using either air or argon. A Tight
bulb in the chamber, as shown in Figure 2, provided a source of low heat to
maintain noncondensing conditions.



RESULTS OF CALIBRATIONS

The results of each of the cyclone calibrations for air and for argon were
plotted on log normal graphs as efficiency versus D. The results showed that
for 13 1/min of argon (viscosity = 2.1 x 10-6 kg/ms) the Dgg of cyclone 280-10
is 15 uym. The Dgg value for air was slightly less at this flow rate and the
manufacturer's data indicated a flow rate of 11 Ipm air would provide a Dgp of
15 um. While all of the results showed typical responses, the curve for 280-10
cyclone was not as well defined as the other three cyclones.

The other three cyclones showed typical cyclone responses except for
occasional outlying data points. In general the agreement between solid and
liquid aerosol measurements was very good. It was noted that there was no
evidence of particle bounce for solid or liquid particles as shown in the 100
percent collection efficiencies for cyclone 280-5. The results of the Dgg as
calculated from the curves are included in Table 2.

The data as presented in Figures 3 are a composite of flow rate versus Dgg
for all of the cyclones. The two notable points from this figure are (1) the
different shape of the 280-10 cyclone curve and (2) the fact that the Dgg for
air is higher than that for argon for the cyclones numbered 1, 3, and 5. This
latter effect can be better illustrated by Figure 4 where the data for air and
argon are plotted as viscosity for the two cyclones, 280-1 and 280-5. These
results imply that for increasing viscosity there was a decrease in the particle
cut diameter.

In actual design calibrations by Smith, et al (1979), the Dsg versus air
viscosit¥ was shown as a direct relationship when air viscosity was calculated
by u =T /3/(0.068T + 7.8). Therefore with increasing temperatures the Dgg
increased. The data were presented up to only 260 micropoise (204 C) but data
by Parker, et al (1981) showed a similar trend at least up to 352 C. In Parker's
work however, when effects of increasing pressure were included it was concluded
that these cancelled out temperature effects and therefore the observed change
in cyclone efficiency may be more dependent on gas density.

DISCUSSION OF RESULTS

In analyzing the results of the cyclone calibrations it is important to
consider factors which can have a significant effect on predicted operation.
Two important aspects of particle collection are the centripetal and settling
velocities. The following values were calculated using results from Smith, et
al (1982) for the ratio of particle settling velocity to particle centripetal
velocity, Vs/Vc, and for Stokes number, ¥Stk, as listed in Table 3.

Another factor which affects cyclone performance is the gas density. In a
sensitivity analysis of cyclone performances by D. W. Cooper (1983), gas density
was shown to affect cyclone performance as the fourth ranked factor in absolute
(though negative) elasticity (behind diameter, diameter ratio, and gas flow --
also negative). Viscosity was of medium magnitude and equivalent to particle
density in the elasticity model.
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A final consideration in the analysis of cyclone performance is the Reynolds
number, Re. Parker, et al (1981) have shown a correlation of Dgg versus
Re-StkO-5 and included data of Smith, et al (1979). It was concluded that both
Reynolds number and the gas flow pattern in the cyclone are important in deter-
mining performance.

In a further analysis by Beeckmans (1979), a linear regression_analysis of
cyclone data resulted in a relationship described as D = f(RebStk0'5)5o for
calibrations performed with constant particle size and varying flow rates. It
was therefore concluded that the inclusion of gas density and Reynolds numbers
may be important in predicting performance.

ANALYSIS OF RESULTS

The results of the calibrations as reported in Table 2 are somewhat differ-
ent than the values expected using the manufacturer's relations of Dgg = kQn.
The deviation from the expected is especially notable in cyclone 280-3 where
the difference of calibrated to expected is greater than 1 um. For cyclone
280-5 the deviation is most pronounced at the low flow rate (1.2 um expected,
3.4 um calibrated). Cyclones 280-1 and 280-10 show good agreement between
expected and calibrated values at all three flow rates.

In a further analysis of the cyclone performance, the effect of Reynolds
numbers on particle collection efficiency was investigated. The Reynolds number
(Re) was calculated as Re = pVD/u where,

o is gas density (g/cmd) air = 1.206 x 10-3, Ar = 1.664 x 10-3
p is gas viscosity (g/cmes) air = 1.84 x 10-%4, Ar = 2.15 x 10-4
v

is average linear velocity (cm/s) calculated as cyclone flow (Q)
divided by inlet =(DIN)Z/4

is exit diameter (cm)(DEX).

Lew)

The values of DIN and DEX are listed in Table 4.

The values of the Reynolds number for each cyclone at the three flow rates
of air and argon are reported in Table 5. The results show that based on
Reynolds number the flow for cyclone 280-5 is apparently turbulent while cyclone
280-10 is laminar. Cyclones 280-1 and 280-3 are in a transition regime.

A "modified Stokes number® = pDV1.-5/u1.5 was calculated. These values are
listed in Table 6. The results from both Tables 5 and 6 have been plotted as a
function of particle Dgg in Figures 5 and 6.

In Figure 5 the correlation is quite linear with inverse relation of Reynolds
numbers to cut diameter, Dgsg. The results of Figure 6 are not as well defined
as Figure 5 but a correlation is possible except for an apparent break from a
straight line at the low flow rates for cyclone 280-10 and the outlying points
for low flow rates in cyclone 280-5.
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CONCLUSIONS

The results of these calibrations indicate that parameters other than flow
rate and viscosity affect cyclone collection efficiency performance. Gas density
possibly through the Reynolds number may be more important in predicting perform-
ance. The performance of the cyclones showed a deviation from the expected
results at higher Reynolds numbers for both air and argon. The cause of this
deviation is unknown. Further work using higher viscosities and other gases
will be necessary to provide additional data to develop better correlations of

Re to Dgp values.
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Table 1. Calculated Cyclone Cut Points

b

T Viscosity* Calculated Cyclone Dso's (um Flow
8 (poise) L R e S 1 = e

200 174 15 8.8 2.4 1.17 10.3
300 214 15 8.1 2.7 0.76 19.8
350 235 15 8.2 2.9 0.69 23.9
400 255 15 8.4 3.1 0.65 27.7
450 275 15 8.6 3.3 0.63 31.1
500 295 15 8.9 3.4 0.62 34.4

*Yiscosity calculated at Tgas for 97 percent H20 + 3 percent Nj.

Table 2. Cut Diameter (050) for Cyclone Calibrations

e ]

50% Cut Size, um

Flow Rate Stage Air Argon
9.1 1pm 280-10 17 16.5
1 1 9
3 9.5 2.9
5 3.3 0.9
13 1pm 280-10 13.0 15
1 8.0 5.8
3 3.8 1.6
5 1.1 0.7
19.5 1pm 280-10 10.0 11.0
1 6.5 4.7
3 3.2 1.4
5 0.74 0.58
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Table 3. Operating Parameters of Cyclones

Q
Cyclone (1pm) Vs/Vc ¥ Stk
280-10 1.4 0.6 0.2
280-1 28.3 1.6 x 1072 0.2
280-3 28.3 1.3 x 1073 0.1
280-5 28.3 1.6 x 107° 0.1

Table 4. Parameters Used to Calculate Reynolds
Numbers in Four-Stage Cyclone Train

Cyclone Number
Parameter Units Name 280-10 280-1 280-3 280-5

Inlet diameter cm DIN 1.83 1.27 0.75 0.30
Qutlet diameter cm DEX 2.17 1.5 0.83 0.36
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Table 5. Reynolds Numbers Ca]cu]atgd for
Four-Stage Cyclones (x 10°)
Cyclone Number 280-10 280-1 280-3 280-5
Gas Air Ar Air Ar Air Ar Air Ar
Flow Rate = 9.1 1pm .820 .968 1.18 1.39 1.87 2.21 5.06 5.98
Flow Rate = 13.0 1pm 1.17 1.38 1.68 1.99 2.67 3.15 7.23 8.54
Flow Rate = 19.5 1pm 1.76 2.08 2.52 2.98 4.00 4.73 10.8 12.8
TABLE 6. Modified Stokes Number Calculated
for Four-Stage Cyclone (x 106)
Cyclone Number 280-10 280-1 280-3 280-5
Gas Air Ar Air Ar Air Ar Air Ar
Flow Rate = 9.1 1pm .459 .501 .950 1.04 2.55 2.79 17.3 18.9
Flow Rate = 13.0 1pm .784 .856 1.62 1.77 4.36 4.76 29.5 32.2
Flow Rate = 19.5 1pm 1.44 1.57 2.98 3.25 8.00 8.74 54.2 59.2

v

iy e

e ——
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Figure 1. Marviken Aerosol Sampling Cyclone Train
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Figure 2. Aerosol Calibration Schematic
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Figure 3. Plot of Flow Rate Versus D50
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Development and Performance Testing
of an Aerosol Generator System for DEMONA

H. Ruhmann and M. Peehs

KRAFTWERK UNION AKTIENGESELLSCHAFT
P.0.Box 3220, D-8520 Erlangen/FRG

ABSTRACT

As part of the DEMONA program an aerosol generator system has been
developed. The basis of our development should be the aerosol generating
principles proposed by ORNL. Those principles had to be altered consi-
derably. However our improved aerosol %eneratlng equipment using iron
and tin as feed material provides: (iron oxide) = 1,6 g/m® and

max(tln—ox1de) 5 g/m® in the 640 m? volume of the model containment.
From on line measurements of the time dependant aerosol mass concentra-
tion the generation rates could be evaluated as 20-30 g/min for iron
oxide and 160 g/min for tin-oxide.Depending on the aerosol production
parameters, the particles show a bimodal size distribution (d -2/5 pm)
or monomodal size distribution (d 50 = 1 um).
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1. INTRODUCTION

The NAUA code describes the behaviour of aerosols generated during
a hypothetical core melt accident. For an experimental demonstration and
verification of the aerosol behaviour predictions a test program is
going on at the model PWR containment of the Battelle Institute
Frankfurt/FRG. Detailed informations about the DEMONA program is given
by / 1/ and / 2 /. Our contribution to the program comprises:
- the provision of the aerosol generation system including the
necessary development,
- the optimization of the operating parameters,
- the operation of the generators during the different tests.

2.THE AEROSOLGENERATOR
2.1 PRINCIPLE OF AEROSOL GENERATION

To model adequately the aerosols produced during a core melt
accident metal oxides are applied as model substances. Particle sizes
less than 5 um are demanded. Aerosols of this kind can be generated by
condensation from the oxide gas phase. Vaporization, oxidation of metals
and the subsequent recondensation of metal oxides by quenching are the
principles proposed by ORNL in the Aerosol Release and Transport Program
/ 3 /. To realize the as proposed process metal powder is injected into
a plasma torch. Here the particles are molten, evaporated and oxidized
in a reaction chamber made of magnesiumoxide. Compressed air or steam is
used to quench the reaction products at the exit of the reaction chamber
and to transport the oxide aerosols into the model containment through a
transport tube.

2.2 DESIGN OF THE AEROSOL GENERATOR

Fig. 1 presents a schematic view of the aerosol generator designed
to realize the above proposed process. The technical realization is
shown in fig. 2.

QKwu
powder cooling and
feed tronsport gas transport tube
= L‘(/
evaporation
oxidation formation of
candensation
aerosot
1 !
reaction chamber
oxygen feed
Fig. 1 Schematic cross section through the aerosol

generator
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transport and cooling air

Fig. 2 . Design of the aerosol generator

The cylindric reaction chamber - made from MgO base material - is
heated by the plasma torch. A powder feed line allows the injection of
fine metal powders next to the nozzle of the plasma gun. This position
is the necessary precondition to evaporate a main fraction of the in-
jected feed material within the plasma torch. To realize this injection
mode the feed nozzle is thermally contacted to the water cooled anode of
the plasma gun. Six gas nozzles inject the necessary amount of oxygen to
oxidize the feed material. An adequate residence time of the powder
particles in the hot plasma is controlled by the flux of the carrier gas
transporting the metal powder.

powder feed

oxygen feed

reaction
chamber

plasma gun

i.:‘ e Matco 1OMB
-

W7

\q@%\\

Fig. 3 Feed powder and oxygen injection device

Our concept for the reaction chamber is based on the experimental
investigation of particle trajectories and plasma isothermes done by A.
Vardelle et al / 4 /. Oxidizing conditions in the reaction chamber are
provided by taking two times the stoichiometric quantity of oxygen for
complete oxidation of the metal powder feeded into the system. Length
and diameter of the reaction chamber determine the surface temperatures.
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In a set of pretests those dimensions are determined to stabilize
the working temperature at 1800 - 2000 K. Compressed or steam air is
used to stabilize simultaneously the structural temperatures of the
MgO=-structure and to quench the metal oxide leaving the reaction cham-
ber.

Three complete generator systems consisting of a plasma gun, reac-
tion chamber, gas and powder supplying systems are merging in one aero-
sol feed line (length 6 m, diameter 250 mm) providing the aerosol trans=-
port into the model containment. The single system can be separated by a
gate valve. A scope of the system is given by figure 4.

(*T.C 7]

Fig. 4 The threefold aerosol generator System for the
DEMONA epxeriments

3. EXPERIMENTAL RESULTS

After completion of the start up tests four fully instrumented
tests V 19 - V 23 have been performed so far. The description of the
DEMONA test instrumentation is given in / 5 /. To determine on-=line the
relative amount of air-borne mass photometric extinction measurements
are applied. Absolute calibration of those measurements is performed by
comparison of the relative measurements with material collected on
filters loaded under definite conditions at different times.
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3.1 PRODUCTION OF IRON OXIDE AEROSOLS WITH Ar/He AS WORKING GAS

Fig. 5 shows the result for experiment V 20.

Qxwu

05 m=28g/min

L
men
60 120

Fig. 5 Time dependant iron oxide aerosol concentration
(Experiment V 20)

The increase of iron oxide aerosol concentration in the contain-
ment is plotted as a function of time. The slope at the beginning repre-
sents a generation rate of 29 g/min. The plasma gas used was a mixture
of argon and helium. It is remarkable that saturation of the concen-
tration is reached after 50 min even at continued feed of the aerosols.
The saturation concentration is 1 - 2 g/m®. Obviously saturation occurs
while generation rate equals the rate of aerosol depletion. The unexpec-
ted fact was due to kind of the aerosols generated. Calculations with
the code NAUA get into agreement to the experiment assumming an bimodal
particle size distribution with mean equivalent diameter of d - 5,5 um
(90 %) respectivly d = 2,4 pm (10 %). This aerosol characteristic fits
well with the experimental determined aerosol particle size distribu-
tion.

3.2 PRODUCTION OF IRON OXIDE AEROSOLS WITH N, AS WORKING GAS

The test V 22 resulted in an iron oxide aerosol concentration of
20,7 g/m3.The working gases had been changed to nitrogen. The commercial
plasma gun used however can only be operated with N, as working gas for
a very short period because of thermal instabilities at the anode.
Nevertheless in two runs iron oxide aerosol of very fine particle size
could be generated (= 1 um) with a very good yield (52 %) and satisfying
feed rates of air borne iron oxide aerosols (20 g/min).



— 324 —

& xwu

ors} ! e

Y
¢ ! 2 Start

Fig. 6 Time dependant iron oxide aerosol concentration (V 22)

3.3 PRODUCTION OF TIN OXIDE AEROSOL WITH Ar/He AS WORKING GAS

Significant higher aerosol generation rates could be observed
injecting tin instead of iron into the plasma torch. In experiment V 23
maximum concentration of 4 - 5 g/m® could be reached. Fig. 7 shows the
time dependant increase of the aerosol concentration in the model con-

tainment.
Oxwu
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Fig. 7 Time dependant tin oxide aerosol increase (V 23)

The initial generation rate can be calculated from the slope to be
160 g/min. Post test investigations resulted in a particle size distri-
bution with an average particle size less than 1 um. The yield of the
process is about 90 %.

4 SUMMARY OF THE OPERATION EXPERIENCE

Table 1 summarizes the experimental conditions for V 20, V 22 and
vV 23.



— 325 —

TABLE 1

Test No. Vv 20 Vv 22 vV 23
aerosol material iron oxidé iron oxide tin oxide
working gas (plasma gas) Ar/He N, Ar/He
el .energy input 80 kW 55 kW 80 kW
reached max. aerosol

concentration 1 -2 g/m 0,5 - 0,7 g/m® 4y -« 5 g/m?
generation rate 29 g/min 20 g/min 160 g/min
yield 20 % 52 % 90 %

4.1 PHYSICO-CHEMICAL ASSESSMENT OF THE AEROSOL-GENERATION MECHANISM

A common agreed mechanism for aerosol formation using a plasma

torch and a high temperature oxidation chamber comprises

- liquifaction and evaporization of a metal powder

- gas phase exothermal oxidation forming a highly volatile oxide at
the given temperature in the reaction chamber

- rapid quenching of gaseous oxide vapours to form airborne
particles.

This mechanism precludes:

- The existence of a high temperature stable oxide form of the con-
sidered metallic feed material in the gaseous phase

- The absence of reactions at given temperatures forming liquid or
solid reactants with a considerably high amount.

Assessing the proposed generation mechanism for Fe and Sn as feed
material we conclude from the available basic data on high temperature
thermodynamics:

Fe/0, -System
Existing phases at 1800-2000 °C: (Fe)l, (Fe—Oxide)l, (Fe, 0,)g.

Using Gibbs phase rule: If the 3 phases are in equilibrium the system
is invariant at given pressure. This means a maximum number of three phases
can simultaneocusly exist: liquid oxide, liquid iron and homogeneous gasphase.
There are no literature data of ironoxide vapor pressures available. The gas-
phase mainly consists of oxygen over the melt.
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Sn/0, -System
Existing phases at 1800-2000 °C (Sn)l, Sn, SnO)g.
Two phases are coexistant in the two component system. But in diffe-
rence to the Fe/0, -system a stable tin-oxide-form (SnO) exists in the

gas phase at 2000 K. Vapor pressure reaches 1 bar at this temperature
A
231

2(Fe)g + 3/2 (Oz)g———% (Fe, 0, ). —> 922222125> aerosol

Thus aerosols are formed in the case of iron as reaction aerosol
from the elements in the gasphase:

whereas in the case tin:

(sn)g + (Oz)g —> (Sn0) quenching + (Oa)57 Sn0,

(8n)) + (0,)  — (800), guenching + (0.) y sno,

aerosols.

This aerosols are formed as condensation aerosols by quenching.

A notable fact is also that oxidation of liquid tin results in formation
of a gaseous oxide which increases the yield. In the case of iron this
liquid fraction leads to liquid oxide phases which reduce the yield of
the process.

This assessment proves that iron aerosol formation process is
quite different from tin aerosol formation. The different processes ex-
plain the difference in the observed generation rates and yields repor-
ted above.

If the assessment of the aerosol production process is correct,
much better rates for iron oxide aerosols are to be expected performing
the oxidation reaction with feeding a volatile iron compound. In this
case all iron reacts in homogeneous gas phase reaction improving the
yield of the aerosol formation considerably. This statement could be
proved by experiments using Fe(CO)_ introduced into the aerosol genera=-
ting system instead of iron powdef in a pretest. If needed the as de-
monstrated process can be integrated in our system by additional R+D-
effort on a limited extend.

5.CONCLUSIONS
The as-presented work can be summarized as follows:
In the case of iron oxide aerosol formation:

= the maximum concentration reached so far is Cma = 1,6 g/m3
in the 640 m® test volume. x

- the corresponding feed rate is m=20 - 30 g—oxide/min.
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using Ar/He as working gas only aerosols with a bimodal particle
size distribution can be produced (10 % : dsdz 2 ym; 90 % dSO =
5 um).

using N, as working gas iron oxide aerosols with a monomodal par-
ticles size distribution ca be produced (dSO = 1 um),

the outmost conversion yield was about 52 % for ironoxide aerosol
formation.

In this case of tinoxide aerosol formation:

the maximum concentration reached so far is C = 5 g/m® in the
max
640 m® test volume.

the corresponding feed rate is 160 g/min.

the as produced aerosol show a very fine monomodal particle size
distribution.

the estimated yields are better compared to ironoxide aerosol for-
mation.

The assessment of the aerosol formation processes shows:

/27

/37

With iron only reaction aerosol can be produced. Thus using iron
powder the aerosol production performance of our system is limi-
ted. Only the use of gaseous iron compound as feed material may
improve the yield of the process.

Tin produced real condensation aerosol with adequate properties,
high feed rate and high yields of the process.

REFERENCES

J.P. Hosemann, D.Haschke,
DEMONA Aerosol Removal Experiments, EIR 505, 1983

W.0.Schikarski et al,
DEMONA Forschungsprogramm zur Demonstration nuklearen Aerosolver-
haltens, KfK 3636, EIR 505, 1982

R.E. Adams, M.L. Tobias,
Aerosol Release and Transport Program, Quarterly Progress Report
April - June 1983



/4

/

/

/

5

6

7

/

/

/

— 328 —

A.Vardelle, M.Vardelle and P.Fauchais,

Influence of Velocity and Surface Temperature of Aluminium Partic-
les on the Properties of Plasma Sprayed Coatings, Plasma Chemistry
and Plasma Processing, Vol. 2, No. 3, 1982, S.255

G.Friedrich et al,

Aerosol measurement system for the DEMONA Experiment, CSNI Specia=-
list Meeting on Nuclear Aerosols in Reactor Safety, Karlsruhe 4-6
September 1984

H.Bunz, W.Schoéck,

Comparison of Measured Aerosol Behaviour during DEMONA Experiments
to NAUA Code Predictions, CSNI Specialist Meeting on Nuclear
Aerosols in Reactor Safety, Karlsruhe 4-6 September 1984,

Gmelin Handbook of Inorganic Chemistry, 8th Edition, Zinn C1,
Springer Verlag, Berlin, 1982, S. 46.



— 329 —
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ABSTRACT

In the frame of the international large scale DEMONA experiment, highly
concentrated metal oxide aerosol particles are produced and measured 1in a
large containment (640 m3) under unusual conditions (steam saturated atmo-
sphere, temperature of 120-135 ©C, pressure of 2-3 bar). The initial mass
concentration of aerosol particles is between 1 and 10 g/m3 and the change in
aerosol concentration as a function of time is of several orders of
magnitude. Additionally, the aerosol is a three components system: besides
the gaseous phase (an air-steam mixture), one finds solid aerosol particles,
liquid aerosol particles (water droplets) and/or liquid aerosol with a solid
core. By using a highly reliable system specially developed for this ex-
periment, mass concentration of solid aerosols and of droplets, particle size
distribution of solid and liquid aerosols, density and form of the aerosol
particles, the mass of the condensed water on walls and on ground were
measured as a function of time and location.



INTRODUCTION

In the frame of the international large scale DEMONA [l,Q] experiment,
highly concentrated metal oxide aerosol particles are produced and measured
in a large containment (640 m3) under unusual conditions (steam saturated
atmosphere, temperature of 120-135 ©C, pressure 2-3 bar). The initial mass
concentration of aerosol particles is between 1 and 10 g/m3 and the change
in aerosol concentration as a function of time is of several orders of
magnitude. Therefore, conventional aerosol measurement equipment can not be
used without extensive modifications for adapting them to the conditions of
these tests. In addition, the aerosol is a three-component system: besides
the gaseous phase (an air-steam mixture), one finds solid aerosol particles,
liquid aerosol particles (water droplets) and/or liquid aerosol with & solid
core. Hence, the aerosol measurement system must be able to measure the
following parameters as functions of time and location:

- mass concentration of solid aerosols and of droplets

- particle size distribution of solid and liquid aerosols

- density and form of the aerosol particles

- the mass of the condensed water on the walls and on the ground.

Additionally, a very reliable measuring system is required, due to the
length of each test (several days), to the high cost of each test and to the
difficulty to repeat a single test.

For all these reasons, the filtration technigue was originally chosen.
Twenty membrane filters are mounted in boxes, installed in four locations in
the Battelle-containment (Fig. la). On this figure, the Battelle-Frankfurt
containment is shown with a multi-compartment configuration and the location
of the instruments are indicated on vertical and horizontal planes. The
aerodynamical size of the solid aerosol particles is measured at five times
by two Andersen cascade impactors and three Prodi inertial spectrometers.
The mass of suspended water in the containment is measured by  specially
developed calorimeters and the size of the liquid aerosol particles is
measured by an optical spectrometer (Polytec). In addition, the condensed
water i1s collected at three locations on the walls and at three locations on
the ground. An integral value of the aerosol concentration {liguid and solid)
is obtained at 10 different locations (Fig. 1b) by transmissometers. These
measurements give the spatial fluctuation in aerosol concentration.

An on-line evaluation of the mass concentration and of the size
distribution of the dry aerosol particles is obtained by continuous extrac-—
tion of the containment atmosphere. On the one hand, after dilution, the
aerosol particles are collected by filtration and their mass is obtained on-
line Dby beta-absorption techniques. On the other hand, a well-defined volume
of containment atmosphere is diluted in an auxiliary tank, where the aerosol
size distribution is measured by an automatic impactor.

Furthermore, three openings are built-through which instruments can be
inserted into the containment. This allows the performance of limited
measurements as a back-up in case in-containment instrumentation should
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fail, this being likely during a 2-3 days experiment with no access to the
internals of the containment.

FILTER BOXES

The dry aerosol classification and mass concentration is obtained from
samples on membrane filters. Since the aerosol contains a large smount of
steam, the filter holder is heated to a temperature slightly higher that the
one in the containment in order to avoid steam condensation (Fig. 2).

After filtration the gas mixture passes through a nozzle, which limits
the flow: however, depending on pressure, temperature and air to steam ratio,
the volumetric flow at the nozzle changes significantly, and has to be con-
tinuously recalculated. Outside the containment the gas mixture is cooled
down below 20 °C in a condenser where almost all the steam is condensed and
separated from the air. The water is then collected and weighted as a
function of time. The cold air mass flow 1s also continuously recorded.

Assuming that the ideal gas law holds for the steam and air components,
and that the mixture contains no droplets, the sample volumetric flow can be
calculated [3] as follows:

T .
v = T2
1 2,a T2 pl,a
i
. Pt e T F TP
n o+ V . + :
La m + V(e Py ot i p2,a)

Index 1 is refer in-containment, index 2 to ex—containment (measurement
conditions), index a to air fraction, and index s to steam fraction: p, V,
T, p are pressure, volume, temperature, and density, respectively. e = 0.62
is the molar weight ratio of steam to air, Xp = pE,a/QZ,s is a small
correction term describing the residual amount of steam that has not been
condensed and is not included in mS, the condensed steam mass flow. From the
flow Vl, the sampling time, the sample mass, and the mass concentration can
then be evaluated.

The aerosol mass is determined by gravimetry, by wet chemical analysis
and by neutron activation technique. The difference in mass between the
gravimetry (total mass of the aerosol) and the other techniques (mass of
metals) gives an indication of the nature of the aerosol (metal versus metal
oxide) [E]. An apparent size distribution is also obtained through the TEM
analysis of the filter membranes. Five filter holders are installed in one
box and opened at different times of the test. These give the concentration-
time function. Four boxes are available, located at different heights and
along a diameter, to give the spatial variation in concentration. The
filters are installed several days before the start of the aerosol generation
and remain in the containment about a week after the end of the test. During
these 2 periods, the temperature increases from room temperature to
125-130 °C, the pressure changes from 1-3 bars and large amount of steam
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condenseg everywhere. 3o in order to protect the filters against moisture,
the boxes are filled with dry air under a regulated pressure of 0.1 bar
above the one of the containment. The filter holder inlet is also closed by
a pneumatic valve acting on a flexible tube. This valve is just open before
the measurement, simultaneously to the closing of the dry air valve. The
reverse procedure is followed at the end of the measurement. A schematic
diagram of a similar box is represented in Fig. 3.

IMPACTOR BOX

The aerodynamical size distribution of the aerosol particles is meas-—
ured at five times by two Andersen cascade impactors [4] and three Prodi
inertial spectrometers (INSPEC) [3 . The INSPEC, specially built in stain-
less steel, are suitable for the measurement of highly concentrated aerosol,
because a dilution system is built in (Fig. 3). They operate in the
following way: The pump is turned on, with the entrance and exit valve
closed and the pressurized dry air on. After stabilisation, the pressurized
dry air valve is closed and the entrance and exit valves are opened. The
aerosol enters in the spectrometer where dilution occurs. The aerosol
particles are then impacted on a filter, at different distances from the
nozzle, according to their aerodynamical diameter. The flow of the contain-
ment atmosphere in the INSPEC is obtained from the values, measured at the
exit (out). To aveoid condensation, the INSPEC is mounted into a heated box.
At 120 °C and 3 bars, the INSPEC separate particles with aerodynamical
diameters between 0.2 and 7 um for a flow of 6 1/min.

Two cascade impactors are used when the aerosol is less concéntrated.
The flow of aerosol goes directly in the heated impactors and then the flow
volume is measured by a similar system that the one of filter boxes. At
130 °C and for a flow of 10 1/min, the Andersen separates particles with
aerodynamical diameters between 0.6 and 15 pm on 8 filters.

CALORIMETER

The fraction of water content in the suspended water droplets is Jjust
a very small fraction of the total water of the contaimment. Thus a direct
measurement of the water partial pressure will not give any indication of
the mass of suspended water. Therefore, a special instrument (calorimeter)
was developed, based on the fact that the evaporation of 1 g of water geeds
about 1 000 times more energy than the heating of 1 g of steam 1l by 1 C.
Consequently, small quantities of suspended water influence the heating
rate of the containment atmosphere gquite significantly. To measure this
heating rate, containment atmosphere is pumped in a tube with 2 heating
elements and 3 Pt-resistance thermometers. A change of slope indicates that
all the water droplets have evaporated and under adiabatic conditions the
ratio of the two slopes gives the mass of suspended water. Two calorimeters
are installed in the containment.
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OPTICAL SPECTROMETER

The size distribution of the ligquid aerosol particles (water droplets)
has to be measured at exactly the same temperature and pressure as the one
of the containment to avoid growth or evaporation of the droplets. Hence,
to avoid the difficulties in transporting the atmosphere outside the contain-—
ment without changing its properties, it was decided to bring the optical
spectrometer head inside the containment in a pressure vessel, cooled at the
inside and heated at the outside (Fig. 5). The aerosol is drawn in the meas-—
urement head, protected by a layer of dry air heated at the -temperature of
the containment and measured in a 200 uym x 200 pm x 200 pym volume by a light
beam. The optical spectrometer [EJ measures the apparent size of each
droplet and records it on a multichannel analyzer. The atmosphere flow-rate
is measured by the usual technigue.

TRANSMISSOMETERS

An integral value of the concentration of aerosol (liguid and solid) is
obtained from the turbidity of the atmosphere. In our case, due to the high
concentration of aerosol, the absorption length of light was between 10 cm
and 100 cm, which prevents measurements being made outside the containment.
For this reason, a transmissometer was developed to sustain the temperature
and the pressure of the containment. The light source is an emitting diode
with a power of 50mW and a maximum of intensity at 0.88 um wave length. The
light source and light detector (photo-resistance) are installed on the out-
side of the containment and the light is conducted to the measurement head
by optical fibers on a distance of 5 to 10 m (Fig. 6). The optic in the
head is protected against moisture by a well regulated flow of heated dry
air and the absorption distance is determined by the adjustable distance
between 2 blenders. Also the light flux is modulated at 1 kHz to avoid the
detection of parasitic light. Ten transmissometers are located at different
heights and radial angles as shown on Fig. 1b.

The transmissometers give on-line the volume concentration of aerosol
at different locations, which is particularly important during the aerosol
generation time and at the end of the test.

OUT-OF~CONTAINMENT AEROSOL MEASUREMENT SYSTEM

An on-line evaluation of the mass concentration and of the size distri-
bution of the dry aerosol particles is obtained by continuous extraction of
the containment atmosphere. In the first system, the aerosol is conducted in
a dilution chamber through a critical nozzle. From this chamber, a small
part of the volume is pumped through a moving filter and the collected mass
measured by beta—-absorption [T]. This measurement gives an on-line measure-
ment of the mass concentration of dry aerosol in the containment. In the
second system, a well-defined volume (1.3 1) of aerosol is extracted through
a valve system and diluted in an auxiliary tank of T80 1. There the aerosol
particles are analysed by different systems: an automatic cascade impactor,
where the weight of each stage is measured by vibrating quartz crystals
(APAC [B]), an inertial spectrometer (INSPEC) and filters. These measurements
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give a good on-line indication of the size distribution of the dry aerosol
particles.

AUTOMATIC DATA SYSTEM ACQUISITION

A1l the continuous measurements (temperature, air flow rate, mass of
steam (water)) are recorded automatically on a central computer. The discon-
tinuous measurement (size spectra) are also recorded on this computer. In
addition the computer records each opening and closing of valves, and so in-
dicates exactly when a measurement has started and during what time the
measurement was done. This is specially important for the filtration
technique, with the 20 filters, where the accuracy of the mass concentration
determination depends on an accurate measurement of the gas flow rate and of
the mass of condensed water, and where the measurement times can be shorter
than 1 minute. In case of failure of the computer, all the instruments work
independently and the data are recorded on separate instruments.

Also, if necessary, the opening can be used to introduce in the contain-
ment additional transmissometers and filter holders, and measurements can be
conducted completely manually.
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ABSTRACT

The transport of fission products in vapor and particulate form through a
reactor coolant system under accident conditions is accompanied by deposition
of the fission products onto system surfaces. Deposition occurs by a number of
mechanisms with the predominant mechanisms being vapor condensation and reaction
with surfaces, and particle agglomeration and sedimentation. Deposition of
more than 90 percent of fission products in the forms CsI, CsOH, and Te have
been predicted for some accident conditions.

Several computer codes have been written to perform calculations of trans-
port and deposition and include most physical mechanisms believed to be of
importance. However, there are several issues of importance to be resolved.
These include processes such as chemical reactions, decay heating of fission
product deposits, resuspension of deposits, and natural circulation within the
primary system. It is current thinking that decay heating and chemical reactions
may be important to retention at long accident times and natural circulation
may significantly affect thermal hydraulic conditions. Consideration of these
issues are expected to lead to revisions of the transport codes.
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Under reactor accident conditions, the core heats to a point where vaporiza-
tion of various materials occurs. As radionuclides, control rods, and structural
materials are vaporized in the core region, they move from the vaporizing surface
through a concentration and temperature gradient or "boundary layer" out into
the bulk vapor. Much of the initial particle formation occurs by nucleation in
this region near the vaporizing surface. The vapors and particles are then
moved along through the core region with the gas flow. As this gas flow moves
to cooler regions in the core or moves into downstream portions of the primary
system along the leak flow path, condensation and sorption of vapors occur on
particle and system surfaces, the particles grow by agglomeration and deposit
on surfaces, and if the system surfaces are heated either by decay heating or
by heat transfer from the gas, the deposited materials may be evaporated from
the surfaces. There are other effects such as chemical interactions with the
surface which may also influence the transport and deposition process. The
overall behavior of the radionuclide transport can be typified as being governed
by the physical and chemical processes affecting interactions among particles,
vapors, and surfaces.

Fission product deposition in reactor coolant systems under reactor acci-
dent conditions is generally expected to be a significant factor affecting the
radionuclide source term to the environment. This is in contrast to previous
assumptions, such as in the Reactor Safety Study, where no credit was taken for
attenuation in the primary system because of expected low deposition rates as
well ?% the possibility for revaporization by decay heating. Recent calcula-
tions{l) have estimated that more than 90 percent of the cesium, iodine (as Csl
and CsOH), and tellurium inventories may be deposited in the primary system for
certain accident sequences. These amounts of deposited materials significantly
reduce the amounts available for transport in the containment, and if later
revaporization occurs, may lead to conditions where initial primary system
deposition is of major concern as a source at later times. The important
conclusion is that primary system deposition may be of major importance in
either reducing the release to the containment or in changing the release time
relative to containment failure time.

Considerable effort has been directed toward developing the complex codes
used to predict fission product retention in reactor coolant systems. Neverthe-
less, there remain issues that must be resolved and code validations to be
completed. It is the purpose of this paper to review the general approaches
taken for analyzing primary system retention and to identify outstanding issues
requiring resolution.

MODELS FOR PRIMARY SYSTEM DEPOSITION

There are basically three computer codes available for predicting the trans-
port and retention of fission products in the reactor coolant system. These
are the TRAP-MELT 2, RETAIN, and RAFT codes. Each of these treats fission
products in both vapor and aerosol form. Other codes are available for predict-
ing aerosol transport, but since vapor transport is believed to be important,
the above three codes will be emphasized. Additional codes are under develop-
ment (MELCOR and MELPROG) which will be employing more detailed treatments of
the entire reactor system under accident conditions. A revision of the
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TRAP-MELT 2 code is also in progress which will include predictions of thermal
hydraulic conditions in conjunction with fission product transport.

Because it has served as a basis for developing other codes and has been
used extensively in accident analyses, the general approach for code development
will be discussed in terms of the TRAP-MELT 2 code and then comparisons made
with other codes.

TRAP-MELT 2 Code

The TRAP-MELT 2 model is designed to treat radionuclide transport in an
arbitrary flow system whose thermal hydraulic conditions are provided as input
as functions of time.(2,3) 1In addition, TRAP-MELT 2 requires the definition of
source terms for each radionuclide in terms of mass release rates in the core
region. Once the flow system is defined, it is subdivided into a series of
control volumes that can, in principle, be arbitrary in number and flow connec-
tions and that are chosen on the basis of characteristic geometry, thermal
hydraulic conditions, and suspected significant radionuclide behavior such as
change of phase, agglomeration, or deposition. Radionuclides in each control
volume are assigned, with uniform distribution, to one of two carriers: the
wall surfaces and the gas phase. Each radionuclide is allowed to reside on
these carriers in either particulate (1iquid or solid) or vapor form so that by
combining carrier with form in the concept of "state", the condition of a radio-
nuclide in a given control volume is completely determined by its state.
TRAP-MELT 2 thus considers five states:

# Radionuclide vapor carried by gas

e Radionuclide particle carried by gas

e Radionuclide vapor carried on wall surface

& Radionuclide particle carried on wall surface
e Radionuclide vapor chemisorbed on wall surface.

This Tist of states is not exhaustive (for instance, in two-phase flow, the
carrier water must be considered) and the logic of the code has been chosen to
accept an arbitrary number of states readily.

Radionuclide transport can occur among the five states of an individual
control volume or between certain states of different control volumes are con-
nected by fluid flow. The former types of transport are modeled or correlated
in the code itself. The latter are assumed to occur in phase with the fluid
flow and are imposed on the system. Sources of radionuclides to the system may
occur in any volume and any state, and they may be input to the code as mass
rate functions of time.

At present, the intravolume transport mechanisms contained in TRAP-MELT
are:

¢ Competitive condensation on, or evaporation from, wall
surfaces and particles of cesium jodide, cesium hydroxide,
and tellurium
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e Irreversible sorption of molecular iodine, cesium hydroxide,
and tellurium on stainless steel surfaces

e Particle deposition on surfaces due to

-- Settling

-- Diffusion from laminar and turbulent flow
-- Inertial impaction from turbulent flow

-- Thermophoresis.

Particle transport (and evaporation or condensation from or on particles) depends
on particle size. TRAP-MELT 2 takes this into account by considering a discre-
tized particle size distribution that is subject to change, in each volume, by
the deposition processes themselves, by possible particle sources, by flow of
particles from other volumes, by flow of particles out of the volume in question,
and by agglomeration. The last can be due to many mechanisms. TRAP-MELT 2
considers the following agglomeration mechanisms:

& Brownian
& Gravitational
e Turbulent (shear and inertial).

Considerations of stiffness and linearity split the system of first order differ-
ential equations resulting from the above-listed transport mechanisms into three
classes. Most of the deposition mechanisms (transfer from gas to wall surface)
are taken as first order in the concentration of radionuclide species on the
carrier (gas, particle, or wall) from which the transfer occurs. They constitute
the first class, whose transport scheme can be written in the form:

dC

T S + MC, (1)
where C is the concentration vector of the species in question for each state
and volume, S is the source rate vector for each state and volume, and M is the
transport matrix between all states and volumes. Because the deposition terms
are taken as first order, M is independent of C and depends, with S, on time
only. It is thus possible to solve Equation (1) as a set of first order differ-
ential equations with constant coefficients by standard techniques. This is
done in TRAP-MELT 2 for the class of linear mechanisms. Condensation and evapora-
tion, which have a much shorter time constant than the linear processes,
constitute the second class and are treated outside this framework but parallel
to it, as is particle agglomeration, which constitutes the third class of mech-
anisms in the TRAP-MELT 2 code.

The approach to this parallel treatment is as follows: Egquation (1) is
taken as the master time-translation operation of the radionuclide system. Time
steps are adjusted so that S and M change little over a time step and so that
the time step does not exceed one-third of the smallest flow residence time for
any control volume. The latter assures that the system does not translate
excessively between couplings to the other two classes of mechanisms. In addi-
tion, the characteristic coagulation time for the aerosol in each volume is
evaluated and compared to the master time step. If the former is short compared
to the latter, the master time step is appropriately reduced.

At the beginning of each time step, phase transitions of radionuclides are
modeled by examining each control volume in turn and solving the molecular mass
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transport equations for vapor transport among the gas phase, particles, and
wall surfaces. Because of the low heats of vaporization of the radionuclides
in question, this transport is assumed to be isothermal. Transfer to the walls
assumes the Dittus-Boelter correlation for pipe flow and transfer to the parti-
cles occurs by diffusion based on the size distribution at the beginning of the
time step. Redistribution of the vapor phase occurs in a time that is small
compared to the master time step; therefore, this redistribution is essentially
decoupled from the other processes considered which justifies the use of a time
parallel solution treatment.

Once redistribution of the vapor phase has been effected, its effect on
the existing particle size distribution (in the volume in question) is calcu-
lated by assuming that each size class gains (or loses) mass in proportion to
the rate of vapor transfer to (or from) that size class. Conservation of number
for each size class then dictates redistribution between, in general, two new
contiquous size classes, the number in each size class being determined by mass
conservation.

At the end of a time step, the particle size distribution in each volume
is reevaluated over that time step to account for possible particle agglomera-
tion, sources, and flow terms. The ?gglomeration algorithm has been excerpted
from the QUICK aerosol behavior code , which is based on a size discretization
scheme.

The approximations inherent in this parallel treatment are minimized by
relegating mass redistribution and conservation to Equation (1) except for
redistribution due to radionuclide phase change. Agglomeration and particle
evaporation/condensation serve only to modify the particle size distribution
and therefore affect particle deposition indirectly through mass-distribution-
averaged deposition velocities. Thus the aerosol aspect is solved (over a mas-
ter time step) completely in parallel to Equation (1), using all sources, flow
terms, and particle removal terms evaluated for each size class considered.

The resultant distribution is used to evaluate average particle deposition terms
for use in the master equation only. Similarly, reevaluation of the particle
size distribution due to radionuclide phase change affects these average deposi-
tion terms only.

In addition to the time-dependent thermal hydraulic conditions and mass
input rates by species, the TRAP-MELT 2 code requires input information on the
initial particle size distribution of the source, the control volume geometry,
and the physical properties of species (including deposition velocities on
surface materijals). The code provides output in terms of time- and
location~dependent mass by species and state, as well as size distribution of
suspended particulate material.

TRAP-MELT 2 Comparison with Other Codes

The TRAP-MELT 2 code can be compared with the RETAIN and RAFT codes in
terms of differences in methods of analyzing sequences and in the mechanisms
included. Table 1 summarizes the various mechanisms in each of the three codes.
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Table 1. Phenomena Considered in Codes Predicting Fission
Product Transport in Primary Systems

CoDE
Phenomena/Parameters TRAP-MELT 2.1  RETAIN RAFT
Phenomena:
Aerosol Agglomeration
- Brownian yes yes yves
- Gravitational yes yes yes
- Turbulent yes no yes
- Discretized Size Representation yes no yes
Aerosol Deposition
- Sedimentation yes yes yes
- Thermophoresis yes yes yes
- Laminar/diffusion yes ves yes
- Turbulent/diffusion yes yes no
- Turbulent/inertial yes yes ne
- Inertial (bends, obstacles) no no no
- Electrostatic no no no
- Diffusiophoresis no no no
Vapor Deposition
- Condensation/particles yes yes yes
- Condensation/surfaces yes yes yes
- Chemisorption/particles no no no
- Chemisorption/surfaces yes no no
- Nucleation no no yes
Aeroso) Resuspension no As Input no
Channel Plugging no yes no
Vapor Reevolution yes ves yes
Combined Thermal Hydraulics no yes no
Equil. Chem. Thermo. no no yes
WASH 1400 f.p. Groups yes yes By Element
Reverse Flow yes yes no
Parameters:
Input Particle Size (mean) yes yes NA
Input Particle Density yes yes NA
Gas Flow Rate w/time yes yes yes
Gas Temperatures w/time yes yes yes
Pressure yes yes yes
Gas Composition yes yes yes
Surface Temperatures w/time yes yes yes
Multiple Surfaces/Volume yes no no
Fission Product Mass Input w/time yes yes yes
Mass Distribution among species yes yes yes
w/time
Predictions (with time and location):
Particle composition yes yes yes
Airborne vapor cone yes yes yes
Condensed mass by species yes yes yes
Sorbed mass by species yes yes no
Released mass by species yes yes yes
Particle Size Distribution
Size Intervals yes no yes
Mean Size yes yes yes

Distribution Spread yes yes yes
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The RETAIN code(5) predicts vapor and particulate transport in the RCS and
was developed from an earlier version of the TRAP-MELT code and therefore is in
many ways quite similar. There are, however, several major differences. The
first major difference is that the RETAIN code employs the assumption that the
size distribution for the aerosols remain log-normal. This assumption is
reasonably accurate when low concentrations and low rates of gravitational
agglomeration exist. However, for RCS conditions having high aerosol concentra-
tions, the result is to overestimate the deposition rate.

The RETAIN code has the added feature of combining surface heatup from
decay heating with the deposition melting. This allows for enhanced revaporiza-
tion of fission products as a result of the increased deposit temperatures.

This effect is expected to be quite important in later stages of an accident
and in particular after reactor vessel melt-through.

The RAFT code(6) predicts fission product transport and retention in the
RCS and contains many of the same features as the TRAP-MELT and RETAIN codes,
but also contains some significant modifications. Although it is limited to
flow in one direction only, it tracks chemical changes in the vapor using chem-
ical equilibrium thermodynamics and contains a model for nucleation of fission
product vapor to form "new" particles. Theoretical predictions of nucleation
rates are likely to be subject to large uncertainties and therefore a strong
experimental validation of this portion of the code seems necessary if it is to
be acceptable for accident analyses which represent a very complex situation.
Conceptually, the inclusion of nucleation rates into the model is an attractive
feature but its importance is still to be demonstrated.

IMPORTANT MECHANISMS

Among the mechanisms affecting fission product deposition within the reactor
coolant system, the most important as identified from TRAP-MELT 2 calculations
are aerosol agglomeration and sedimentation, and vapor condensation and reaction
with surfaces. There are short periods of time during some accident sequences
where thermophoretic deposition of aerosols is also very important. It should
be recognized that materials nominally starting out as vapor, such as CsI or
CsOH, are in many cases first condensed onto particles before being removed by
aerosol deposition. Therefore a combination of vapor condensation with aerosol
behavior becomes critical.

Thermal hydraulic conditions are predicted to have a major effect on deposi-
tion. Low gas flow rates lead to higher aerosol concentrations, high agglomera-
tion rates, long residence times and hence, large fractions of the aerosol
materials being deposited. The effect of temperature on condensation has been
estimated to range from nearly zero to over 50 percent of CsOH deposited in the
upper plenum as the upper plenum temperature was varied parametrically from
high to low temperatures ?yer a range expected to represent reasonable thermal
hydraulic uncertainties. (

Even though parametric studies have shown the importance of the various
mechanisms included in the codes and the sensitivity to thermal hydraulic condi-
tions is noted, questions still arise concerning mechanisms not currently modeled
or modeled in a simplistic manner. Sensitivities to these additional mechanisms
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are of possible importance and are often evaluated individually and external to
the formalized computer codes. Some of these mechanisms and issues in question
will be discussed below.

Revaporization by Decay Heating

A major issue being addressed theoretically at this time is the revaporiza-
tion of previously deposited fission products by decay heating of the deposits.
The conclusions are not yet finalized but some major observations can be made
based on current progress. While airborne and after depositing fission products
will continue to release decay energy, some of which will be deposited in the
gas phase, some in the deposited layer, and some in the primary system struc-
tures. This distribution of energy seems to be treated in various ways by
several investigators but the major concern has been the increasing temperature
of the fission product Tayer which could lead to revaporization.

The various analyses to date have been consistent in suggesting the
revaporization and subsequent redeposition of fission products within the
primary system. The impact of this revaporization on release from the primary
system is less clear. In some analyses heat loss from external primary system
surfaces is sufficient to prevent significant loss from the primary system after
a time of vaporization/condensation driven redistribution. Other analyses have
not proceeded beyond the time of pressure vessel melt-through and hence long
term effects are unknown.

It is the long term revaporization that seems crucial since many accident
sequences lead to a predicted containment failure and extending the release
from the primary system beyond containment failure could have significant effects
on source term to the environment.

It is believed that considerable insight into the long term release will

be forthcoming in the near future. There are both experimental and theoretical
efforts under way at present.

Chemical Reactions

Chemical reactions have been generally ignored in analytical treatment of
transport in primary systems. An exception is the RAFT code which performs
chemical thermodynamic equilibrium calculations for the gas phase constituents.
There are, however, a number of issues that must be resolved and are the subject
of both theoretical and experimental studies.

The usual assumption made in primary system transport calculations is that
Csl is the predominant jodine form, and it will transport as a vapor, condensing
onto aerosols and surfaces at rates dictated by temperatures and flow conditions.
There are several situations where this scheme may be altered. Based on theore-
tical considerations and supported by experiments, it is becoming evident that
Csl may interact with boron compounds in the gas and condensed phases to produce
molecular jodine. The kinetics of this process relative to subsequent iodine
reactions must still be analyzed to evaluate what impact it may have on source
terms to the environment.
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Based on preliminary theoretical and experimental results, it appears
possible to oxidize CsI at high temperatures such as in burning hydrogen to
form molecular iodine. This appears to be most likely to occur in the contain-
ment or after melt-through of the primary system.

The chemical interactions of fission product vapors with surfaces has been
studied more extensively from experimental approaches and have emphasized CsI,
CsOH, and Te reactions with various structural materials. It appears that Te
can be expected to react rapidly with structural materials while CsOH will react
most effectively with trace components of such materials. The capacity of the
sufaces for CsOH reaction seems to need more clarification to permit full utili-
zation of the data.

In general, chemical interactions among fission products and between
fission products and surfaces have the potential to alter volatilities. Either
higher or lower vapor pressure products can be produced and the impact on con-
densation or revaporization could be substantial.

Resuspension of Aerosol Deposits

Resuspension of previously deposited aerosols on high pressure failure of
the reactor vessel has been identified as a possible mechanism by which the
fission product source to the containment could be increased. Reviews of this
subject were undertaken as portions of both the QUEST and IDCOR programs.
Resuspension can be considered for both liquid or slurry deposits and for dry
deposits.

The resuspension of dry deposits could result during blowdown of the reac-
tor pressure vessel if failure occurs at high pressure. The adhesion of parti-
cles depends on many factors including particle size, humidity, surface rough-
ness, material characteristics (sticking tendencies), and depth of deposit.
There is also a time factor with high gas velocities over the deposit surface
being required for some length of time; the fraction resuspended increasing
with time. The general conclusion is that for sequences with reactor vessel
failure at high pressure, dry deposits would resuspend partially with the
resuspended particle size being large enough to be of minor concern for contain-
ment transport.

For liquid deposits which appear more likely under primary system condi-
tions (such as noted in the Marviken experiments with CsI, CsOH, and Te),
resuspension could occur at flow discontinuities or from liquid surface instabi-
lities. However, it appears unlikely that liquids would be resuspended to a
significant extent during the blowdown period. Although some verification seems
warranted, resuspension to form a readily transportable aerosol in the contain-
ment appears to be a minor effect.

Natural Circulation

Natural circulation flows can lead to exchanges among major portions of
the primary system and control the extent of mixing within individual control
volumes. The available transport codes are based on the assumption that
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individual control volumes are well mixed. The TRAP-MELT 2 transport code
maintains the capability for flow exchange in both directions between adjacent
control volumes and hence could be matched with a thermal hydraulic prediction
involving recycling flows. Efforts supported by both the U.S. Nuclear Regula-
tory Commission and the Electric Power Research Institute are directed toward
more comprehensive descriptions of thermal hydraulic conditions including natural
circulation.

The importance ofnatural circulation is expected to be dependent on acci-
dent conditions. Preliminary calculations have indicated that for the upper
plenum, a hot leg break leads to unmixed conditions while a transient accident
gives a well mixed situation. Analyses extended to include more portions of
the primary system suggest larger circulation patterns among major components.
The implication of these results for primary system transport and deposition is
that a finer nodalization of control volumes may be needed and somewhat revised
definitions of control volumes and their interchanges would be required.

CONCLUSIONS

The general conclusions regarding fission product transport and deposition
in the primary system are:

(1) There appears to be a solid basis for theoretical
‘predictions.

(2) The predictive codes will require improvement to consider
additional chemical and physical effects.

(3) Decay heating of deposits and chemical changes and
interactions among fission products and with sur-
faces may have a pronounced effect on release from
the primary system, particularly over long time
periods.

(4) Resuspension of deposits within the primary system
is probably not a major source of transportable
aerosol.

(5) Natural circulation is important in some accident
sequences, may have a significant effect on thermal
conditions, and may lead to revisions in transport
codes.
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INTRODUCTION

Recent calculational results published as part of the Battelle=Columbus
BMI~2104 source term study [1] indicate that, for some LWR accident sequen-
ces, aerosol deposition in the reactor primary coolant system (PCS) can lead
to significant reductions in the radionuclide source term. Aerosol trans-
port and deposition in the PCS have been calculated in this study using the
TRAP-MELT 2 computer code, which was developed at Battelle~Columbus; the
status of validation of the TRAP-MELT 2 code has been described in an Oak
Ridge National Laboratory (ORNL) report [2]. The objective of the ORNL
TRAP-MELT Validation Project, which is sponsored by the Fuel Systems Behav-
ior Research Branch of the U.S. Nuclear Regulatory Commission, is to conduct
simulated reactor-vessel upper-plenum aerosol deposition and transport
tests. The results from these tests will be used in the ongoing effort to
validate TRAP-MELT 2.

The TRAP-MELT Validation Project includes two experimental subtasks.
In the Aerosol Transport Tests, aerosol transport in a vertical pipe is
being studied; this geometry was chosen to simulate aerosol deposition and
transport in the reactor-vessel upper-plenum. To date, four experiments
have been performed; the results from these tests are presented in this
paper,

Hydrodynamic aerosol resuspension of deposited aerosols has not been
modeled in the TRAP-MELT 2 code and other aerosol behavioral codes.
However, the potential exists both in the PCS and in the reactor secondary
containment for resuspension of deposited aerosols to occur. The objective
of the Aerosol Resuspension Tests is to provide a data base for developing
resuspension-rate models that can be included in TRAP-MELT 2 and other
aeroscl transport codes. The first series of experiments was recently
completed; in these tests resuspension rates of deposited aerosols or
powders were measured as a function of test section flow velocities. The
preliminary results from these experiments are presented in this paper.

AEROSOL TRANSPORT TESTS: DESCRIPTION

The Aerosol Transport Tests are performed in a 2.95-m-long, 0.26-m-
diam, segmented vertical pipe; the test configuration is illustrated in
Fig. 1. Aerosols are generated by feeding metal powder to a plasma torch
aerosol generator. Tests are performed by generating aerosols in the pipe
for a period of ~10 min, The generated aerosols can agglomerate, settle on
the horizontal floor at the bottom of the pipe, deposit on the pipe
sidewalls, or be transported out of the pipe into an aerosol collection bag.
During the aerosol generation period, measurements are made of pipe-wall and
gas temperatures and airborne aerosol mass concentrations and aerodynamic
size distributions in the pipe. At the end of an experiment the slide valve
at the bottom of the pipe is closed; based on the mass collected on the
slide-valve plate, the amount of aerosol airborne at the end of the aerosol
generation period can be estimated. One to two days after the test is
completed, the test section is dismantled, and the amounts of aerosol
deposited on the three pipe sections, settled on the floor, and transported
out of the pipe are determined.
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Aerosol transport in the reactor-vessel upper plenum can be influenced
by a number of factors; among these are the upper-plenum gas flow rates
(residence times) and flow fields, aerosol formation rates and aerosol
materials, magnitudes of wall temperature gradients, and moisture conditions
in the plenum. Table 1 illustrates the test matrix for the present Aerosol
Transport Test series. In the present series, the main variables are the
flow residence time and the aerosol material used. The range of residence
times spans a factor of six and is reasonably representative of those
expected in the upper plenum in core-melt accidents. The choice of aerosol
materials was made not to directly simulate core-melt aerosols but to deter-
mine if metal and oxide aerosols (both metals and oxide aerosols are
expected to be produced in core-melt accidents) behave differently.

AFEROSOL TRANSPORT TESTS: TEST RESULTS

A summary of the aerosol deposition results from tests AlOl through
Al04 is presented in Table 2; details for each test can be found in prelim-
inary data record reports [3-6]. The following comments can be made related
to the results presented in Table 2:

1. Al though results from tests AlOl and Al02 are presented, it will not be
appropriate to model these two tests with TRAP-MELT 2. In test AlQl,
there was an uncertainty as to whether the airborne material was pure
aerosol or simply unvaporized particles dispersed by the plasma torch,
In tests AlOl and Al102, a significant fraction of the heat lost Eo the
pipe walls was due to radiation heat loss from the aerosol-generator
plasma; because of this, we could not reliably estimate thermal gra-
dients in the first two tests. The test configuration was modified for
tests Al103 and Al04 to eliminate radiation heat loss to the pipe walls.

2. In each test, aerosol plateout was largest in the lower pipe section
(nearest to the aerosol generator) and least in the upper section.
Variations in averages of measured centerline gas temperatures, wall
temperatures, and gas-wall temperature differences are illustrated in
Table 3 for tests AlO3 and Al104. We believe that the majority of aero-
sol plateout on the pipe sidewalls was due to thermophoresis; the
variations of radial gas—-wall temperature differences and measured
aerosol plateout in the test section seem consistent with this assump~
tion.

3. Tests Al03 and AlQ4 were performed with the same aeroscl material but
had different residence times, the Al03 residence time using roughly
half that for Al04. The results that the fractional aercosol transport
out of the pipe in Al03 was greater than in Al104, and that the total
aerosol settling in Al104 was greater than in Al03, were consistent with
test A103 having a shorter residence time.
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Aerosol agglomerate size measurements were made during the tests using
cascade impactors; a summary of data from these measurements is presented in
Table 4. The measured size distributions were log-normal, except for that
measured for zinc aerosol in test AlQl (this is a possible indication that
the airborne material in AlQl was not pure aerosol).

We are presently in the process of performing TRAP-MELT 2 calculations
for tests Al103 and Al0Q4; however, final results from these calculations are

not yet available.
AEROSOL RESUSPENSION TESTS: DESCRIPTION

The Aerosol Resuspension Tests were performed in the test section
illustrated in Fig. 2. The main portion of the test section consisted of
a 1.83-m-long, 0.076-m—~diam pyrex pipe and a 1.83-m-long, 0.051-m~wide
deposition surface that could be inserted into the pipe (with the deposition
surface in the pipe, the effective pipe hydraulic diameter was 0.072 m). In
an experiment, aerosols or powders were artificially deposited by pouring
them through a 100-mesh screen and allowing them to settle onto the deposi-
tion surface (302 stainless steel). Materials were deposited on a 0.4l-m
length of the deposition surface such that the gas flow entrance length to
the deposit region was 1.22 m. Air flows through the test section of up to
0.094 m3/s (200 scfm) could be achieved; this meant that maximum plug—flow
velocities >20 m/s or flow Reynolds' numbers >100,000 could be achieved.

A typical experiment was performed by first measuring the amount of
material deposited on the deposition surface and then inserting the surface
into the pyrex pipe. A steady air flow would be produced, measured, and
maintained for a time of <300 seconds. After the flow was turned off, the
deposition surface was removed from the test section and the amount of
material remaining on the surface was removed and measured.

Parameters that can influence the hydrodynamic resuspension of aerosols
from surfaces include aerosol material and particle size, the concentration
of the aerosol deposits on the surface, system moisture condition, aerosol
deposition mechanism, and the aerosol deposition-surface roughness. Table 4
summarizes the test conditions for the test results presented in this paper.
In this study, forty-nine experiments were performed for the nine sets of
conditions illustrated in Table 4. Parameters varied were the deposited
material, particle size and density, and the mass deposited. All tests were
performed under essentially dry conditions (relative humidities <~60%). In
evaluating the resuspension literature, we found that few experiments have
been done using materials with particle sizes representative of aerosols
produced in reactor accidents (D<10 um). In addition, we found that few
experiments had been performed at the deposit concentrations that might
exist in reactor accidents. Hand calculations indicated that the deposit
concentrations in the upper plenum and the secondary containment could range
from 0.01 to 0.1 g/cm?; this range was covered in the experiments.
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AEROSOL RESUSPENSION TESTS: TEST RESULTS

Results for the test conditions summarized in Table 5 are presented in
Figs. 3 and 4; additional details are found in a preliminary data summary
report [7]. Data for measured resuspension rates as a function of the
average test flow velocity are presented, where the resuspension rate was
determined from:

Resuspension Rate = A = (M./M;)/(At) ,

where
M, = mass resuspended
Mj = initial mass deposited
At = total flow time.

The data in Fig. 3 are for tests where the deposited mass was in the range
of 1 to 2 g, while the data in Fig. 4 are for tests where the deposited mass
was in the range of 10 to 20 g. The following comments can be made related

to these results:

1. The measured resuspension rates and the mechanism for resuspension of
the deposited materials varied as the mass loading on the surface was
increased. TFor the low-~loading tests summarized in Fig. 3, individual
particles seemed to be stripped from the deposition surface in a con-
tinuous manner. For the high-loading test results shown in Fig. 4
(except for test group W-3), however, resuspension was characterized by
"layer-stripping” or bursts of particle removal from the surface. We
believe that in the low-loading tests, particle-surface forces were the
major ones resisting resuspension, while in the high-loading tests,
particle-particle forces were dominant.

2. Test groups W-2 and W-3 were performed with the same mass loading but
with different size tungsten powders., Figure 4 illustrates that powder
size had a large influence on the measured tungsten powder resuspension
rates. In addition, the larger tungsten powder did not resuspend by
"layer—-stripping” but by the mechanism exhibited in the low-loading
tests.

3. Results in both figures indicate a possible influence of particle den-
sity on resuspension rate, but the data for tin-oxide aerosols (SnOz)
and for manganese powder did not follow this trend. It may be,
however, that the appropriate density that influences resuspension
rates is not the solid particle density but the effective particle-bed
density (including voids). We have not yet determined particle-~bed den-
sities for the materials used in these tests.

4, The results for the 10-um manganese and tungsten powders were quite
different and illustrate that resuspension rates can be influenced by the
material deposited.

The data from this first series of resuspension experiments will be analyzed
in more detail in the future. This analysis will form part of the basis for
the design of the next series of resuspension experiments, in which resus-
pension rates of real aerosol deposits will be measured.
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SUMMARY AND CONCLUSIONS

The summary and conclusions based on the results presented in this paper

are as follows:

1.

Four of the eight planned Aerosol Transport Tests have been completed.
Measured aerosol plateout in tests decreased with increasing distance
from the aerosol source, and seemed to occur largely by thermophoresis.
The measured amounts of aerosol deposition in the pipe and transport
out of the pipe were influenced by the aerosol residence time produced.
TRAP-MELT 2 calculations for the last two experiments (Al03 and Al0O4)
are now underway.

Results from the first series of planned Aerosol Resuspension Tests, in
which resuspension rates of various aerosols and powders were measured
as a function of test section flow velocities, were presented. These
results illustrate that resuspension rates are influenced not only by
the flow velocities past the surface, but also by particle material,
size, density, and by the amount of material deposited on the surface.
These results will be analyzed in more detail in the future, and addi=-
tional tests will be performed in which resuspension rates of real
aerosol deposits will be measured.
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Table 1. Aerosol transport test matrix

Test Flow residence Aerosol
number time (s)* Material
Al01 80 Zinc metal
A102 50 Iron oxide
Al03 25 Iron oxide
Al104 50 Iron oxide
Al105 80 Zinc metal
Al06 40 Zinc metal
A107 13 Iron oxide
Al108 20 Zinc metal

*At estimated average gas temperature.

Table 2. Summary of aerosol deposition results for tests ALOl-A104

Parameter AlO1 A102 A103 A104

1. Aerosol material Zinc Iron-oxide Iron-Oxide Iron—0Oxide

2., Aerosol generation 11 12,5 9* 11
time (min)

3. Total aerosol 126.9 253.96 92.57 189.14
produced (g)

4, Aerosol plateout, 43.0 59.0 23.8 26.7
lower section (%)

5. Aerosol plateout, 2.8 9.8 13.5 13.1
center section (%)

6. Aerosol plateout, 1.7 4.2 8.8 11.8
upper section (%)

7. Aerosol settling (%) 11.4 19.1 1.6 29.3

8. Aerosol transported 41.1 8.0 52.3 19.1

out of pipe (%)

*Total test time was 10 min.: 9 min. with aerosol generation
and 1 min., without.
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Table 3. Average centerline gas temperatures, wall temperatures,
and gas-wall temperature differences for tests Al103 and Al04

Centerline Wall Gas-wall temperature
gas temperature (°C) temperature (°C) difference (°C)
Al103
Lower section 303 69 234
Center section 168 42 126
Upper section 103 36 67
AlQ4
Lower section 312 81 231
Center section 140 35 105
Upper section 83 30 53

Table 4. Summary of aerosol agglomerate size data
for tests AlO1-Al04

Aerodynamic
Test time mass—median Geometric
when sample diameter standard

taken (min) (um) deviation
Al01 8.75 6.34 1.72
A102 6.17 1.99 2.95
11.47 3.03 2.92
A103 5.5 4,01 3.06
AlO4 5.17 4.95 3.19

10.25 5.05 3.39
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Table 5. Summary of aerosol resuspension test conditions

Average
Test Material Particle Particle Mass
designation type diameter density deposited
(um) (g/cm3) (g)

W-1 Tungsten 0.5 19.4 2.4
powder

W—-2 Tungsten 0.5 19.4 20.3
powder

W-3 Tungsten 10 19.4 20,1
powder

Ni-1 Nickel 2.5 8.9 1.6
powder

Ni-2 Nickel 2.5 8.9 10.1
powder

Mn—-1 Manganese 10 7.2 19.9
powder

Fe203—1 Iron-oxide <0.2 5.2 1.6
aerosol

Fe203-2 Iron-oxide <0.2 5.2 9.6
aerosol

SnOz-l Tin-oxide <0.2 7.0 1.1

aerosol
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Figure 4. Aerosol Resuspension Test data, test
groups W-2, W-3, Ni-2, Fey04-2, and Mn-1.
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THE DEPOSITION OF AEROSOL PARTICLES TO SURFACES IN THE
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ABSTRACT

Depogition of particles in the coolant circuit of a nuclear reactor is a
mechanism which reduces the amount of radioactivity that might escape in
the event of an accident.

The rate of loss of particles to surfaces was measured with the aid of test
aerosols injected into the coolant of a typical commercial advanced gas—
cooled reactor (CAGR).

A small pressure vessel containing a specially made nebuliser with a
counterflow device was used to produce aerosols rapidly, and ensure their
efficient transfer to the reactor. This was used with an iron oxide sol to
produce a submicron aerosol and to disperse suspensions of 2 and 5 um iron
oxide particles previously produced by means of a spinning-top aerosol
generator. The principle of the air ejector was used to disperse a 17 um
batch of dry alumina particles by means of a jet of helium. Approximately
200 MBg 5%Fe were used to label some 108 particles of each size injected.
The four gizes used were injected with the reactor at power and under full
coolant flow. The 17 um particles were also injected with the reactor shut
down with coolant flow at 50% of its normal value. This was followed by
measurements of the resuspension of the injected particles when the coolant
flow was rapidly increased to normal full flow.

A series of filter samples of the coolant was taken immediately following
each injection allowing the change in concentration with time to be
determined, for approximately 200 minutes. To ensure adequate particle
statistics the experiment was designed so that after an expected decrease
in particle concentration by a factor of 1000 not less than 100 particles
would be collected on a 20 minute sample.

At full flow, the deposition half-lives were initially about 20 s for the
three smaller sizes of particles. For the larger, alumina particles, the
initial half-life was =~ 120 s. The concentration of the sub-micron
particles fell very quickly by a factor of about 1000, approaching
background. In contrast, when the 17 um alumina particle concentration had
fallen by a factor of 50 a half-life of approximately 2 hours was quickly
established. The behaviour of the 2 & 5 um particles was intermediate but
more similar to the sub-micron results. At low flow, the 17 um particles
deposited with an initial half-life of 50 8. On increasing the flow
approximately 50% of the particles were resuspended in the gas stream. For
2, 5 & 17 um, the results suggest that deposition is opposed by bouncing
and blow-off.
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INTRODUCTION

Certain postulated fault conditions may lead to the release of fisgion
products from the fuel to the coolant of an AGR. Much of this
radioactivity may become associated with particulate material suspended in
the coolant gas [1]. In such circumstances rapid deposition of particles
onto the internal surfaces of the coolant circuit would substantially
reduce the amount escaping to the atmosphere with any gas leaking from the
circuit.

Previous experience had indicated that deposition would be important.
This study was designed to enable the measurement of a one—thousandfold
reduction in concentration. The methods employed, and examples of results,
are described here. The significance of the results will be discussed
elsevhere [2].

METHOD

Experiments have been performed in normal operating conditions using
spherical particles of 0.6, 2, 5 and 17 um diameter. In addition one
experiment investigated the behaviour of the 17 um particles with the
reactor shut down and at half normal coolant flow rate. Connections had
been made into the coolant circuit of one of the CEGB's advanced gas—cooled
reactors, as close as possible to the reactor pressure vessel, for both
injection of particles into the coolant and for sampling from the coolant.
These connections were in the gas by—pass lines, 300 mm ducts carrying
coolant from the reactor to the gas—treatment plant and back (Figure 1).

A 13.8 mm pipe ran from the base of a small pressure vessel via two
shut—-off valves to the 300 mm duct returning coolant to the reactor. This
pipe terminated facing downstream within the duct. Some 4 metres
downstream of this injection point, but facing upstream, was a nozzle
connected, via two stop-valves, by a 9.4 mm diameter pipe to a filter
sampling point used to determine the quantity of material injected. A
similar sampling system in the duct coming from the reactor was used to
take a series of samples before, during and after the injection. To reduce
losses all installed pipe-work was of smooth bore, kept as short and
straight as possible. The valves were chosen to have bores the same
diameter as the associated pipework.

Before each experiment five or six samples of the ambient reactor
aerosol were taken. The previously prepared aerosol material was loaded
into the particle pressure vessel from which the air was then flushed. The
injection followed during which the particles were dispersed using an
aerosol generator inside the pressure vessel and blown into the reactor
cooclant. A series of samples to monitor the changes in concentration with
time due to deposition and mixing, of the injected particles was started at
the beginning of the injection.

CHOICE OF PARTICILE AND LABEL
The principal processes influencing deposition (Brownian motion,

impaction and sedimentation) depend on particle size, shape and density.
Bounce—off and blow-off would also affect net deposition, and are expected
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to vary with hardness and surface forces, which depend on composition.
Spherical particles were preferred as they are most easily characterised
aerodynamically. Diameters of 0.6, 2, 5 and 17 um were chosen to represent
the range of practical importance. Larger particles would be removed
rapidly by the Central Inertial Collectors (aerosol collecting devices
installed in 50% of the fuel channels), while smaller particles would need
to be so numerous to carry a significant amount of activity that
agglomeration would quickly cause growth.

Methods for preparing monodisperse iron oxide spheres of 2 um and 5 um
were available and as iron oxide was thought to be the main constituent of
the reactor aerosol these particles were the first to be used.

Subsequently heterodisperse iron oxide spheres of MMD 0.6 um were used to
extend the range downwards. As 15-20 um diameter iron oxide spheres could
not be made quickly in sufficient quantity, 17 um alumina spheres which
were readily available [3] were used to extend further the size range.

Because of the expertise and equipment available only radiocactive
tracers were considered for this investigation. A suitable tracer must
satisfy requirements of availability, half-life, radiological safety,
chemical and physical properties, and be readily detectable in the presence
of contaminants in the coolant gas. To meet the aims of the experiment
approximately 108 particles would be required for each injection. A high
specific activity was needed as 108 particles of 2 um diameter weigh only
about 1 mg. To meet logistical requirements, a half-life of several weeks
was required; a longer half-life would increase radiological problems. The
label must also be insoluble in water and acetone and involatile at reactor
temperature.

The coolant background is caused by the presence of many nuclides.
Several filter samples were collected to investigate this background.
After a few days decay Y—spectrometry revealed significant amounts of 82pr,
58co, 60co, Slcr, 1311, 59%e and 5%Mn. Two nuclides appeared best to
satisfy the above mentioned requirements, 96Co and 5%Fe. 56co is not
present in the coolant background. Two injections using 2 um and 5 um 56co
labelled iron oxide spheres demonstrated that the Compton continuum in the
output from the germanium-lithium detector due to ambient radicactivity in
the reactor coolant set the amount required for an experiment to 75 MBqg,
which was beyond the resources of the Harwell variable energy cyclotron at
the specific activity required. 59%re was therefore chosen despite the
necessity of using 200-400 MBg amounts for each injection to overcome
background 59pe. Discrimination against the background was improved by
sampling prior to the injection and by using other background nuclides to
estimate the 59%Fe background.

PREPARATION AND INJECTION OF PARTICLES

For the 2 um and 5 4m iron oxide particles an aqueous sol (prepared by
diluting with water/ethancl the dialysed product of the reaction between
aqueous ferric chloride and agueous ammonium carbonate) was fed on to the
rotor of a spinning disc aerosol generator [4]. Immediately before use,
freshly dried 5%FeClj solution was added to the sol. The 5%FecCl; was
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obtained at the highest specific activity available, typically 750 MBq
59FeCc1l; (1 mg Fe3t) in 3 ml 0.1 M HCl. Overnight vacuum desiccation to
remove the HC1l was found necesgsary to avoid destabilising the sol which,
particularly in the case of the 2 um particle preparation prevented the
formation of spheres.

A typical 2 um sphere preparation consisted of 3 mg Fe as sol
dispersed in 30 ml ethanol/water (1:2) which was then used to dissolve half
the dried ®°FeCly. The product of two preparations was bulked and used for
an injection. The ethanol reduced the surface tension and improved the
wetting of the rotor, leading to a more homogeneously sized output. With
the disc speed at about 650 Hz the variations in mean particle size were
obtained by varying the concentration of the sol used. The amount of sol
was increased to 50 mg Fe when 5 um diameter particles were required. A
liquid flow-rate of 0.3 ml/min was found most suitable and resulted in a
production run lasting about 100 minutes during which time conditions could
be kept sensibly constant. Subsequent analyses indicated coefficients of
variation of size of 10% for both 2 um and 5 um particles, product density
of 2.4 g/ml and composition 8 FeOOH (by X-ray diffraction).

The generator was positioned in a 200 mm diameter vertical glass tube
with dry filtered air drawn downwards past it. The column volume caused a
delay during which the droplets evaporated to solid spheres of iron oxide
before they were trapped in an impinger at the base of the column. The
impinger contained a 50:50 solution of water: ethanol and a surface
activating agent (0.2% Shell ‘Teepol’ 541). The collection efficiency, at
least down to 2 um diameter particles was almost 100%. The overall
efficiency of generation, was approximately 60%. The particles were washed
and centrifuged several times in water and acetone before being stored in
acetone until used. Insignificant leaching of 59pe occurred during long
periods in acetone or water.

The particles were transported to the reactor in suspension in acetone
and just before use the acetone volume was adjusted and the suspension
ultrasonically agitated to cause complete mixing. The suspension was then
added to a reservoir inside the particle pressure vessel (250 mm diameter,
380 mm high). This consisted of a dome which could be raised and lowered
onto a base and contained a gas—jet atomiser, a flushing counterflow jet
and a suspension mixing device (Figure 2(a)). Two pipes supplied helium at
a pressure of 172 kPa above reactor pressure (4 MPa) to operate the
atomiser and to flush the aerosol into the reactor circuit through a third
pipe, centrally placed and having a shaped exit to reduce losses. Two
further pipes enabled the vessel to be depressurised through a filter and
provided a pressure relief valve to prevent accidental overpressurisation.
Helium, which was supplied from a bank of cylinders was used in preference
to carbon dioxide because it could more easily be obtained at a
sufficiently high flow rate.

The atomiser was required to disperse a suspension containing
approximately 5 x 108 particles within 1 minute. Typically 10 ml of liquid
would be required to reduce to acceptable proportions the probability that
one droplet would contain more than one particle. A volatile suspending
liquid of low viscogity would (a) speed atomisation and (b) facilitate
evaporation to reduce particle losses by impaction onto the interior of the
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pressure vessel. BAcetone was satisfactory in both respects. Many
atomisers re—cycle the liquid, an undesirable feature here leading to an
increase in concentration. Avoiding this, a compact atomiser of Hounam [5]
was chogsen and modified to atomise 10 ml in 30 seconds, requiring a supply
of helium 172 kPa above the ambient pressure of 4 MPa.

A laboratory test showed that < 5% of the particles were doublets or
multiplets and this was confirmed from photomicrographs of the particles
filtered from the reactor coolant. This also confirmed that the particles
withstood the mechanical and thermal stresses imposed during the
experiment. To prevent the particles from sedimenting in the particle
reservoir during the few minutes between being loaded into the pressure
vessel and being injected into the reactor a bubbling flow, controlled by a
fine capillary, was introduced. Without special precautions, the jet from
the atomiser would impact most of the aerosol on the base of the pressure
vessel. To prevent this the apparatus included a counterflow jet.
Laboratory experiments at atmospheric pressure demonstrated that, if the
momentum rate (ie the product of efflux velocity and mass flow rate) were
the same for the two jets of gas, the sprayed drops lost their forward
velocity in a plane mid-way between the nozzles. This resulted in an
efficiency of injection of approximately 25%. Before atomisation this
counterflow jet was used to purge and pressurise the pressure vessel and
after valves connecting the pressure vessel to the reactor were opened a
flushing flow was established. Finally helium at pressure was applied to
the atomiser to generate the aerosol.

It was not found possible to produce high specific activity 5%pe-
labelled monodisperse particles much less than 1 um diameter by the
spinning—disc method, so an aerosol was produced directly by using the
pressure vessel atomiser. (MMD 0.6 um, Og = 2.5). The reservoir contained
2 mg Fe as sol and 0.8 mg Fe3* as dried down FeCly, in 3.9 ml ethyl
alcohol/water (5:1) which was atomised and injected in a period of 30
seconds to 1 minute. An identical mixture was atomised in the laboratory
to furnish particle size data by electron micrography.

As it was impracticable to make monodisperse 15 um iron oxide spheres
in sufficient quantity by the method described above, readily available
porous alumina spheres (p ~ 1.6 g cm‘3) were used., These were monodisperse
(coefficient of variation 10%) and of mean size 17 um diameter. They werxe
labelled with 59Fe by slowly mixing 59FeCl; in HC1 (0.1 M) with 1.5 g
alumina spheres already wetted with 0.1 M HC1l. The particles were washed
several times in water and acetone before being dried, then heated in a
furnace in air at 750°C for an hour. The efficiency of labelling was 90%.
There was insignificant logss of activity on heating and no disruption of
the spheres.

These alumina spheres were dispersed in the dry state inside the
particle pressure vessel using the principle of the air-ejector (Fig 2(b)).
Helium at a differential pressure of 172 kPa operated the disperser. The
rate of suspension and dispersion was controlled by means of a bleed jet in
the top of the powder reservoir. Particles were carried to the pressure
vessel exit with negligible loss.
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SAMPLING

It was required to collect a sequence of filter samples of particles
from the coolant circuit with a minimum loss of time between samples. The
coolant at the sampling points was at a pressure of about 3.9 MPa and at
about 270°C. Considerable thought was given to eliminating unnecessary
particle losses due to impaction caused by changes of direction of flow or
varying pipe diameters. Thirty stainless-steel filter holders were made,
each a small pressure vessel, consisting essentially of two shaped flanges
with the filter paper and its pressure backing plate clamped between them.
Sealing was effected by two ‘o' rings. Each flange was connected to the
sampling line by a "Swagelok Quick Connect” coupling.

After testing many combinations, ptfe ‘o’ rings and glass—fibre
filters were chosen. Unprotected, the filters eroded rapidly in the gas-
stream, and this was overcome by placing “100-mesh” stainless steel gauzes
either side of each filter. This combination had high filtering
efficiency, low retention of halides and a low resistance to flow.

The use of interchangeable filter holders in a single sampling
position was preferred to a manifold arrangement because of the possible
variation in particle losses for various sampling positions in the latter.
No claim is made that the samples were strictly quantitative. Losses in
the sampling line may have caused significant differences between the
estimated concentration and the true concentration in the gas stream.
However the main conclusions depend on the ratios between concentrations
indicated by samples in a sequence and not on absolute values.

During a sequence of samples one of the two isolating valves was kept
open throughout. At the end of each sample the second valve could be
closed, the outlet side of the filter holder disconnected, then the inlet
gide, and a fresh unit inserted. This could be achieved within 10 seconds
wearing thick gloves provided the female Swagelok couplings were lubricated
every 15 or so changes.

A critical orifice 5.1 mm diameter was used with a pressure gauge and
thermocouple thermometer to control and determine the sampled gas mass flow
rate, which was approximately 0.115 kg/s.

A sample was taken just downstream of the injection point for the
duration of the injection to estimate the amount injected. At the same
time a series of short samples of the gas coming from the reactor was
started. The sampling duration was increased in steps to ensure
satisfactory particle statistics, at least 100 particles being collected
per sample after a thousandfold fall in concentration.

The filter holders were taken back to Harwell for unloading. There
the complete (mesh/glass—fibre sandwich) filters were placed face down in
thin plastic containers for ¥-counting in contact with an intrinsic lithium
drifted germanium detector coupled to a 2048 channel analyser. The lower
limit of detection for injected 5%Fe was affected by the presence of
reactor 5%Fe. The presence of other background nuclides, eg Slcr, 58co,
60co and 5%n, sometimes enabled a separate estimate to be made of the 5%pe
due to the reactor alone. 58¢co was a particularly useful aid to the
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interpretation of the resuspension experiment carried out in conjunction
with the injection at low-flow during the biennial shut—down in April 1984.

RESULTS

Changes in concentration of 59Fe with time for the four sizes, injected at
full coolant flow are shown in figures 3(a) and (b) together with the pre-
injection background concentrations. A separate injection of a non—
depositing tracer, helium, demonstrated that the concentration change in
the first few minutes due to mixing did not involve a correction of more
than a factor of two. For the 3 smallest sizes a rapid €£all in
concentration over about 2-3 orders of magnitude (deposition half-life

~ 20 8) was followed by a more gradual one until behaviour was completely
masked by ambient background. For the 17 um particles the initial fall was
less rapid (tl/z ~ 120 s) and became markedly more gradual (tl/2 ~ 2 h)
when the concentration was still ~ 20 times background.

The results for the low-flow injection of 17 um particles and the
subsequent resuspension are shown in figure 3(c¢). At low flow the 17 um
particles deposited with an initial half-life of 50 s. When full flow was
re-egstablished ~ 50% of the particles resuspended. A similar disturbance
prior to the injection enabled 5%Mn and 58Co ratios to 5%e to be
determined and hence an estimate made of the contribution from resuspended
ambient 59Fe,
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