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ASSESSMENT OF FISSION PRODUCT RELEASE FROM THE REACTOR CONTAINMENT BUILDING 
DURING SEVERE CORE DAMAGE ACCIDENTS IN A PWR 

J. Fermandjian, J.M. Evrard, G. Cenerlno* 

ABSTRACT 

The paper assesses fission product releases from the reactor containment building 
associated with several WASH 1400 risk dominant accident scenarios by using compu 
ter models related to thermal hydraulics and fission product behavior in the pri
mary system and in the reactor containment building. In contrast with previous 
publications, more severe accidents have been assumed here, supposing an early 
failure of containment isolation (8 mode, 50 cm*). 

INTRODUCTION 

Hypothetical accidents taken into account in PWR risk assessment result in fission 
product release from the fuel, transfer through the primary circuit, transfer into 
the reactor containment building (RCB) and finally release to the environment. 
This paper presents an exercise, the purpose of which is to yield the best esti
mate possible of radioactive release that could be expected during some highly 
unlikely severe accidents, involving an early failure of containment isolation. 
I t more especially makes i t possible to test the suitability of our computer 
models to the matter of severe accidents, and to compare our prediction with the 
WASH-1400 results. 
The objective of this paper is to define the characteristics of the fission pro
duct (noble gases and particles) release from the reactor containment building 
during three core-melt accident sequences: ABS, S2CD 3 and TLB & according to 
"Reactor Safety Study" terminology [1] . The reactor chosen for this study is a 
900 MWe PWR unit. The reactor building (Figure 1) is a prestressed concrete 
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containment with an internal steel liner (steel thickness = 8 mm - air gap = 3 mm). 
Core melting produces aerosols in abundance ; the greater part of the fission 
products will be in particulate form, will be mixed with the inactive aerosols and 
will be depleted together with these aerosols. The sensitivities of aerosol 
behavior to the rate of material released from the fuel and to thermodynamics in 
the reactor containment building (presence of steam) are high. Consequently, 
aerosol behavior calculations have to be performed by using input data given by 
thermodynamic codes ; in particular, steam condensation on the walls which 
enhances retention of aerosol material. 

SELECTION OF ACCIDENT SEQUENCES 

The characteristics of the fission product (noble gases and particles) release 
from the reactor containment building have been determined during three core-melt 
accident sequences. The f irst core-melt accident sequence is a large break, loss-
of-coolant accident on the hot leg, with loss of offsi te and onsite power supply 
(AB). The second one is a 2"break, loss-of-coolant accident on the cold leg, with 
failure of both the emergency core cooling system and the containment spray system 
($2CD). The third one 1s a transient initiated by a loss of offsite and onsite 
power supply and auxiliary feedwater system (TLB). For each accident sequence, the 
following case has been studied: containment isolation failure (8 mode) with a 
leak area of 50 cm*'. 

METHODOLOGY 

Table 1 shows a flow diagram of the relationships between the different codes. 
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First, the core fission product inventory at the onset of the accident is calcula

ted by the PEPIN Code. Then, from the core temperature, one estimates the rate of 

release of the various fission products from the core and the duration of the 

release (BOILK Code). The thermal-hydraulic conditions ir the primary system are 

determined up to the point of severe fuel damage by the RELAP 4 Mod 6 Code [2] and 

during the core melting by the BOILK Code. The BOILK Code is a modified version 

of the BOI!. Code [3] including best-estimate fission product emission rates des

cribed in the NUREG 0772 report [4]. The source rates of the various fission pro

ducts, their relevant chemical and physical properties and the thermal-hydraulic 

conditions calculated above can be used in a computer model to predict the reten

tion of fission products in the primary system. This code predicts a release from 

the primary system which, in turn, serves as input to the AER0SOLS/B1 Code which 

calculates the removal of fission products from the containrc^nt atmosphere. 

N.B. : In the present work, the retention of fission products in the 
primary system is taken into account by using published results of TRAP-
MELT calculations [5]. 

The JERICHO Code [6],[7] provides the thermal-hydraulic conditions in the reactor 

containment from the onset of the accident through the stages of blowdown, core 

heat-up, boll off, core meltdown, pressure vessel bottom head failure and inter

action of the molten debris with the concrete containment basemat. The energy and 

mass flowrates of the different gaseous species (H 20, H2, CO2 and CO) entering the 

containment are evaluated by the RELAP 4 Mod 6 Code (blowdown), by the BOILK Code 

(core heat-up, boil off and core meltdown) and from published data related to fuel 

debris-concrete interaction [8],[9]. These published data also provide the upward 

heat flux by radiation from the molten fuel to the reactor cavity. 

Finally, the ARAC Code estimates the radionuclide release to the environment. 

The previous codes are described in [10]. 

N.B.: The main differences between the present paper and our paper 
"pûïïlished at Cambridge [10] are the following: the fission product re
tention in the primary system and aerosol removal by diffusiophoresis in 
the containment building have been taken into account for the new calcu
lations. Besides, concerning the thermodynamic conditions 1n the con
tainment building, the following phenomena have been Introduced Into 
the JERICHO Code: thermal degradation of the reactor cavity concrete 
walls from radiation generated by the corlum surface and progressive 
transfer of decay heat associated with fission products from ih^ con
tainment atmosphere to the sump water for simulating the fission pro
duct deposition. 

INPUT DATA 

Calculations have been performed for a 900 MWe PWR (Figure 1). The data concerning 

the reactor containment building, the primary coolant system and the core are 

given in Table 5. 
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AER0S0LS/B1 calculations have been performed without talcing into account steam 
condensation/evaporation on the particles ; this corresponds to a conservative 
approach. The reason is that the AEROS0LS/B1 Code does not modelize the inter
action between "insoluble" solid particles and "soluble" liquid particles. 
Besides, it will be noted that, in some cases, soluble particles represent only a 
small fraction of the total aerosol mass released at the break of the primary 
system. The input data used for the AER0S0LS/B1 Code are given in Table 6. 

RESULTS OBTAINED - DISCUSSION 

Tables 2, 3 and 4 give the timing of predicted events for the three core-melt 
accident sequences ABB , S 2CD B and TLBS. For all the sequences, the containment 
floor melt-through occurs at seven days (thickness of the concrete containment 
basemat * 4.2 m); this is consistent with the concrete penetration rates given 
in [8] and [9]: 30 cm/h during the first hour, 18 cm/h after the first hour and 
2 cm/h after corium solidification. 

Containment Atmospheric Pressure and Temperature 

Figures 2 and 3 show the containment building internal pressure and temperature as 
functions of time for AB 8, S 2CD B and TLB B. These curves indicate the effects 
of the events described in Tables 2, 3 and 4. For all the sequences, the contain
ment pressure is near 0.1 MPa after one day. After the first hours following the 
onset of the accident, the values of the principal parameters (pressure, tempera
ture,...) are quite similar, mainly because these three accidents are characteri
zed by a same water-poor mass balance in the RCB. For other accidents with higher 
mass balances, significant differences for certain of these parameters might be 
observed. 

N.B.: Note that the JERICHO Code 1s not especially designed to predict 
wTTn" accuracy the depressurfzatlon pressure peak. 

Containment Atmosphere Moisture 

Figure 4 gives the containment atmosphere moisture versus time for AB B, S2CD B and 
TLB 8. These curves show that the containment atmosphere 1s not always saturated 
during the first hours of the accident. 
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Containment Atmosphere Composition 

Figure 5 gives the atmosphere composition (air, H2O, H2, CO2 and CO) as a function 
of time for S2CD B. These curves show clearly the importance of hydrogen: about 
10 % in volume at 4 hours. It will furthermore be noted that, after half a day, 
there are 20 tons of steam and 14 tons of carbon dioxide (thermal decomposition of 
limestone concrete) in the gas atmosphere of the reactor containment building. 

Aerosol Behavior in the Reactor Containment Building 

Figure 6 shows the airborne aerosol concentrations for AB 8, S2CD B and TLB B 
(AER0S0LS/B1 calculations). For these sequences, the maxima of aerosol mass 
concentration a:*e more than 1 g/nr at the end of emission time. After half a 
day, the aerosol mass concentration has decreased by a factor of about 10 5 for 
AB B » of about 10 3 for S2CD B and of about 10^ for TLB B. The aerosol mass con
centration decreases sharply after the aerosol release due to a high rate of 
depletion by diffusiophoresis on the containment walls, a large amount of steam 
being found to condense onto the walls. For the sequences considered and for the 
aerosol source taken at the break, the sedimentation plays a minor role because 
large particles are not formed: the steam condensation on the particles has been 
neglected and the coagulation is not inten>e due to the steep decrease of particle 
number concentration by diffusiophoresis and leakage. 

N.B.: We must also bear in mind that the aerosol behavior in the RCB is 
very sensitive to the particle source released from the break of the 
primary system. In the present case, these Input data have been deduced 
from published results of TRAP-MELT calculations [5], the adequacy of 
which must be confirmed. 

Figure 7 gives the evolution of the aerodynamic mass median diameter (AMMO) of the 
suspended particles versus time for ABB , SgCDB and TLBB . For these sequences, 
the AMMO 1s less than 6 um when the particles are released from the reactor 
containment building. 

Fission product (noble gases and particles) release from the reactor containment 
building 

In order to characterize the fission product releases from the RCB for ABB , S 2CDB 
and TLBS , the following Isotopes have been selected: * 3 3Xe (noble gases) for 
exposure resulting from the passage of the radioactive cloud, 1 3 1 I (Iodine) for 
the inhalation (thyroid dose) and for short-term exposure from ground contamination 
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and 1 3 7 C s (cesium) for long-term exposure from ground contamination. Fission pro
duct release calculations (ARAC Code) have been performed using containment leak 
rate (JERICHO output), aerosol mass leakage (AEROSOLS/Bl output) and taking into 
account fission product radioactive decay. 

Noble Gases. Figure 8 shows the * 3 3Xe integrated release as a fraction of ini
tial core inventory versus time for AB 8, S2CD 8 and TLB 8. For AB 8, S2CD 8 and 
TLB 8» about 90 % of core inventory are released from the reactor containment 
building. 

Cesium. Figure 9 gives the * 3'Cs particulate integrated release fraction of 
initial core inventory for AB 8, S 2CD 6 and TLB 8. For AB 8, S 2CD 8 and TLB 8, 
4.4 %t 1.5 % and 1.5 % of the core inventory are respectively released from the 
ontainment. 

Iodine. Figure 9 gives the * 3*I particulate integrated release fraction of 
initial core inventory. For AB 8, S 2CD 8 and TLB 8, about 5.2 %, 2.0 % and 1.7 * 
of the core inventory are respectively released from the containment. 
The fractions of iodine and cesium released from the containment are summarized in 
the following table: 

Fraction 5T Fraction of Aerosol Fraction of 
Accident Core Inventory Material Entering in Core Inventory 
Sequence Released from the RCB Released Released from 

the Break Therefrom the RCB 
I* Cs I* Cs I* Cs 

AB 8 1 0.85 0.052 0.052 0.052 0.044 
S2CD 6 0.40 0.30 0.049 0.049 0.020 0.015 
TLB 8 0.80 0.70 0.021 0.021 0.017 0.015 

*We assume that iodine is only present as Csl. 

Finally, the radioactivity release (in Ci) from the containment for AB 8, S2CD 8 
and TLB 8 is the following: 

Accident " ~ ~71 r e 
sequence Noble Gases ( 1 3 3 Xe) Cesium ( 1 J 7Cs) Iodine (U1l) 

AB 8 1.4 lOf 2.2 105 3.6 lOf 
S 2CD S 
TLB 8 

1.4 10° 7.5 10 4 1.4 10° S 2CD S 
TLB 8 1.4 10° 7.5 10* 

5.0 10° 
1.2 10° 
7.0 10' Core Inventory at t s0 1.5 10 8 

7.5 10* 
5.0 10° 

1.2 10° 
7.0 10' 
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Note, for the sequences considered, that the greater part of the release from the 
containment occurs during the first hours for the particles and during the first 
day for the noble gases. 

N.B.: The molecular iodine and organic iodides releases have not been 
assessed due to the temporary lack of informa .on concerning, in parti
cular, the molecular iodine interaction with containment surfaces and 
the mechanism responsible for the generation of organic iodides. 

CONCLUSION 

Fission product releases from the RCB associated with hypothetical core-melt acci
dents AB8 , S 2CDB and TLBS in a PWR-900 MWe have been performed using French 
computer codes (in particular, the JERICHO Code for containment response analysis 
and AER0S0LS/B1 for aerosol behavior 1n the containment) which have given the 
following results (expressed in % of initial core inventory): 

Accident Sequence AB 8 S 2CD 8 TLB $ 

|Xe, Noble gases 92.0 90.0 91.0 
Cs, Cesium 4.4 1.5 1.5 
I, Iodine (as particles) 5.2 2.0 1.7 

The previous fission product releases from the RCB are similar to those published 
at Cambridge [10] for S2CD 8 and TLB 8 and substantially lower than those ob
tained in the WASH-1400 Reactor Safety study (in which, for AB 8, the xenon, iodine 
and cesium releases from the RCB are respectively equal to 90, 70 and 50% of ini
tial core inventory). Note that the probability of such accidents is ^ery low and 
that these fission product releases from the RCB are pessimistic envelopes for 
particles, because the fission products will not be released directly to the 
atmosphere, but through the auxiliary building where a substantial trapping of the 
fission products 1s possible. In addition, the steam condensation on the 
particles and the inactive aerosol source during the corlurn-concrete interaction 
are not taken into account, which can also be causes for pessimistic enve
lopes. Nevertheless, some uncertainties remain: consequences of hydrogen combus
tion and steam spike on the f1ss1or< product behavior, adequacy of the input data 
(1n particular, for the AERCS0LS/B1 Code, those concerning the particle source 
released from tne break of the primary system and the steam condensation rate on 
the containment walls), partial lack of experimental validation of the computer 
models and releases of volatile iodine forms neglected in the present study. 
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DESTINATAIRES 

DIFFUSION CEA 
M. le Haut Commissaire 
DSE 
DDS 
IPSN 
IPSN/D.SN 
IPSN/D.SN : M. CANDES 
IPSN/D.SN : M. PELCE 
IPSN/D.SN : M. SCHMITT 
DAS 
LEFH 
SASR 
SASCEL 
SAF 
SAER 
SGNR 
SAREP 
BRTSN 
SASICC 
SASLU 
SASLU/VALRHO 
SASLU/SPI 
SEC 
SESECT 
SAED/FAR 

DIFFUSION HORS CEA 
Secrétariat Général du Comité Interministériel de la Sécurité Nucléaire : M. AUGUSTIN 
Service Central de Sûreté des Installations Nucléaires : M. de TORQUAT (+ 3 ex.) 
Service Central de Sûreté des Installations Nucléaires - FAR 
Direction Générale de l'Energie et des Matières Premières : M. FRIGOLA 
Conseil Général des Mines : M. MEO 
FRAMATOME : M. le Directeur Général 
NOV ATOME : M. le Directeur Général 
TECHNICATOME : M. le Directeur Général 
TECHNICATOME • Service Documentation 
EDF / Etudes et Recherches 
EDF / SEPTEN (2 ex.) 
EDF / SPT 
M. SCHNURER - Bundes Ministerium des Innern - BONN (RFA) 
M. KREWER - Bundes Ministerium fur Forschung und Technologie - BONN (RFA) 
M. BIRKHOFER - Technische Universitât Mûnchen - GARCHING (RFA) 
M. KELLER MAN - Geseilschaft fur Reaktorsicherheit - KOLN (RFA) 
M. LEVEN - Geseilschaft fur Reaktorsicherheit - KOLN (RFA) 
M. LAFLEUR - U.S.N.R.C. - WASHINGTON (E.U.) 
M. MINOGUE - U.S.N.R.C. - WASHINGTON (E.U.) 
M. KINCHIN - U.K.A.E.A. - Safety and Reliability Directorate - RISLEY (G.B.) 
M. HANMAFORD - Nuclear Installations Inspectorate - LIVERPOOL (G.B.) 
M. ALONSO - Catedra de Tecnologia Nuclear - MADRID (ESPAGNE) 
M. PERELLO - Conseio de Seguridad Nuclear - MADRID (ESPAGNE) 
M. C. BORREGO - Département de l'Environnement - Université cfAVEIRO (PORTUGAL) 
M. CARLBOM - Department of Safety and Technical Services - NYKOPING (SUEDE) 
M. NASCHI - Direttore Centrale délia Sicurezza Nucleara e della Protezione Sanitaria 

ROMA (ITALIE) 
M. TANIGUCH1 - MITI (JAPON) 
M. ISHIZUKA - Science & Technology Agency - Nuclear Safety Bureau (JAPON) 
M. TAMURA - Science Sc Technology Agency - Nuclear Safety Bureau (JAPON) 
M. KATSURAGI - JAER1 - Center of Safety Research (JAPON) 
M. HIRATA - JAERI - Center of Safety Research (JAPON) 

COPIE (SANS P.J.) 
M. CHAVARDES (Attaché près de l'Ambassade de France aux Etats-Unis) 
M, FELTEN (Attaché près de l'Ambassade de France au }apon) 
. i T t ' ^ y ; n M - * - , - ' - , ' ~^ , ; J<> l'A-nhp.ss.Tc!" de France »n RFA) 

DERS Cadarache 
SES Cadarache 
SERE Cadarache 
SIES Cadarache 
SESRU Cadarache 
SRSC Valduc 
SEAREL 
IPSN/D.Pr/FaR 
DPS/FaR 
DPT/FaR 
UDIN/VALRHO 
DEDR Saclay 
DRNR Cadarache 
DRE Cadarache 
DER Cadarache 
DEMT Saclay 
DMECN/DIR Cadarache 
DMECN Saclay 
DTCE Grenoble 
DSMN/FaR 
Service Documentation Saclay 


