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ABSTRACT



The PHEBUS F.P. program is a wide international effort to investigate, through a series of in-pile integral experiments, LWR severe accident phenomena, in particular bundle degradation and the subsequent release and transport of radioactive materials up to the containment. Two tests simulating a low pressure cold leg break under a steam rich environment have already been successfully performed : FPT-0 with trace irradiated fuel and FPT-1 with re-irradiated BR3 fuel. Both tests have provided experimental data of high interest, particularly concerning iodine release from the fuel bundle, transport in the reactor coolant system and behaviour in the containment. 



The analysis of FPT-1, currently in progress,  shows that the results exhibit common features and differences with the previous test FPT-0. In both tests, highest gaseous iodine fractions are obtained after Zicaloy-oxidation phases ; the amount measured in FPT-1, referred to the initial bundle inventory, is however significantly lower than in FPT-0. The fast deposition of iodine in the sump as insoluble AgI observed in FPT-0 appears to be considerably slowed down in FPT-1 to a point that iodine re-volatilisation from the sump, which was inhibited in FPT-0, becomes possible in FPT-1. Both tests results yield indication that the gaseous iodine on the long term is produced by release of organic iodides from the painted condenser surfaces. 

�

The data obtained from the PHEBUS tests indicate that the current modelling in iodine chemistry codes is not fully adequate to model the observed phenomena. The comparison of modelling and experimental data has identified areas of necessary developments : modelling of thermodynamics and kinetics of chemical reactions in the reactor coolant system, of kinetics of organic iodides formation/decomposition and of Ag/I interactions in the containment. The later requiring a more accurate knowledge of the Ag physical and chemical state in the containment (surface characteristics and oxidation state).



Implication of PHEBUS results for LWR iodine source term studies are briefly discussed.





INTRODUCTION



The PHEBUS FP program offers the first opportunity, through a series of in-pile integral experiments, for evaluation of fission products behaviour in the presence of mixes of radioactive and non-radioactive materials (structural and control rod materials), gas effluents (H2O/H2 mixtures), radiation fields, temperatures and pressures prototypic of LWR severe accident conditions (Krischer, 1992 ; Von der Hardt, 1994). The first PHEBUS test, FPT0, performed in December 1993 with trace-irradiated fuel in the presence of silver-indium-cadmium control rod material and essentially under oxidising conditions was intended primarily as a means to evaluate the adequacy of the test facility and test procedures to be used throughout the rest of the PHEBUS test program to study fission product behaviour. The FPT0 test has, however, provided inferences and suggestions about issues that should be pursued in future tests in the program. This certainly is true in the case of iodine chemistry in the circuit and in the containment (Jacquemain, 1997). The second test FPT1 performed in July 1996, with a test bundle design and degradation scenario similar to that of FPT-0, should allow to check that the un-predicted phenomena put in light in FPT0 are reproduced with BR3 re-irradiated fuel, i.e. : 



- the existence of significant amount of gaseous iodine in the cold leg of the primary circuit and in the containment early during the degradation phase,

- the correlation between bundle degradation events (fuel oxidation, material �re-location pool formation) and the physical form and amount of iodine transported through the primary circuit,

- the low iodine retention in the primary circuit pipes but the high affinity of iodine for the containment walls both in the sump and in the atmosphere, 

- the role played by control rod and structural material in iodine transport to the containment, 

- the presence of Ag in large excess relative to iodine in the containment and the formation of insoluble and non-volatile iodine in the sump.



This paper presents an overview of the iodine data collected during the PHEBUS tests, insisting on the gaseous iodine results in the experimental circuits and in the containment. Results concerning other aspects of PHEBUS results are described more extensively in papers published elsewhere (Clément, 1998 ; Hanniet, 1998). The first section of the paper will be devoted to a short description of the PHEBUS test facility and instrumentation dedicated to fission products and gaseous iodine measurements. The second and third section will give a description of the main results obtained in the PHEBUS circuit and containment concerning gaseous iodine, insisting on the released mass and kinetics of release and the available information existing on the iodine forms in the circuit and the containment. The fourth section will present comparison of modelling and experimental data performed with the iodine chemistry code IODE 4.2 developed at IPSN. The last section will discuss implications of PHEBUS tests results for LWR iodine source term studies.



THE PHEBUS FACILITY AND INSTRUMENTATION



Description of the facility

We recall here the information necessary for the understanding of the paper. For a more complete description concerning the test facility and the PHEBUS-FP project, see Schwarz (1998). The facility was designed to simulate the reactor core, primary circuit with a steam generator and the reactor containment of a LWR, the scaling-down factor being, for the three parts, about 1/5000 as compared to a 900 MWe LWR (figure 1). 

The test bundle comprised 20 light water reactor (LWR) fuel rods� and one central silver-indium-cadmium control rod with stainless steel cladding. Two Zircaloy grids are located at 220 and 740 mm from the bottom of the fuel column. The test package, surrounded by an insulating shroud and contained in a pressurised in-pile tube, is inserted into a pressurized water loop located at the centre of the 40 MW PHEBUS reactor core.. The bundle was irradiated for a few days in the PHEBUS reactor. The objective of the irradiation is to �re-build in the test fuel the inventory in short-lived fission products such as I131, to induce radiation doses large enough to study radiochemistry effects in the containment. The initial bundle inventory and the obtained inventory of the main fission products are given in table 1 for the two tests. The main difference between the two tests arise from the difference in fuel burn-up : the fission product inventories are much larger in FPT-1. 

The upper plenum above the bundle is connected to an horizontal line made of Inconel and trace heated to 700° C. It conveys the gases and aerosol getting out of the test bundle to a U tube simulating a PWR steam generator. In FPT-0 and FPT-1, the walls of the steam generator model were maintained at 150°C, i.e. above the conditions of steam saturation for the considered pressure. The outlet of the U tube is then connected to the containment model, thus simulating a cold leg break. 

After the horizontal line at 150°C, a 10 m3 cylinder collects the aerosol, gas and steam/hydrogen effluents conveyed by the circuit during the test, simulating a reactor containment building in presence of a break in the primary circuit. Particular design features of the containment vessel are a sump at the bottom (the sump is initially composed of 100 l of water at pH = 5.0 (0.3 M boric acid, 1.75 10-4 M NaOH)) and a group of three condensers in the upper part (painted with RIPOLIN epoxy paint, currently used in EDF plants), which are designed to control steam condensation and which thus simulate the cold structures of a reactor building. The outer vessel wall is heated to avoid steam condensation and subsequent aerosol deposition on the containment walls.

�EMBED Unknown���

Figure � SEQ Figure \* ARABIC �1� : Schematic representation of the PHEBUS test facility for FPT-0 and FPT-1. The 900 MWe LWR to PHEBUS scaling-down factor is close to 1/5000 for the 3 main modelled components of a reactor depicted in the figure (reactor core, primary circuit with a steam generator, containment)   



Table � SEQ Table \* ARABIC �1� : FPT-0 and FPT-1 initial bundle inventories for main elements of interest

Element�FPT-0, mass (g) �FPT-1, mass (g) �Element�FPT-0, mass (g) �FPT-1, mass (g) ��Bundle material��U�9284.0�9163.0�Fe�179.8�173.9��Pu�-�47.6�Sn�50.6�49.5��Zr�3417.3�3475.7�Cr�51.6�49.7�����Ni�34.5�34.2�����Mn�3.6�4.6��Control rod material��Ag�476.8�478.3�Cd�29.8�29.9��In�89.4�89.7�����Thermocouple material��Re�706.0�482.12�����Fission products��Ba�0.15�10.1�Mo�0.18�20.2��La�0.095�7.36�Te�0.047�2.53��Ru�0.15�11.2�Cs�0.14�15.9�����I�0.036�1.12��Fission products measurements

The evaluation of the amount of fission products and activation products in various parts of the facility is obtained by applying several techniques.

During the test, on-line ( spectrometers measured the activities of the numerous radionuclides released by the fuel. Three are located along the circuit (inlet of steam generator (SG), along the SG and outlet of the SG); one measures the activity of the containment atmosphere as well as that of the deposits on the containment walls and condensers, finally one measures the activity of the water in the sump (figure 1).

After the test, in FPT-1, the evaluation of the amount of fission products and activation products still present in the fuel region or deposited in the vertical channel was obtained �post-test by quantitative g-spectrometry of the test device (Cornu, 1997). In both tests, samplings of released materials were performed by a specific instrumentation placed in furnaces� at specific points on the horizontal line at 700°C (point C, figure 1) and on the horizontal line at 150°C (point G, figure 1).  Aerosols were collected on inertial impactors and filters. Gas capsules located downstream filters and impactors were used to collect gas at point G. Thermal gradient tubes were used at point C to condense vapours.

The containment was strongly instrumented. Aerosols were collected on inertial impactors, filters and sequential sedimentation coupons. Gas capsules located downstream filters or impactors and May-packs were used to sample the containment gas. May-packs allow for the discrimination of volatile iodine species on successive filtering stages (molecular iodine is chemi-sorbed on the "Knit-mesh" filter stage and organic iodine on the Zeolite filter stage�). The different filter stages of one May-pack were ( scanned on-line during both tests. During FPT-1, a large gas capsule partially filled with Zeolite3 was also �(-scanned on-line.

All sampling instruments and sections of the circuit main component are recovered by remote handling as soon as the experimental installation is back to atmospheric pressure and room temperature. They are transferred to a hot cell under the  “ FP caisson ” where first inspections and g-scans are carried out, beginning with those samplers which have to be scanned for I131 analysis.



FPT-0 and FPT-1 test conditions

The first test of the programme, FPT-0, using fresh fuel, was performed from December 2 to 6, 1993. The second, FPT-1, with irradiated fuel, from July 26 to 30, 1996. Both experiments were operated under similar thermal-hydraulic conditions, the main difference between them being the burn-up of the test fuel. The test scenarios were divided in experimental phases as listed in table 2.

The experiments consisted first of 5 hours transients during which the inlet coolant (steam) flow varied between 0.5 g/s and 3 g/s in FPT-0 (2 g/s in FPT-1). The main objective was to investigate bundle degradation, fission product release and transport under low pressure (0.2 MPa) and oxidising (steam-rich) conditions. The bundle fission power was gradually increased until cladding rupture, oxidation, and fuel melting occurred. High temperatures reached during the transients resulted in Zircaloy and control rod absorber alloy melting, fuel liquefaction, material relocation, fuel melting and the release of hydrogen, aerosols and fission products. The transients were terminated by a core shut-down and a cooling of the bundle with steam. Experimental results concerning the bundle degradation in PHEBUS tests are described in detail in separate papers (Von der Hardt, 1995 ; Schwarz, 1998).



During the degradation phase, the containment vessel boundary conditions were adjusted in order to limit the relative humidity ratio to about 70 - 80%, avoiding uncontrolled steam condensation on the outer walls which could force fission product deposition on undesirable non instrumented spots. The study of the aerosol settling and surface deposition in the containment lasted for 19 hours after the bundle degradation in FPT-0 and for about 60 hours in FPT-1 (table 2) during the so-called aerosol phase. The aerosol phase was followed by the washing of the elliptic bottom part of the containment. The washing was performed with the water of the sump to bring the settled aerosols into the sump. The objective of this experimental phase is to bring significant radioactive material into the sump to observe radiolytical effects during the following chemistry phase.  It required a preparatory phase during which controlled temperatures were changed to avoid significant water vaporisation from the sump during the operation (table 2). After the washing, another preparatory phase was necessary to re-adjust temperatures to their desired level for the chemistry phase. This last experimental phase lasted for about 4 days in FPT-0 and about 1 day in FPT-1, during which the iodine chemistry in the containment atmosphere and the sump was studied. The objective is to measure iodine volatility on the long term and to provide some understanding on the processes at the origin of the formation of volatile iodine.  



Table � SEQ Table \* ARABIC �2� : Containment boundary conditions during experimental phases of the PHEBUS tests



���Containment temperatures (°C)��Phases�Duration (hours)�walls�condensers�Sump���FPT-0�FPT-1�FPT-0�FPT-1�FPT-0�FPT-1�FPT-0�FPT-1��Bundle degradation�5�5�110�110�74�110�90�90��Core shut-down - Containment isolation��Aerosol phase�18.5�60�110�110�74 then 110�110�90�90��Preparatory phase�6�4.5�110 to 120�110 to 120�110 to 40�110 to 40�90 to 40�90 to 40��Washing  �0.25�0.25 �120�120�40�40�40�40��Preparatory phase�6�7�120 to 130�120 to 130�40 to 110�40 to 110�40 to 90�40 to 90��Chemistry phase�96�18�130�130�110�110�90�90��Containment depressurisation - end of experimental phases��

CURRENT UNDERSTANDING OF THE GASEOUS IODINE BEHAVIOUR IN FPT-0 AND FPT-1



Release from the fuel bundle and transport through the circuit hot leg



The degradation phase resulted in a large release of fission products and activation products (aerosol and structural materials) in the circuit and in the containment vessel as illustrated in figure 2 for I131 in FPT-1. In both tests, the highest release rates were measured during a first temperature escalation phase (first escalation of the Zr-oxidation reaction), then during the heat-up phase following the first escalation phase and finally during a second oxidation phase, occurring before the core shut-down (figure 2). The later phase probably corresponds to oxidation in lower parts of the test bundle, due to moving-down of hot material.



The integral release fractions from the bundle for the main elements listed in table 1 proved to be very similar in both tests. Four kinds of nuclides can be distinguished : 

- highly volatile nuclides (release fraction higher than 50 %) : Te, I, Cs, Sb and probably Cd� ,

- release fraction in between 10 and 50% : structural material and fission products such as Mo, Ag, In, Sn, Fe and Co,  

- release fraction lying between 1 and 10% :  material such as W, Re, Mn, Ru, 

- release fraction under 1 % :  material such as Ba, Sr, U, Nb, Zr and Ce.



In both tests, iodine was almost totally released from the fuel bundle during the degradation (about 86.5 % of the initial bundle inventory in FPT-0), probably as a gas, considering the high temperatures reached in the fuel (Schwarz, 1998). In the vertical line above the bundle, gaseous iodine probably reacted partially with Ag, In, Cs or Rb to form a metal iodide vapour. The existence at this location of significant unreacted gaseous iodine fractions is not unexpected as shown by thermodynamic evaluations performed for PHEBUS conditions (Götzmann, 1996). A comparison of the iodine mass flowing through the hot leg of the circuit (point C) with that flowing through the cooler zones of the circuit (steam generator deposits + flow through the cold leg (point G)) is presented in figure 2 and 3 for FPT-1. The results indicate a deficit in iodine flow at point C with respect to the flow through the cooler zones of the circuit amounting to 28 % of the flow (measured in the cooler zones of the circuit) for the sampling performed during the early degradation phase at �11050-11349 s and 22 % for the sampling performed during the late degradation phase at 16766-16823 s. Thus, in the hot leg of the circuit (point C, 700°C), at least� 20 to 30 % of the 

�

�

Figure � SEQ Figure \* ARABIC �2� : FPT-1 - (top) Sampling time-windows (thick lines) and corresponding non-condensed iodine fractions in the hot leg of the circuit (point C,  700°C) ; the measured evolution of hydrogen volume concentration in the circuit is shown, together with the evolution of the OLAM signal (on-line aerosol monitor, signal attenuations correspond to increase in the aerosol concentration in the circuit carrier gas) and the I131 flow rate signal. (bottom) Iodine flowrate data in the hot leg (point C, 700°C) and the cold leg (point G, 150°C) of the circuit. Note that two consecutive data points with the same value correspond to the start and the end-time of a given sampling. Thick lines on the top of the figure indicate sampling time-windows yielding information on gaseous iodine at point C and at point G. Steam and hydrogen flowrates in mol/s are given, showing that reducing conditions are reached only during the first oxidation phase. 

total iodine flow was present as a form which could not be condensed on the 150 °C sampling systems during the early and late Zr-oxidation phase. This form may be attributed to gaseous �iodine since metal iodide compounds would have been condensed in the sampling line and in the 150°C filter as evidenced by the sampling performed during the main release phase (sampling at 13809-14101 s, figure 3). No similar determination could be made for FPT-0 since for this test the instrumentation in the hot leg of the circuit did not include 150°C aerosol filtration systems. However, the presence of gaseous iodine fractions in the circuit hot leg in FPT-0 cannot be excluded. 

Apparently, the conditions favouring the formation of gaseous iodine correspond to the conditions obtained during the Zr-oxidation phases. During the first oxidation phase in �FPT-1, the carrier gas contains H2 in molar excess with respect to steam. Reducing conditions in the circuit would be responsible for the presence of large fraction of gaseous iodine, �a result which contradicts thermodynamic evaluations made to date for PHEBUS conditions (see, Götzmann, 1996).



�

Figure � SEQ Figure \* ARABIC �3� : FPT-1 - Comparison of the iodine mass flowing through the hot leg of the circuit with that flowing through the rest of the circuit (steam generator and cold leg) for the three 700°C + 150°C filters samplings. Characteristics of each sampled experimental phase (H2/H2O, Cs/I, Ag/I and Ag/Cs) molar ratios are given. 



During the second oxidation phase in FPT-1, the carrier gas still contains steam in molar excess with respect to hydrogen. Results however indicate that the Cs concentrations are lower during this late phase of the transient. The existence of significant gaseous iodine fraction at this time may be linked to these low Cs concentrations, an assertion which needs to be confirmed by thermodynamic evaluations. 



It is also worth noting that the amount of iodine collected on the 700°C filter at point C in FPT-1 is significant. This fraction of condensed iodine at 700°C cannot be attributed to known simple metallic iodide species but either to an unknown complex species or to iodine trapped in condensed matter. This fraction represents more than 10 % of the total iodine flow on the sampling performed during the late oxidation phase. 



The results obtained in the hot leg of the circuit for FPT-1 confirm the correlation existing between bundle degradation events (fuel oxidation, material re-location, pool formation) and the physical form and amount of iodine transported through the circuit). More elements to establish this correlation are obtained with the containment sample data. 



Steam generator deposits

Iodine was then transported up to the steam generator tube and deposited there more than other fission products and structural materials (in FPT-0, about 27 % of the released iodine fraction against an average 15 % for the other elements). The iodine deposition profile measured in FPT-1 indicate that most of the deposition occurred at the entrance of the hot leg of the steam generator (figure 4). A result which may be interpreted either by wall and bulk condensation of a metal iodide vapour, or by chemisorption of gaseous iodine on Cd deposits (Cd deposits were found by post-test analyses to be very large at this location in FPT-0).



One cannot exclude here too the existence of significant unreacted gaseous iodine fractions. In the steam generator temperature range (700°C down to 150°C), reaction kinetics may limit the yields of reaction involving iodine and vapour or condensed metals. These limitations are more important when the reactive (here, fission products) concentrations are lower. Since in FPT-0 the fission products concentrations are significantly lower than in �FPT-1 (cf. table 1), one could expect larger fractions of unreacted iodine in the FPT-0 circuits. Experimental results in the containment confirm this tendancy (cf . next paragraphs).



�

Figure � SEQ Figure \* ARABIC �4� : FPT-1 - I131 deposition profile in the hot leg of the steam generator. Iodine deposition profile is singular with respect to that measured for other nuclides in that iodine deposition is larger at the entrance of the hot leg. 



Transport through the cold leg of the circuit 

In the cold leg of the circuit (point G, 150°C), most of the iodine is apparently transported by aerosols. FPT-0 gas capsule data indicated that at least 2 % of the gaseous iodine flow was present under a gaseous form after the main Zircaloy-oxidation phase and at the core shut-down. These low fractions measured do not exclude that temporarily gaseous iodine fractions may have been much higher. According to the first containment sampling performed after the oxidation phase, more than a third of the total iodine flow was present under a gaseous iodine form during the oxidation phase (cf. next paragraph).



FPT-1 Zeolite gas capsule data show no evidence of significant gaseous iodine fractions on the Zeolite, even during oxidation phases. However, a sampling performed during the first oxidation phase in the containment shows that the injected gaseous iodine is not efficiently trapped on a double Zeolite filter, a large fraction of it is found in the downstream gas space (at least 40%). Based on this data, the existence of an iodine species not tractable by Zeolite filtration at point G can be suspected. The gas space volume of the Zeolite gas capsule at point G being small and the gaseous iodine production being probably strongly time-dependent (according to hot leg and containment samplings), it is not surprising to find no or extremely small amount of iodine in the gas space volume of those capsules. 



Those cold leg samplings illustrate the difficulty encountered during PHEBUS tests to map time-dependent events with a limited number of samplings and to design an instrumentation dedicated to gaseous iodine determination, not knowing the species involved. FPT-1 results indicate that the gaseous iodine species present in the circuit may not be tractable by Zeolite filtration which excludes, a priori, the expected gaseous I2 and HI species.



Transport to the containment and behaviour during the bundle degradation phase

More than half of the fuel inventories of iodine successfully negotiated passage through the PHEBUS circuit to reach the containment model (63 % in FPT-0). Much of this iodine was conveyed by aerosol particles that either settled on the containment bottom or deposited on the containment surfaces (by diffusiophoresis on the painted condenser and by an unidentified mechanism on the containment walls) over a period of a few hours. 



In both tests, the measured gaseous iodine fractions are at their highest level at, or following, Zircaloy-oxidation phases (figure 5). In FPT-0, there was no sampling performed during the first oxidation phase. The first sampling performed about 30 minutes after this phase yielded a gaseous iodine fraction representing at least� 33 ( 12.1 % of the containment inventory at that time. This result does not exclude that temporarily, earlier after the oxidation phase, the gaseous iodine fraction could have been even higher. 



In FPT-1, there were samplings performed during the two oxidation phases. The sampling performed during the first oxidation phase indicated that at least6 4.05 ( 0.9 % of the containment inventory is gaseous at that time. At this time, about 40 % of the collected gaseous iodine is not retained on the double Zeolite filter of the apparatus, showing that a significant fraction of the gaseous iodine is not tractable by Zeolite filtration (which a priori �



�

�

Figure � SEQ Figure \* ARABIC �5� : gaseous iodine fraction in % of the containment inventory at sampling times during the bundle degradation phase and the early aerosol phase. Evolution of the containment inventory is shown as an indication as full lines. Data uncertainties are discussed in Pantera (1998) and Jacquemain (1999).



excludes for this fraction an identification with the expected HI , I2 or organic iodides). �Later samplings performed with the same apparatus do not exhibit anymore this specific iodine behaviour. The “ unknown ” species detected early during the test probably transforms fast into another chemical species which is then efficiently retained on Zeolite. The sampling performed during the second oxidation phase yields a gaseous iodine amount comparable to that obtained during the first oxidation phase.



After both oxidation phases in FPT-1, the gaseous iodine fraction decreases fast. Both decreases may be fitted mathematically by the same exponentially decaying function. A fast decrease which may be linked either to a diffusiophoresis of gaseous iodine (Weber, 1992) at the painted condensing surfaces and/or to a fast chemical transformation as mentioned earlier.



The volatile fraction of iodine originating from the primary circuit also disappeared in a few hours in FPT-0, probably due to deposition on the containment surfaces (cf. next section). It is however not possible to characterise precisely the gaseous iodine evolution during the bundle degradation phase in FPT-0 since only one measurement was performed during this phase.



Behaviour after containment isolation (aerosol and chemistry phase)

The evolution of the gaseous iodine fraction during the aerosol phase is different in the two tests. In FPT-1, the gaseous iodine fraction increases significantly right after containment isolation (by a factor of 2, figure 5 and 6). It remains then more or less constant during about 5 hours. The increase may be attributed to a measured release of gaseous iodine from the painted condensing surfaces (figure 7). The release represents about  a third of the iodine which was deposited on the condensing painted surfaces at the end of the bundle degradation phase, i.e. about 0.6 % of the containment inventory. May-pack data (figure 9) indicate that, at this time, most of the iodine (75 % of it) is found on the Zeolite stage of the device, consistent with a release of organic iodides compounds. The released iodine may have two origins : either gaseous iodine which reacted directly with the paint during the test transient or formation of iodide ions, I-, by solubilisation in the condensed steam of the soluble iodine species initially transported by the aerosol and subsequent reaction with paint. No conclusion is possible from the experimental data on this question.



In FPT-0, the gaseous iodine fraction decreased exponentially during the aerosol phase (figure 6). No observation of a significant decrease of iodine activity on the painted condenser surfaces was made. The data does not exclude however that a minor release, insignificant with respect to the total amount of iodine deposited, occurred during the long term phase.



For the long term, the gaseous iodine evolution in FPT-1 is probably determined by the more “ soluble ” behaviour of iodine, compared with FPT-0, noted during the bundle degradation phase and the aerosol phase. Indeed, the sump iodine volumic activity evolution measured during the aerosol phase (figure 8) indicates that the removal of iodine from the bulk volume of the aqueous phase is slow. It requires about 50 h. This removal process may be identified either as a slow reaction of iodide ions with Ag material and deposition of this material on the sump bottom, or by a slow deposition of an iodine suspension of the colloidal type on the sump bottom or by a slow deposition onto the sump surfaces. The later mechanism (of deposition onto the sump surfaces) was shown to be unsignificant in containment mass balance evaluation presented in Garnier (1999). It is not possible to decide on the first two possibilities, actually a combination of both is probable.



�

Figure � SEQ Figure \* ARABIC �6� : evolution of the gaseous iodine fraction in the containment of the two first PHEBUS tests. Confidence intervals on the values are discussed in Pantera (1998) and Jacquemain (1999). 





�

Figure � SEQ Figure \* ARABIC �7� : FPT-1 comparison of the evolution of the gaseous iodine fraction in the containment atmosphere and of the evolution of the iodine fraction deposited on the painted condensing surfaces. A similar decrease of the activity was measured for two iodine isotopes I131 and I133 on the condensers. Other isotopes, such as Te132 given here as an example, do not exhibit the behaviour observed for iodine. 

�

Figure � SEQ Figure \* ARABIC �8� : FPT-1 comparison of the evolution of the gaseous iodine fraction in the containment atmosphere (confidence intervals discussed in Jacquemain (1999)) and of the evolution of the iodine fraction in the containment sump (measured activity interpreted as volumic activity). The decrease in iodine volumic activity corresponds to a removal of iodine from the bulk volume of the aqueous phase.

�



Figure � SEQ Figure \* ARABIC �9� : FPT-1 - Distribution of gaseous iodine in the sequential and on-line May-packs as a function of experimental time. The gaseous iodine amount trapped in each type of iodine filter (successively �Knit-mesh, silver Zeolite and KI impregnated charcoal) was normalised to the total gaseous iodine amount trapped in the May-pack device.



The evolution of the gaseous iodine fraction after the washing phase is different in the two tests. In FPT-1, a significant increase of the gaseous iodine fraction (by a factor close�to 2) was measured (figure 6). This increase may be attributed to the formation and transfer to the containment atmosphere of volatile I2 formed by radiolytic oxidation of soluble I- ions. May-pack data indicate that at the washing 75 % of the iodine is trapped on the Knit-mesh stage of the apparatus (figure 9), consistent with I2 being the major gaseous iodine species at that time. After the washing, the I2 contribution to the gaseous iodine fraction decreases regularly from 75 % down to about 25 %, probably due to a back-transfer of I2 to the sump and subsequent slow reaction with Ag. The total gaseous iodine fraction remains however constant, indicating that contribution of the iodine species deposited on the Zeolite increases. This observation would indicate that a significant production of organic iodides compounds still occurs after the washing phase. However, no evolution of the iodine fraction deposited on the condensing surface of the condenser can be noted from figure 7. The release at that time may be too small to be observable.



In FPT-0, no increase in the gaseous iodine concentration was observed at the washing ; the gaseous iodine fraction remained stable (figure 6) and represented solely 0.063 ( 0.032 % of the bundle inventory. These results were consistent with an efficient trapping of the iodine by Ag and the subsequent inhibition of volatile iodine formation by sump radiolysis. �May-pack data indicated that most of the iodine was trapped on the Zeolite stage of the apparatus, consistent with organic iodides being the major gaseous iodine species at that time. A result which was attributed to the release of organic iodides from the painted condenser surfaces. 



For the long term evolution, the main difference in between both tests is probably determined, as mentioned earlier, by the more “ soluble ” behaviour of iodine noted in �FPT-1. This difference in behaviour may be attributed to the large difference in between the Ag/I molar ratios determined in FPT-0 (> 1000) and in FPT-1 (~ 50), this ratio being determinant for the kinetics of the reaction to form insoluble AgI. In short, AgI being formed fast in FPT-0, the processes involving soluble iodide as a reactive species are strongly inhibited in this test, AgI formation being slower in FPT-1, those processes may become significant in the production of volatile iodine. Those processes are : 



- reaction of I- ions, formed by solubilisation in condensed steam of the soluble iodine species initially transported by the aerosol, with the paint of the condenser, leading to the release of organic iodide compounds, 



- radiolytic oxidation of I- ions present in the sump,  leading to the production in the sump and transfer to the containment atmosphere of molecular iodine I2.



The FPT-1 data, taken as a whole, appear to be consistent with a slow Ag/I reaction process, allowing for the processes listed above to occur and determine the long term volatile iodine behaviour. FPT-0 data were consistent with a fast iodine trapping by silver, inhibiting those processes and the long term volatile iodine behaviour was essentially determined by the evolution of the gaseous iodine which was injected from the primary circuit during the bundle degradation phase. The results also show that organic iodides could very well be the major contributor to the gaseous iodine fraction at the end of both tests. Those results have important applications for iodine chemistry code development and iodine source term evaluation as discussed in next sections.





Implications of PHEBUS results for iodine chemistry code development





processes with prototypic mixes of radioactive and non-radioactive materials, radiation fields, temperatures and pressures. What is sought from the PHEBUS test results is a check that the current understanding of the chemistry of iodine as embodied in the computer codes is sufficient to predict adequately iodine concentrations in reactor containments and the rates at which these concentrations are reached. In iodine chemistry codes, validated on the current knowledge of iodine chemistry, iodine concentrations and partitioning rates are determined from :



- the formation of volatile forms of iodine (I2 or organic iodides) in the sump,



- transport of volatile iodine species from the sump into the bulk containment atmosphere, 



- loss of iodine from the atmosphere by homogenous reaction or deposition on surfaces.



The PHEBUS test results indicate that the iodine behaviour in the containment cannot be described simply by those processes, mainly since the sump is not the only volatile iodine source. 



On the short term (during the fission products release and aerosol phase), volatile iodine concentrations in the containment were essentially due to gaseous iodine injected by the primary circuit. Consequently, it is essential to develop kinetics models of the primary circuit chemistry, able to calculate the iodine source to the containment for the following two reasons : 



- the knowledge of the gaseous iodine inventory on the short term is important for safety analysis of situations in which the containment integrity is not preserved,



- volatile iodine from the primary circuit may either deposit on surfaces or react with aerosol material in the containment. Surface deposited iodine may determine the long term volatile iodine concentrations in the containment (e.g., release of organic iodides from surfaces).



On the long term, production of volatile forms of iodine can occur either in the aqueous phase or on painted surfaces in the containment model. Models of organic iodide formation and behaviour under reactor accident conditions are not nearly as well developed as models of elemental iodine formation and behaviour. An effort of model development for these reactions is also required.



Volatile iodine formation in the aqueous phase is known from laboratory studies to depend on the iodide concentration in the aqueous phase, the radiation dose to the aqueous phase, the temperature, the pH of the aqueous phase, and the presence of silver. The PHEBUS tests yielded results concerning the aqueous concentration of iodine, the effect of Ag, the solution pH that have implications on the modelling of severe reactor accident sequences in which the degradation results in a significant control rod material release to the containment. Substantial amounts of the released silver reached the PHEBUS containment model. Evidence to date from the reactor circuit is that silver was in the elemental form within the reactor circuit. But, once it reached the reactor containment, it was oxidised by fairly powerful oxidising agents (ozone and nitrous oxides produced by air radiolysis). When deposited in water, the partially oxidised silver formed colloidal suspensions that could react with dissolved iodine to form AgI(s), reducing substantially the aqueous iodine concentration and greatly reducing the rate of volatile iodine formation from the sump. The situation in the FPT0 case is, however, equivocal since the mechanisms which yielded the formation of colloidal AgI are not completely clarified. Extrapolation and modelling for the reactor case will also require a substantial analytical effort : 



- development of models to describe the Ag containment chemistry in the atmosphere and in the sump under representative conditions, going through a clarification of the mechanisms responsible for Ag precipitate or colloid formation, 



- development of models to describe the AgI formation and stability in representative sump conditions. 



Establishment of a steady state atmospheric concentration of iodine after the washing is of importance for the modelling. It means that modelling of the behaviour of iodine in the PHEBUS atmosphere is likely to be a tractable chore. Indeed, analyses of the data done to date show that by suitable manipulation of rate constants, atmospheric concentrations observed in the FPT0 test can be predicted to an accuracy adequate for reactor accident analysis. Unfortunately, the FPT0 data base is not sufficient to show that the necessary manipulations of the models can be extrapolated to reactor accident conditions. Results from several tests will have to be examined to have confidence in such extrapolation. It is necessary to have a firm understanding of the rates of volatile iodine transport to the atmosphere and the rates of volatile iodine removal by processes such as :



- homogeneous decomposition by reaction with ozone, O3, nitrogen oxides, and water vapour,

- deposition onto painted surfaces in the containment

- deposition onto metal surfaces in the containment.



Definitive measures of each of these rates of iodine removal will be needed to fully utilise the containment chemistry results of the PHEBUS tests. Characterisation of the details of such gas phase mass transport of volatile iodine species would greatly assist modelling of the PHEBUS test results and the extrapolation of the results to reactor accident analyses. 



In conclusion, a substantial work of development and validation of containment iodine chemistry codes is required to model the PHEBUS containment chemistry. On specific questions, separate test effect experiments are needed since PHEBUS does not necessarily provide information accurate enough for model development and validation. Besides, the FPT0 data base is not sufficient, to date, to show that the iodine chemistry code models can be extrapolated to reactor accident conditions. Results from several tests will have to be examined to have confidence in the extrapolation.



Implications of PHEBUS results for LWR iodine source term



Consequently, it is essential to develop kinetics models of the primary circuit chemistry, able to calculate the iodine source to the containment for the following two reasons : 



- the knowledge of the gaseous iodine inventory on the short term is important for safety analysis of situations in which the containment integrity is not preserved,



- volatile iodine from the primary circuit may either deposit on surfaces or react with aerosol material in the containment. Surface deposited iodine may determine the long term volatile iodine concentrations in the containment (e.g., release of organic iodides from surfaces).



The most important results are the following : 



- the production of gaseous iodine by radiolysis of iodine was much lower than expected, due to the presence of silver coming from the control rod



- a non-anticipated result is that some percent of iodine entering the containment was in volatile form. 



Those results which concerns the gaseous iodine amount in the containment are very important because they can have an impact on the late release of iodine in case of venting or in case of containment failure.



CONCLUSION : future experiments



Data base will be extended in FPT-2 with the performance of a test with a more significant reducing window and a new instrumentation improved in the hot leg of the circuit. FPT-3 with Boron carbide to study the impact on primary circuit chemistry and containment chemistry. 



Concerning primary circuit chemistry even if integral experiments prove more adequate to measure fractions released and chemical forms. However, the fact that chemical transformations in the RCS play an important rôle which can be different for different accidental sequences lead to the necessity to perform analytical studies to validate a chemical model. Study cold leg and hot leg break, reducing and oxidising conditions, FP concentrations, presence of CRD material or not. 



Experiments to investigate those aspects are under discussion 



Experiments to better delineate mechanisms of formation of gaseous iodine from water solutions in a range of conditions (effects of Ag, and B species), pH, effect of irradiation, high temperature needs to be pursued in separate effects experiments.



Experiments to study systematically the release of volatile organic iodides from reactor painted surfaces and other material such as liners, cables high temperature radiolysis. 



Such experiments are planned or already running in the framework of the PHEBUS project and E. U. programs. 
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� The fuel was 4.5 % enriched fresh UO2 for FPT-0. The irradiated fuel used in FPT-1 originates from the BR3 plant in Mol, Belgium. The average burn-up was of the order of 23 GWd/tU.

� At point C, samplers were placed in 2 furnaces : one at 700°C upstream and one at 150°C downstream. At point G and in the containment, samplers are placed in furnaces at 150°C 

� Zeolite filters are composed of granulates of overall composition Na2O/ Al2O3 / 2.5 SiO2, coated with silver Ag and lead Pb. Knitmesh filters are composed of copper wires plated with silver. The mass composition of the filter is 90 % Cu - 10 % Ag. In both filters, the active element is Ag. 

� To be confirmed by post-test analyses for the FPT-1 test.

� Deposits in the sampling line in between the filter at 700°C and the downstream filter at 150°C at point C were not measured but estimated assuming that the deposits were equivalent to those measured in the steam generator (figure 3 and next section). Under this hypothesis, the estimated deposits are surely overestimation of the actual ones (the surface and volume of the steam genrator lines are larger than those offered by the sampling line). This is confirmed by the analysis of the sampling performed during the main release phase at 13809-14101 s (figure 3) which yields an excess of iodine flow representing 7 % of the flow measured in the cooler zones of the circuit, an excess due to the overestimation of the deposits on the sampling line. 

� Data uncertainties are discussed in Pantera (1998) and Jacquemain (1999) and are the results of data coherence and measurements accuracy analysis.
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