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Abstract

In 1962 the U.S. Atomic Energy Commission published
TID-14844, “Calculation of Distance Factors for Power
and Test Reactors™ which specified a release of fission
products from the core to the reaior containment in the
event of a postulated accident volving “substantis!
meltdown of the core.” This “source term,” the basis for
the NRC's Regulatory Guides 1.3 and 1.4, has beun used
to determine compliance with the NRC's reactor site
criteria, 10 CFR Part 100, and to evaluate other impor-
tant plant performance requirements. Duning the past 30
years substantial additional nformation on  fission

14

product releases has been developed based on significant
severe accident research. This document utilizes this re-
search by providing more realistic estimates of the
“source term” release into containment, in terms of tim-
ing, nuclide types, quantities, and chemical form, given a
severe core-melt accident. This revised “source term” 1§
to be applied to the design of future Light Water Reactors
{LWRs). Current LWR licensees may voluntarily pro-
pose applications based upon it. These will be reviewed by
the NRC staff.
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1. INTRODUCTION AND BACKGROUND
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1.2 Rusearch Insights Since
TID-14844

Source term estimates under severe accident conditions
became of great interest shortly after the Three-Mile
Island (TMI) accident when it was observed that only
relatively small amounts of lodine were released 10 the
environment compared with the amount predicted to be
released in licensing caloulations. This led a number of
observers to ¢laim that severe accident reicases were
much lower than previously estimated.

The NRC began a major research effort about 1981 to
obtain a beuter understanding of fission-product transport
and relcase mechanisms in L WRs under severe accident
conditions, This restarch effort has included extensive
NRC gtall and contractor ¢fforts involving a namber of
wational laboratories as well as nuclear inGustry groups,
These cooperative research activities resulted i the de-
velopment and appheation of a group of computer codes
known as the Source Term Code Package (STCP)(Ref. 6)
to examine core-melt progression and Lission product re-
lease and transport in LWRs, The NRC stall has also
sponsored significant review etforts by peer roviewers,
foreign partners in NRC research programs, industry
groups, and the genceal public, The STCP methodalogy
for severe accident source werms has also been reflected
& NUREG- 1150(Ref. 7), which proyides an updated risk
assessment for five U S, nuclear power plants.

As o result of the NRC's research effort 10 obtain a better
understandmg ol fission product transport and release
mechanisms in LWRs under severe acadent conditions,
the STUP emerged as an integral ool for analysis of
fission product transport in the reactor coolant system
{RCS) and containment. The STCP madels release from
the fuet with CORSOR (Ref. 8)and lisa.on product reten-
tion and transport in the RCS with TRAPMELT (Ref. 9).
Releases from core-concrete interactions are modeied
using the VANESA and CORCON (Ref. 1) codes. De-
pending upon the comainment type, SPARC or ICEDE
(Refs. 11,12) are used wn conmjunction with NAUA
(Ref. 13) to model the transport and retention of fission
produst releases from the RCS and from core-concrete
interactions into the containment, with subsequent re-
lease of fission products to the environment consistent
with (e state of the containment.

Improved modehing of severe accident phenomena, 1n-
cluding fission product transport, has heen provided by
the recently developed MELCOR (Rel. 14) code. Atths
time, however, an msullicient body of caleulations is
available to provide detailed msights from (his model.

Using analyses based on the STCP and MELCOR codes

and NUREG-1150, the NRC has spopsored stadies
{Refs, 15-17) that analyzed the vmmg, magnitude, and
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duraties of fission product releases. In addition, an exam-
tnation and assessment of the chemical form of wdine
likely 10 be found within containment as a result of a
severe accident has also been carried out {Ref. 15).

[ contrast to the instantancous releases thal were postu-
laved in Regulatory Guides 1.3 and 1.4, analyses of severe
accident sequences have shown that, despite differences
in plant design and accident sequence, such releases can
be penerally categorized m terms of phenomenological
phases associated with the degree of fuel melting and
relocation, reactor pressure vessel integrity and, as appli-
cable, attack wpon concrete below the reactor cavity by
molten core materials. The general phases, or progres-
ston, of « severe LWR accident are shown in Table 1.1

Table 1.1 Release Phases of a Severe Accident

RELEASE PHASES

Coalant Activity Release
Gap Activity Release
Barly In-Vessel Release
I.x-Vessel Release

Late In-Vessel R. ease

Initially there is a release of coolant activity associated
with a break or leak in the reactor coolant systom. Assum-
ing that the coolant loss cannot be accommodated by the
reactor coolant makeup systems or the emergency core
cooling systems, fuel cladding failure would ocour with a
release of the activity located in the gap between the fuel
pellet and the fuel cladding,

As the accident progresses, foel degradation begins, re-
sulting in a loss of Tuel geometry accompanied by gradual
melting and slumping of core materials to the bottom of
the reactor pressure vessel. During this period, the early
in-vessel release phase, virtually all the noble gases and
sigmificant fractions of the volatile nuctides such asioding,
cesium, and tetluriom are released into containment. The
gmounts of volatile nuciides released into containment
during the carly in-vessel phase are strongly influenced by
the residence time of the radivactive material within the
RCS dunng core degradation. High pressure sequences
result in long residence times and significant retention
and plateout uf volatile nuchides within the RCS, while
low pressure sequences result - relatively short fesi-
dence times and little retention within the RCS and con-
seguently higher releases into containment,

If failure of the bottom head of the reactor pressure
vessel occurs, two additional release phases may ocour.
Molten core debris reweased [rom the reacior prossurc
vessel inte the contanment will mteract with the concrete
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deastties than those of corre 1 LWRs, Henoe, an accident
for the passive plants sim. s (0 those usod in this study
would likely extend over a longer tume span. Vor this
reason, the uming and duration values provided in the
release tables given in Section 3.3 are probably shoner
than those applicable to the passive planis. ‘The «clease
fractions shown may also be overestimated somewhat for
high pressare sequences assocuded with the passive
plants, since longer vmes for accident progression would
also allow for enhanced retetion of fission prodacts i
the primary coolant system duting core heatup and depra-
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dation. However, because of the lack of specific accident
sl nee infe nation for these desipng, as well as the
general simganty of the “passive” plants to present
LWRs, the wicuntainment seodent source terms pro.
wvided below are consdered generally apphicable 1o the
“passive” dusigns as well,

The accident souree terms provided 1 this report are not
cousidered applicable 1o reactor designs that are very
dforemt from LWRs, swh as high-demperature gos
cooled reactors or Higuid-metal reactors.




The expression “in-contmnment souree terms,” us used in
this repont, denotes the fission product inventory t
in the containment atmaosphere at any given time during
severe accident. To evaluate the mn-contamment source
A term din ing the course of an accident, the tme-history of
the fission product retease from the core into the contain-
ment must be known, as well as the effect of figvion
I product removal mechanisms, both natural ang enpi-
LB neered. to remov e radioactive materiats ftom the contain-
' ment atmosphere. This section discusses the time-history
of the fission product releases into the containment. Re-
moval mochanisms are discussed in Section 8.

21 Accident Sequences Reviewed

All the accident sequences wentified in NURDG-1150
‘were reviewes and some additional Source Term Code

3 ACCIDENT SOURCE TERMS

Package (STUP) caicilations were performed. The doms-
nant seguences which are comsidered 1o significantly im-
pact the source term are summarized i Table 3.0 for
VR gnd Tavle 3 2 for PWRs

The details of the specific acodent sequences are doco
mented in NURBG/CR-574%, “listumate of Ragus .
clide Relense Characteristics inte Containment Unior
Severe Accident Conditions™ (Ref. 17),

2.2 Onset of Fission Product Release

This seetion discusses the assumptions 0© © in selectin

the soenario appropriate lor defining the carly phases o
the source term (coolant activity and gan release auses)
1t was considered appropriate to base these early release
phases on (b desipn basis iniistion that could Jead 1o
e hiest fiel 1 aret,

Table L1 BWR Source Term Contributing Sequenc s

FMlam Sequence Description
P'each Bottom TCl ATWSE ‘sith renctor depressurised
2 ATWS with reactor pressunived
Tl TC2 with wetwell venting
i SHO with battery depletion
TH2 TH1 with contmnment fadure at yossel Tnilure
SIZE1 LOCA (2"), no FOCS and no ADS
282 S2E1 with hasaitic conerete
v RHR pipe fadture outside contanment
THUN SHO with loss of all DC power
LaSatle ™ SBO with fate containment {ailure
Grand Gull w ATWS early comamment [flare fails LOCS
i SBO with havtery deplet on
TH2 TR with Hs burn fails contatnment
THS SHO, no BOCS but reactor depressurized
'R THS with AC recovery after vessel falore
SHE Station Riadaout 1OCA Loss of Conlant Accident
ROP Reactor Coolant Pump RHR Resictual Heat Removal
ADS  Automiatic Denressurization System ATWS  Anticpat od Transient Without Scram

NUREHG- 1405




Table 32 PWR Source Term Contributing Sequences

R e s &, e Y < e 4 e i A L 2 o — e — s vt e

Plant Sequence Description
Surry Al LOCA (bt leg), no containment heat removal systems
™LE LA G PCS and no AFWS
v Inieriacing system LOCA
838 SBO with RCP seal LOCA

S2D-8 SHLOCA, no BCCS and H; combustion

SZD-p SBLOCA with 6 ' hole in containment
4, Zion S2DCR LOCA (2°), 5o BOCS no CSKS
" £2001 LOCA RCP seal, no BCCS, no contanment sprays,
; : no coolers— Mg burn or DO fails containment
E S2DCF2 S2DCTT except late Hy or overpressure failure of containment
; T™ILL Transient, no PCS, no BCCS, no AVWS - DCH fails containment
', Ocanee 3 T™LR' SBO, no active EST systems
E SIDCE LOCA (3"), no ESF systems
| Sequoyat S3HF LOCA RCP, no BECCS, no CSRS with reactor cavity flonded
s ' S3HI2 SIHF1 with hot leg induced LOCAS
) 3P S3HI1 with dry reactor cavity
’ <3p LOCA (") with SBO
' ‘ TBA SBO induces hot leg LOCA— hydrogen burn fails containment
A ACD LOCA (hot leg), no BCCS no C8
f S SBO delayed 4 RCP scal fuilures, only steam driven AFW opcrates
s SIHF LOCA (RCP seal), no ECCS, no CSRS
E'l SIH LOCA (RCP seal) no ECC recirewlation
 SBO Station Blackowt LOCA  Loss-af-Coolant Accident
=] RCP  Reactor Coolant Pamp DCH  Direct Containment Heating
5 PCS  Power Conversion System ESF Enginecred Safety Feature
el €8 Containment Spray CSRS (s Recirculation System
h,  ATWS Anticipated Transient Withoot Scram
.‘1'I ! e it e et
4
@%‘
f
|
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A review of current plant final sa oo analysis voports
(FaARs) was made to identdy all design besis acadents in
which the licensee had ientificd fuel faiure. For all
sccidents with the potential Tor release of radioactivity
inlo the enviroianent, the class of acadent that had the
shortest ume until the fiest fuel rod faled was the design
basis LOCA, As might be expected, the tme until clad-
ding fardure 15 very sensitive Lo the design of the reactor,
the type of accident sssumed, and the fuel rod design. In
particulat, the maximum lircar heat gencration rate, the

ernal fue!l rod rrmme. and the stored encrgy in the
fuel roa are sigailicent considetations,

Todetermine whether a design basis 1LOCA was a reason
able svennrio upon which 1o base the tmmng of il
fission product release info the containment, various
PRAs were reviewed (o determing the contribation o
core damage frequency (CDE) resulting from LOCAs,
This information 8 shown in Table 3.3 As can be seen
from this table, LOCAg ure a small contributor to COF
for BWRs, but can be a substantial contributor for PWRs.
herelors, for PWRS a lacge LOCA is considered s rea-
sanuble inttiator to assume for mogeling the earhest ap-
pearance of the gap activity if the plant has not been
ppraved for feak before break (LBB) operation. For
18 1,0t have received LREB approval, o small [ OCA
(6" line break) would more appropriately model the tim.
g For RWRs, large 1LOCAs may not be an approprunte
scenario for gap activity uming. However, since the time
10 initial fuel rod fniluve s long lor BWRs, even for large
LOCAs, use of the large LOCA scenano should not un-
duly peoalee BWRs and will maintan consistency with
ke assumpuions for the PWR. As with the PWR, for an
LBB approved plant, the timing associated with a small
LOCA (67 hine break) would be more approptite.

In order to provide a realistic estimate of the shortest time
for fuel rod failure Tor the 1 OCA, caleulations were per-
formed ue ng the FRAPCONZ, SCDAP/RELAPS MOD
A0, and FRAPFTS computer codes for two plants, The two

nis were i Babeock and Wilcox (BAW) plant with 4 18

12 fuel vod arec s and a Westinghoose 4-4oop (W) plant
with & 17 by 17 fuel rod array. For each plant, a sensitivity
study was poriormed 10 identity the size of the LOCA that
resulted in the shortest fuel =od fatlure time (Rel. 15). In
both cases, the acadent was a double ended guillotine
<upture of the cold leg pipe. The minimum time from the
time of acoident initiation until the first fuel rod fails was
caleutared 1o be 13 and 24.6 seconds for the R&W and W
planis, respectively. A sensitivity study was performed @
determine the effect of tnpping of not (Eppng e reac-
tor cootant pumps. T cesolts indicated that trippimg ol
the 1eactor corlsin pumps hind no appreabic impact on
Hming, ¥oq a banch line break, the ime untd the fiest fucl
voxd fRils 18 Capected 1o be greater thar, 6.5 and M minuics,
respoectively.

4

A comparisan calculation was done using the TRAC-PF1
MOD § code, version 14305010 on the W plant, This
analysis indicated that the first fuel rod fallure would
oceur 34.9 seconds alter pipe rupture, in contrast o the
value of 24.6 seconds calcolated using SCDAP/RELAP,
The reasons for the dilference between the SCDAP/
RELAPS MOD 30 and TRAC-PFI MOD | are dis.
cumsed in Reference 15,

The review of the FSARs for BWRs indhigates that fuel
laflures may occur sgnificantly later, on the order of
several minutes or more. No saleulations have been per-
formed using the aforementioned suite of codes.

For determining the time of appearance of gap activity in
the contuinment (Le., smital fuel fatlure), which corre:
sponds 10 the duration of the goolant activity phase and
the beginning of the gap activity phase, it would be appro-
priate to perform a plant specific caleulation using the
vodes described above, However, of no plant specific cal-
culations are performed, the mirimum times discussed
above may be used to provide an estimate of the enrhicst
ume o Tuel rod Tadlure.

A3 Duration of Release Phises

Section 1.2 provided & qualitative discussion of the re-
lease phases of an accident. This section priwides esti-
mated durations for these release phases,

The coalant activity phase beging with & postulated pipe
rupture and ends when the [irst Tuel rod has been esti-
maled 1o fwl. Duning this phase, the activity reicased (o
the comntainment atmosphere 18 that associated with very
small amounts of radioactivity dissolved 1n the coolant
itself. As discussed in Seetion 3.2 above, this phase is
estimated to lagt about 25 seconds for Westinghouse
PWRs, and about 13 seconds for B&W PWRs, assuming a
large break LOCA. For a smaller LOCA (c.g., a 64nch
Ime break), such as would be considered for a plam hat
has recoived LBR approval, the coolant activity phase
durition would be expected to be at least 10 minutes,
Although not specifically evalvated at this fime, Combuis
ton Engineering (CL) PWRs would be expected to have
coalant activity durations sitmilar 10 Westinghouse plants,
For BWRs, the coolant activity phase would be expected
10 last longer; however, vriess plant specilic caiculations
are made, the duratinas discussed above are considered
apphicable.

The gar activity release phase begins when fuel oladding
fuslure commences. This phase avolves the release of
that radionctivity that has collected in the gap between
the fuel peliet and cladkhng. This process releases to
contmnmen’ & few percent of the wial inventary of the
more volatile radionuclicdes, particelarly noble pases, o
dinie, and cesiom. During this phiase, the bulk of the fis
st proglucts gontinue 1o be retainesd m the Tuel itself.

NURLG- 1468







Table 34 jn-Vessel Release Darstion for PWR Sequences

Release Duration
Plant Accident Sequence® (Min)

. Surty TMLE’ (H) 41

) Sutry 538 (1) 3

Surry Al (L) 215

Surry v ) 104
i) Zion I™MILU (H) 41
r Zion SIDCR/SIDCE (M) M
i Sequoyah SIHI/S3N (H) a6
' | Sequayah $381 (H) 15
r Sequoyith T™LE' (H) 37
; Sequoyah THA (1) 194
; Sequayah ACD (L) 73
‘ : Oconee TMIH () 38
: Ocones SiDCE (1) 84*
I - *(H or LY Denotes whother the secident occurs ot high of low pressure.
;

Table 3.5 In-Vessel Release Duration for BWR Sequences

Plant Accident Sequence® Release Duration
(Min)

Peuch Bottom  TC? (H) 6y

Peach Bowom 7072 6K

Peach Bortom 10 () 97

Peach Bottom  THIZTH (H) 9

Peach Bovom  V (L) 69

Peach Botom 82 {H) &1

Feach Bottem  THUX (1) &7

LaSaile s (H) 81

Grand Gualf ™ (H) 122

Girand Gulf T (1) 130
!l Girand Gulf TR THRR (1) o6
|[I *(H ot ! ) denotas whether the acoident pecurs at high or loe pressury.
IE' ; 1 NUREG - 1465
Ia :
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The late invessel release phase commences at vessel
breach and proceeds simultaneously with the occurience
of the ex-vessel phase. However, the duration s not the
same for both phases. During this release phase, some of
the valatile nudides deposited within the reactor coolant
system carlier during core degradation and melting may
re-volatilize and be released into containment. Reference
17, after a review of the source term uncertunty method-
ology used in NUREG-1150 (Ref. 7), estimates this
phase io have a duration of 10 hours. This value has been
selected for this report,

A summary of the release phases and the selected cara.
tion times for PWRs and BWRs is shown for referonce

purposes in Table 1.6

Tulde 3.6
Release Phase Doarations for PARs and BWRs

Duration, Duration,
PWRs BWHRs
Relense Phase (Hours) (Hours)
Coolant Activity 10 10 30 30 seconds*
seconds*®
Gap Activiy 0.5 1.0
Early In-Vessel 13 1.5
Ex-Vessel 2 3
Late In-Vessel 10 10
—

*Without approval for leak-hefore-break. Coolant ac-
tivily phase Guration 18 assumed ‘o be 10 minutes with
leak-before-break approval.

3.4 Fission Product Composition and
Magnitude

In considering severe accidents in which the containment
m. WASH -1400 (Ref. §) examined the specirom
of products and grouped 54 rchonuchides into 7
maje sroups on the hasis of similarity in chemical b hav-
e The associated wish the STOP further 2 nalyzed
these groupings and expanded the 7 fission Qruduct
groups into 9 groups, These are shown in Table 3.7,

NUREG- 1465
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Table 1.7 STCP Radionuclide Groups

GROUP ELEMENTS

Xe, Kr

1, Br

s, Rb

T¢, Sh, S¢

St

Ru, Rh, Pd, Mo, T¢

La, Zr, Nd, BEu, Nb, Pm, Pr, Sm, Y
Ce, Pv, Np

Ba

© 00 I U B W e

Source term releases into the containment were evalu-
ated by reactor type, i.e., BWR or PWR, from the se-
quences in NUREG-1150 andt the supplemental sSTCP
calculations discussed m Section 3.1,

Releases into containment during the early in-vessel
phase, prior to reactor preseure vessel failure, are wark-
edly nffected by retention in the RCS, which is a function
of the residence time in the RCS during core degradation,
High pressure in the RCS during core degracdation allows
for longer residence time of acrosols released from the
core. This, in turn, permits increased retention of acro-
s0's within the KOS and Jower releases from the core into
the containment. Similarly, low pressure sequences cause
aerosols generated within the RCS 1o be swept out rapidly
without mgnificant retention within the R(.‘g thereby re-
sulting in higher release feactions from the core into con-
taintaent

The relative frequency of occurrence of high vs. low pres.
sure sequences were examined for both BWRs and
PWRs. The results of this survey are shown in Table 3.8,
and they indicate that o significant lraction of the se-
gquences examined, inwerms of freguency, ogcurred at low
pressure. (n adaition, advanced PWR designs are increas-
ingly incc porating safety-prade depressunzation sys-
tems, primarily 1o minimize Jhe likelihood of high pres-
sure melt gjection (HPME) with its associated high
contairment atmosphere heat loads and large amounts of
atmospheric aerosols.

For these reasons, the co mposit-on and magnitude of the
soarce term has been chosen 10 be representative of con-
ditions assocuated with low pressure in the RCS at the
time of reactor vore degradation wnd pressure vessel fail-
ure. Reference 17 provides estimates of the mean core
fractions released into contmnment, as estimaied by
NUREG-1150 (Rel. 7), for accident sequences oceurring
under low RCS pressure anc high zirconium oxidation
conditions. These are shown in Tables 3.9 and 3.10.
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Table 7.1 Distributions for Spray Decontamination of In-Vecsel Reles<es

- e
CONDITIONS Sth percentile DF Mediar D¥ Mean ¥ 95th percent DF
PWRs-—High pressure 1.6 1.8 18 2.2
with containment failure
at vessel (reach
PWRs~ H. gh pressuie 10 400 12.7 1800
with no containment
Inilure
BWRs 1.3 1.0 52 78
Tuble 8.2 Distributions for Spray Decontamination of Core-concrete Releases
CONDITIONS Sth percentile DF Median DF vean D¥ 95th percent DF
PWRs 1.7 25. 23. 2000
HWRs 1.5 17. 7. 450

‘These tables present the range of DEFs assoviated with
containment spray systems. Table 5.) shows, for example,
that the mean DF value for PWR in-vessel sprays are
about 12 for low pressure sequences. Table 5.2 indicates
that sprays are also effective in reducing acrosols evolved
from ex-vessel releases,

£ 0« appression Pools

Bw . wre suppression pools to condense steam
resulting &4 & «coolant accident. Prior to the
release to the reactor building, these pools also scrub
radioactive fission *¢ that accompany the steam,
Regulatory Guide 1.3 (Rei, 2) does not allow credit for
fission product scrubbing by BWR suppression pools, but
SRP Section 6.5.5 (Ref. 22) has recently been revised to
allow such credit. The pool water will retain solvble,
s, and solid fission products such as wdines and
cestum but provide no attenuation of the noble pases
released from the core. The Reactor Safety Swdy
(WASH-1400, Rel. 5) assumed a decontamination factor
(DF) of 100 for subcooled suppression pools ard 1.0 for
steam saturated pools. S.ace 1975 when WASH - 1400 was
ublished, several detniled models have bosn developed
the removal of radioactive ac - s s during steam Now

through suppression pools.

Caleulations for a BWR with a Mark [ containment (Ref.
23) used in NUREG-1150 (Ref. 7) indicate that DFs
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ranged from 1.2 to about 4000 with a median value of
about 80. The suppression peol has been shown to ve
effective in scrubbing some of the most important radio-
nuclides such ~< odine, cesium, and tellurium, as these
are released in the early in-vessel phase Results from
Reference 21, shown in Table 5.3, present the range of
DFs as evaluated i NUREG-1150. It should be noted
from this 1able that in-vessel releases are more highly
serubbed (larger DFs) than ex-vessel releases.

If not bypassed, the suppression pool will also be effective
in scrubbing ex-vessel ~cleases. Suopression pool bypass
1% an important aspect that places an upper limit on tLe
overall performance of the suppressicn pool in scrubbing
fission products For examplz, il as Little as 1% of the
fission products bypass the suppt ession pool, the effective
DF, taking bypass into account, will be less than 100,
regardiess of the pool's ability to scrob fission products.

Although decontar ination factors for th> suppression
pool are significant, a key question is the potential for
iodine re-evolution. Re-ev tui‘on of iodine was judged to
be .mportant in accident sequences where the contain-
ment had failed and the suppression pool was boiling,
There is presently no requirement fur pH control in BWR
suppression pools. Hense 1l is possibic that suppression
pools would scrub substantial amounis of ioding in the
early phases of an aocident, only to re-evolve it later as
elemental wdine. 1t may well be that additional materials
likely to be in the suppression pool as a result of a severe



el . W [T I b T e W

Table £3 Distribution for Suppression Pool Decontamination Factors

I e e

-
CONDITIONS Sth percentile DF Median DF Mean DF 95th percent DF
During In-vessel releases

Peach Bottom 23 81 14.5 1200

LaSalle & Grand Gulf 18 56 10.5 2500

During Ex-vessel releases

Peach Bottom 1.2 0.5 .1 50

LaSalle & Grand Gulf 12 6.8 10 72

accident, such as cestum borate or cesium hydroxide and
core-conerete decomposition products, would counteract
any reduction in pH from radiolysis and would ensure that
the pH level was sufficiently high to preclude re-
evolution. of elemental ic ane. Therefore, if credit is 10 be
given for long-term retention of iodin. 9 the suppression
maintenance of the pH at or abc . alevel of 7 must
demonstrated. 1t is important to ne . however, that
this is not a matter of concern for present plants since all
BWRs employ safety-related filtraticn systems (see Sec-
tion 5.3) designed to cope with large quantities of elemen-
tal lodine. Hence, even if the supp.ession pool were 1o
re-evolve sign'ficant amounts of elemental iodine, it
would be retained by the existing downstream liltration

system.

53 Filtration Systems

ESF filtration systems are di.cussed in Regulatory Guide
152 (Ref. 24) and are used o reduce the radicactive
aernsols and jodine released during postulated acadent

A typical B8 filtration system consists of redundant

frains hat each "ave demisters to remove steam and

ts from the air entering the filter bank, heat-

the relative humidity of *he air, high effi-

mmlmc air (HEPA) filters 1o remove particy-

adsorbers tn remove iodine in elemental

Mﬂ organic form, followed finally by addional HEPA
filters to remove any charcoal fines released.

ers 1o

Charcoal adsorber beds can be designed, as indicated in
Regulatory Guide 1.52, to remove from 90 10 9% of the
ciemental iodine and from 30 1« 9% of the orgaric io-

dide, depending upon the specific filter train design.

Revised insights on accider: source terms, given in Sec-
tion 3, may have several implications for ESF filtration
systems. Present ESF filtration sysiens are not sized to
handle the mass loadings of non-radioactive aerosols that
might be released as & result of the ex-vessel release
ph e, which could produce releases of significant quanti-
ties of nonradivactive as well as radioactive aerosols.
However, if ESF filtration systems are employed in ¢con-
Junction with BWR suppression pools or if signifcant
quantities of water are overlaying molten core debris (see
Section §.4), large quantities of nonradioactive (as weil as
radioactive) acroso's will be scrubbed and retained by
these water sources, thereby reducing the aerosol mass
loads upon the filier system.

A second implication of revised source term insights for
ESF filtration systems 15 the impact of revised under-
standing of the chemical form of jodine within contain-
tent. Present ESE filtration systems presume that the
chemical form of iodine is primarily elemental indine, and
these systemi include charcoal adsorber beds to trap and
retain elemental iodine. Assuming that pH control is
maintained vithin the containment, & koy guestion is
whether charcoal beds ai 2 necessa. ;. Two questior: -
pear 10 have a bearing on this issue and must by ad-
dressed, even assumirg pH control, These are (1) 1o what
degree will Csl retamned on partuculate filters decompose
to evolve 2lemental lodine? and (2) what effect would
hydragen burns have on the chemical form of the iodine
within contamment? Based on preliminary information,
Csl retained on particulate Tilters as an aerosol appears (o
be che mically stable provided that it i not exposed to
moisture. BExposure to moisture, however, would lead to
Csl decompaosition and production of odine in wonic form
{1-), which in turn would lead o re<evolition Hf elemantal
wding. Although S filtration cystems are equipped
with demisters and heaters 10 romove sipnificant moisture
before it reaches the charcozl adsorber hed, an additanal
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concera 18 that the demisters themselves may trap some
Cal aeawal,

In conclusion, present ESE fliration systems, while opu.
mized to remove wodine, particularly in elemental lorm
have HEPA fiiters that ate effective in the removal of

particulates as well. Although such (il ration systems are
not designed to handic the large mass loadings expected
a8 4 result of ex-vessel releases, when they are used in
conjunction with large water sources such as BWR sup-
pression pools or significant water depths overlaying core
debris, the water sources will reduce the serosol mass
loading on the filter system significantly, making such
filier systoms effective in mitigation of a large spectrum of
accident seguences

5.4 Water Overlving Core Debris

Experimental mensurements (Ref. 25) have shown that
significant depths of water overlying any molten core
debris after reactor prossure vessel fatlure will serub and
retain  particulate Dssion products. The question ol
coolability of the molten debris asa result of water overly.
ing 1 is eiill under investigation. At the present ime, the
degree of serubbing as # function of water depth is under
investipation by the stafi. A major factor that may affect
the degree of scrubbing is whether the water layer in
coniact with the molten debris is boiling o not,

Results from Ref. 28, shown in Figure ' mdicate that
both subcooled as well us boiling water layers having a
depih of about 3 metess hud measured DFs of about 10.
Calcalations made using the SPARC code agreed well
with meacured values for a subcooled pool, but the calcu-
lated DF for a boiling pool dropped from ¢ value of 1010
about 2, The stalfl intends o give credit for fission product
and other acrosol scrubbing where significant depths of
water are shown to overlie any molten core debris. Bused
on the results of Ref. 28, a DEF of 10 for & water depth of
about 3 moters s considered appropriate. Lesser depths
will be mssigned lower DV vialues,

Results from Reference 21, shown i Table $.4, presont
the mean and moediar DU Jalues, oy evaluated by
NUREG-1150 (Ref. 7), for an overlying pool of water.
Results are shown for several PWRs and BWRs. These
indicate that, where the reactor cavity can be flooded. DI
values of about a factor of 10 or more are estimated. For

eometries where d=ep flooding 1 not Teasible, however,

er DIs ranging from 2 10 § have been evaluated.

8.5 Aerosol Deposition

Since the principal pathway for transport of fission prod-
uets is vio airbonie particulates, i.e., acrosols, this sehject
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i discusised i some detadl. Avrosols are usually thought
of av sobd partculates, but in general, the term also
ncludes finely divided hquid droplets such as water, Le.,
fog. The two mmor sources of aerosols are condensation
and entrainment. Condensation aerosols form when a
vapor onginating from some high-temperature source
moves into a cooler region where the vapor falls below its
saturation temperature and nucleation begins, Entrain-
ment acrosols form when gas bubbles break through a
higuid surface and dree dioplets of the ligud phase into
the wake of the bubble as it leaves the sutface, In genetal,
condensation particles are smatler in size (submicron 1o a
few microns), while entrainment particles are usually
larger (1L.0-'90 macrons) Once airborne, both types of
aerosols behave in a similar manner with respect to both
natural and engincered removal processes.

There are lour natusal processes thit remove aerosols
from the containment atmosphere over a period of time:
(1) gravitationa] settling, (2) diffusiophoresis, (3) ther-
mophoresis, and (4) particle diffusion. (Particle diffusion
is less important than the first three processes and will not
be discussed further.) All particles fall naturally under
the force of gravity and collect on any available surface
that terminates the fall, ¢.g., the floor or upper surfaces of
equipment. Both diffusiophoresis and thermophoresis
cause the deposition of acrosol particies on all surfaces
repardiess of their onentation, i.e., walls and ceiling as
well ar the floor. Diffusiophoresis is the process by which
water vapor in the atmosphere ‘draps’ acrosol particles
with it as it magrates (diffuses) toward a relatively cold
surface on which condensation is teking place. Ther-
maophoresis also causes acrosol particles to move toward
and deposit on colder surfaces but not as a result of mass
mot-n. Rather, the decreasing average velocity of the
sunvunding gas molceules tends 1o drive the particle
down the temperature gradient until it traverses the in-
terface layer and comes info contact with the surface
wiere it sticks,

Aerosol agglomeration is another natural phenomer.on
that has an influence on the rates at which the removal
processes described above will proceed. Agglomeration
results from the random inelastic collisions of particles
with each other. The process brings about a gradual in-
crease in average particle size resulung in more rapid
gravitational settling, Three phenomena contribute to
particle growth by agglomeration: (1) Brownian motion,
(2) pravitational fall, and (3) turbuluonce. Brownian ;g-
plomeration is caused by particle colhsions resulting from
random ‘buffeting’ by high-cnergy gas molecules. Gravi-
ttional agglomeration results from the fact that some
particles fe!l faster than others and therelore tend to
collide with and st to other slower falling particles on
thoir way down . Finally, rapid vanztions in gas velocity
and flow direction in the atmosphere, e, turbulence,
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