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Boron carbide (B,C) used for BWR or EPR absorbers could cause phenomena that never
occur in PWR with silver-indium-cadmium absorbers during a severe accident. B,C would un-
dergo a eutectic interaction with stainless steel and enhance core melt relocation. Boron oxida-
tion could increase H, generation, and the change of liberated carbon to CH, could enhance the
generation of organic iodide (CH;I). HBO, generated during B,C oxidation could be changed to
cesium borate (CsBO,) by combining it with cesium. This may increase cesium deposition into
the reactor coolant system. There could be differences in the configuration, surface area, and
stainless-steel to B,C weight ratio between the B,C powder absorber and pellet absorber. The
present task is to clarify the effect of these differences on melt progression, B,C oxidation, and
the iodine or cesium source term. Advancement of this research field could contribute to further
sophistication of prediction tools for melt progression and source terms of the Fukushima Acci-
dent, and the treatment of organic iodide formation in safety evaluation.

KEYWORDS: B,C powder absorber, B,C pellet absorber, eutectic reaction, organic iodide,
cesium borate, melt progression, iodine source term, cesium source term

I. Introduction

Boron carbide is used as an absorber for nuclear reactors such as boiling water reactors
(BWRs), European pressurized reactors (EPRs), and Russian pressurized reactors (Voda En-
ergo Reactor/VVER). B,C could cause phenomena during a severe accident that never occur
in pressurized water reactors (PWRs) in which silver-indium-cadmium (S-1-C) absorbers are
widely used, and may influence the melting of the reactor core, hydrogen generation, source
terms, and other processes.

The cooling function of the reactor is lost during a severe accident, and as a result, the tem-
perature of UO, fuel rods, absorber rods, and the surrounding reactor structures will increase
because of insufficient removal of decay heat. During such a situation, if different types of
metals or ceramics are in contact with each other, melting will start at a lower temperature
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than the individual melting points due to eutectic reactions. For a B,C control rod, the stainless
steel cladding tube and B,C (melting point 2,620 K) will liquify and flow downwards at tem-
peratures less than the melting point of stainless steel (1,673—1,723 K). The molten substances
will solidify when cooled in the lower part of the reactor core, but portions will travel further
down in the reactor pressure vessel. Moreover, reaction heat, and H, will be generated by the
oxidation of B,C itself at around 1,500 K.

As the temperature increases further, the fuel cladding tubes and UQO, fuel will be melted,
and the molten substances will flow down around the fuel rod like candle wax (candling phe-
nomenon) and fall down to the bottom of the reactor core or the reactor pressure vessel, as
same as the case of B,C control rods. These molten materials will finally form molten debris
that contains the previously melted absorber materials and reactor core structures including the
UO, fuel. The radioactive materials in the molten debris will react with dissolved oxygen and
absorber materials in the debris, and their chemical form including melting point and boiling
point will vary.

For the aforementioned reasons, a change in the absorber material influences the reactor core
melting process, the quantity of H, generated, and the amount, kind and timing (source terms)
of the radioactive materials released into the environment.

Research into progress of core melting phenomena, especially after the TMI-2 accident P
that occurred in the USA in 1979, has focused mainly on that of PWRs using S-I-C absorbers.
Through numerous international experiments, various insights into the influence of absorber
materials on the progress of reactor core melting of PWRs have been obtained?. However,
only a few experiments have been done on BWRs, partly because of the small number of
reactors that use B,C absorbers. Recently, after EPRs began using the B,C absorbers, the effect
of B,C on the chemical forms of iodine released from the fuel during a severe accident has
been studied more extensively. In particular, studies have examined the association of B,C
with the generation of gaseous iodine (organic iodine, CH;l), which is difficult to remove with
containment spray or filters, and is important for the evaluation of exposure. These topics have
been investigated mainly in Europe . Tronically, it was a BWR that caused a reactor core melt-
down in the accident at TEPCO’s Fukushima Dai-ichi Nuclear Power Plant®. In the process
of removing the debris from the reactor core, restoring the environment, identifying the causes
and process of the reactor core meltdown, and studying the source terms in detail in the future,
it is essential to understand the influence of B,C absorbers. Based on such future needs in Japan,
this study was intended to summarize the results and leftover issues of existing typical exper-
iments to examine chemical reactions involving B,C and the effect of B,C absorber materials
on the reactor core melting process, and the comparison between B,C and S-I-C control rods.

II. Chemical Reactions

In a B,C oxidation process, similar to Zr oxidation, not only are large amounts of reaction
heat and H, generated, but also CO, CO,, and CH, that may influence the chemical forms of
iodine. The main chemical reactions are listed along with the Zr oxidation reaction formula, as
follows: >9

Oxidation of B,C>

B,C+7H,0(g)—»2B,0,+ CO(g) + TH,(g)  AH= —738kJ/mol (1)
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B,C +8H,0 (g) >2B,0,+ CO,(g) +8H,(g) AH= — 768 kJ/mol )
B,C+6H,0(g) ~2B,0,+CH,(g) +4H,(g) AH= —965 kJ/mol 3)

Reactions related to boron oxide (B,0;)

B,0,+ H,0(g) »2HBO, (metaboric acid)  AH =332 kJ/mol 4
B,0, + 3H,0—2H,BO, (orthoboric acid) =~ AH = —40 kJ/mol 5)
B,0,(1)—B,0,(g)  AH=2383kdJ/mol (6)

Reactions related to decomposition of CH,®

CH,(g) +H,0(g)—>CO(g) +3H,(g)  AH=228kJ/mol (7

CH,(g) +2H,0(g) >CO,(g) +4H,(g) AH=197 kJ/mol (8)
Oxidation of Zr

Zr + 2H,0 (steam) =Zr0,+2H,  AH= —582 kJ/mol 9)

where, the enthalpies of the reactions in formulas (1)—(9) were calculated using the forma-
tion enthalpy at 1,500 K in the cited literature ”.

In the process of B,C oxidation, similar to that of Zr, a partial reaction starts at around
1,473 K and rapidly progresses to more than 1,543 K®. Notably, the aforementioned chemical
reaction formulas indicate that, relative to the oxidation of the same mass of Zr (density 6.53 g/
cm?), the reaction heat from the oxidation of B,C (density 2.5 g/cm?) is three to four times
higher, and the quantity of hydrogen generated is six to seven times higher .

CHjsl is believed to be generated from reactions between CH, and HI or I,. CH, is generated
by the oxidation of B,C as shown in formula (3) or generated by the reverse reactions (i.e., the
reaction of H, and CO or CO,) of formulas (7) and (8) in the low temperature nuclear reactor
coolant system®. However, the detailed reaction processes involved are not well known %, For
instance, formulas (7) and (8), which describe the decomposition of CH,, were introduced
as indicators of the small quantity of CH, generation in a series of experiments conducted in
Europe on the individual effects of B,C oxidation.

III. Past Experimental Studies on the Influence of B,C
Absorber Materials

This section discusses the past experiments DF-4 112 and XR2-1'3, conducted by Sand-
ia National Laboratories (SNL), USA on the control rod blades for a BWR, CORA-16'¥ by
Forschungszentrum Karlsruhe (FZK), Germany on the B,C pellet control rods for an EPR,
and FPT-3°'¢'® and BECARRE ' conducted by the Institut de Radioprotection et de Surete
Nucleaire (IRSN), France.

1. DF-4 Experiment (SNL) -2

After the TMI-2 accident, the United States Nuclear Regulatory Commission (USNRC)
conducted the DF-4 experiment in 1989 as the fourth in the series of damaged fuel (DF) ex-
periments in the Severe Fuel Damage (SFD) Program enforced during the period from 1982 to
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1992 using the annular core research reactor (ACRR) of SNL. The purpose of this experiment
was to acquire general information regarding the reactor core damage process in the initial
stage of a severe BWR accident. The experimental core section consisted of 14 fuel rods (0.5 m
long), B,C (powder) control rods + simulated channel box (Figure 1), and the simulated fuel
zone was heated by nuclear fission in a steam atmosphere. The measurements included the
measurement of temperature by thermocouples (TC) and H, concentration focusing on heat
generation during CuO reduction.

One of the major outcomes was the observation of melting of stainless steel at a temperature
below the melting point of stainless steel due to a eutectic reaction with B,C, and the relocation
of B,C to a lower position as a result of being captured in the molten stainless steel, and a
chemical reaction involving B,C mainly occurred at this lower position with Cs (alkali metal),
Sr (alkali earth metal), and other elements. No reaction with iodine was observed before the
relocation.

However, because the experimental core section was made on a small scale, further verifica-
tion was required in order to apply the acquired results to real reactors.

2. XR2-1 Experiment (SNL) ¥

The USNRC conducted an XR2-1 experiment in 1996 using an apparatus installed in an
experimental vessel of the Fully Instrumented Test Site (FITS) as the third in a series of Ex-Re-
actor (XR) experiments. When a short-term station blackout occurs while a depressurized
condition exists in the reactor coolant system of a BWR, the reactor core is expected to be
in a dry core condition (i.e., the coolant remains in the bottom part of the reactor pressure
vessel and only a small quantity of steam passes through the reactor core). The objective of this
experiment was to investigate the reactor core melting process under such a condition. Note
that, in the TMI-2 accident in which the reactor coolant system was not depressurized, it was
reported that the reactor core bottom was flooded, and because of the wet core conditions, the
cooling water was boiling due to the decay heat, which meant that a large quantity of steam was
continuously supplied to the upper part of reactor core. As a result, a metal crust was generated
at lower part of the reactor core, and the molten substances were maintained on the crust.

In the experiment, as shown in Figure 2 and Figure 3, from the upper part of the testing
section, which consisted of 64 fuel rods (0.5 m long) and B,C (powder) control rods, molten
substances generated by induction heating of wire Zr and stainless steel-B,C were dropped.

The main result was that the type of large-scale metal crust found in the TMI-2 accident
was not generated under the fuel rods, and the molten substances continuously dropped to the
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Figure 1 Cross-section of DF-4 test section and corresponding BWR core geometry 'V
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lower plenum section through the gaps between the existing structures. However, some minor
blockages were caused by the molten substances. The test apparatus had a temperature gradient
0f 2,000 K/m in the vertical direction, and it was noted that the results might vary if the exper-
imental conditions were changed.

Additionally, the experimental results were analyzed using the MERIS ?? reactor core melt-
ing process analysis code that was under development at SNL, which predicted the clogged
flow path in the reactor core zone with the molten materials but could not predict molten ma-
terials dropping down into the lower plenum section. This unsolved issue was reserved as a
subject for future study.

3. CORA-16 Experiment (KfK) ¥

The Nuclear Research Center Karlsruhe (KfK, presently FZK) in Germany started the PSF
Program (nuclear safety research program) in January 1992 to evaluate the effectiveness of
severe accident management devices that were to be installed in the EPR. In this program, the
CORA experiment (Ex-Reactor experiment), to investigate the damage and melting processes
of fuel assemblies, and the BETA experiment that examined the molten core concrete interac-
tion, were performed.

The test zone of the CORA experiment consisted of simulated fuel rods implemented with an
electric heater with a 1 m long heating zone, simulated fuel rods (not heated), and control rods.
The main achievements of the CORA experiment were the discovery of “candling” during the
heating process, the occurrence of the acceleration of oxidation of the upper fuel cladding tube
in the reflooding process when the immediate prior condition was under steam starvation, and
the increased release of radioactive materials due to fuel smashing during reflooding.

The influence of the BWR control rods was investigated in the CORA-16 experiment. The
main findings comprised the discovery of melting of B,C through a eutectic reaction with stain-
less steel at around 1,500 K, the inhibition of the reaction of B,C by steam, and the generation
of HBO, due to the reaction of the molten substances with the fuel cladding tube after pene-
trating the channel box. However, it was understood that further verification was necessary
because B,C caused melting by means of a eutectic reaction with zircalloy at over 1,920 K.

4. QUENCH-07 and QUENCH-09 Experiments (FZK)>'®

FZK Germany conducted the QUENCH experiments as a follow-up to the CORA experi-
ments to investigate the generation behavior of H, during the reflooding of the fuel rods. The
front view of the experimental device is shown in Figure 4. The simulated reactor core consists
of 20 simulated fuel rods (approximately 1 m long) and a fuel rod or a control rod positioned
in the center (Figure 5).

In the experiment, the reflooding condition was simulated by injecting water or steam from
the area at the bottom of the fuel rods heated up to 2,000 K in advance. The simulated control
rods used for the QUENCH-07 and QUENCH-09 experiments (conducted in 2001 and 2002,
respectively) were B,C pellets within stainless steel-clad tubes and zircalloy-4 guide tubes.

The experiments confirmed that molten boron, carbon, and Zr were generated at a lower tem-
perature (1,520 K) than the melting point of Zr (2,030 K) through a eutectic reaction between
B,C and Zr, and the melting of the reactor core was accelerated compared to the experiments
conducted with S-I-C control rods (Figure 6). Furthermore, it was confirmed that when the
saturated steam was injected from the bottom zone of the fuel rods, H,, CO, CO,, and CH, were
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QUENCH-07 | |
with B,C

Figure 6 Comparison of cross-sections of simulated reactor core after QUENCH heating experiment between
for presence and absence of B,C?

generated due to the oxidation of molten substances. However, although only a small amount of
CH, was generated in this experiment, it was noted that CH, could be generated by the reaction
of CO or CO, with H, at lower temperatures in the piping of the reactor coolant system>.

The oxidation ratio in the QUENCH-07 and QUENCH-09 experiments was 20% and 50%,
respectively, and the contribution rate to the total quantity of H, generation was 2.4% and
2.2%, respectively. The quantity of H, generated was 0.4 kg from QUENCH-09 and 0.12 kg
from QUENCH-07; the reason for the difference was due to the steam starvation that was
simulated by reducing the steam flow to the test zone from 50 g/s to 3.3-0.4 g/s for 11 min
before reflooding in the QUENCH-09 experiment, while this reduction did not occur in the
QUENCH-07 experiment ¥. A plausible explanation for the increase in hydrogen generation is
that, when the oxidized fuel rod is left in a condition where the steam supply is limited, the ZrO,
layer surrounding the cladding tube decreases and becomes Zr because of the reduction, which
allows oxygen to be captured easily when the steam supply resumes ™.

5. FPT-3 Experiment (IRSN) % 1619

The FPT-3 experiment was conducted within the framework of the international severe ac-
cident research program PHEBUS/FP in the Cadarache Research Center at the initiative of
IRSN/France and the European Community (EC). The goal was to investigate the melting of
fuel, release of radioactive materials from fuel, and transportation of radioactive materials in
the reactor coolant system and containment.

In the PHEBUS/FP experiment, 20 fuel rods (1 m long) and one simulated control rod
were heated by nuclear fission in the PHEBUS reactor, and the released radioactive materials
were captured in a steam generator or containment vessel that simulated a 900 MWe PWR at
a 1/5,000 scale. The cross-section and front view of the simulated reactor core are shown in
Figure 7, and the experiment matrix is shown in Table 1.

The FPT-3 experiment aimed at investigating the influence of B,C pellet control rods used
in EPR and was conducted in 2004 as the fifth and final experiment in the same program. The
main finding was the observation of a significant increase in the gaseous (organic) iodine con-
tent in the simulated containment vessel compared to other PHEBUS/FP experiments that used
S-1-C control rods. The organic iodine (CH;I) content in the gaseous iodine in the simulated
containment vessel was approximately 5% when the fuel was damaged, the maximum con-
tent was approximately 30%, but was kept within 10-20% for an extended period afterwards
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Figure 7 Cross-section and front view of simulated reactor core for PHEBUS/FP experiment '®

Table 1 PHEBUS/FP experiment matrix

. Fuel .
+
by e TS e
(GWd/tU)
FPT-0 20+ 0+1S-I-C 0  Steam pH 5, Not Boiling 12/2, 1993
FPT-1 2+ 18+ 1S-1-C ~23  Steam pH 5, Not Boiling 7/26, 1996
Reductive Atmosphere -

FPT-2 2+18+1S-1-C ~32 + Boric Acid pH 9, Boiling 10/12, 2000
FPT-3 2+18+1B,C ~24  Steam pH 5, Boiling 11/18, 2004
FPT-4 Debris bed ~38  Steam+H, — 7/22, 1999

without control rod

S-I-C: silver indium cadmium

(Figure 8). Based on a calculation using the SOPHAEROS 2 thermodynamic chemical equi-
librium computation code, an increase in gaseous iodine was predicted. Furthermore, a clogged
flow path was observed in the upstream of the simulated steam generator tube during the FPT-3
experiment, but it is highly probable that this was caused by the generation of cesium boric acid
(CsBO,) and deposition in the tube ?.

6. BECARRE Experiment (IRSN) '

The BECARRE experiment was conducted during the period from 2005 to 2010 within the
framework of IRSN’s International Source Term Program (ISTP) with the objective of investi-
gating the oxidation of B,C pellets or B,C-stainless steel eutectic molten material, the collapse
process of B,C control rods, and the challenges faced during the FPT-3 experiment (generation
of CH, due to oxidation of B,C).

The test zone of the BECARRE experimental device is shown in Figure 9. In this exper-
iment, the 0.6 m long an array of B,C pellets in a stainless steel cladding tube and zircalloy
control rod guide tube were heated up to 1,953 K.

The main findings were the increase in CO and CO, generation as a result of the oxidation
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Table 2 Comparison of measurements and SOPHAEROS analyses on the percentage of gaseous iodine (to the
quantity released from fuel) in simulated containment vessel in PHEBUS/FP experiment '¥

Basic analysis Experiment

Total volatile iodine (% i.b.i.)¥

FPT-0 ~2.6 <2
FPT-1 ~0.052 <1
FPT-2-case A” ~0.03 <0.1
FPT-2-case B” ~9

FPT-3 ~18 ~27

¥ Released from the bundle, which reaches the containment vessel in gaseous (as
HI) and vapor form (as Snl,, Snl,, ,LMoO, or others).

Y Cases A and B correspond respectively to assumed non-limited and limited Cd
release kinetics.
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of B,C and the decrease in H, generation due to the consumption of oxygen by B,C. However,
almost no CH, was observed. A study based on the thermochemical equilibrium theory for this
outcome found that CH, generation hardly occurs under the low pressure conditions (2 bar)
that existed during the BECARRE experiment, but occurs readily at temperatures and pressures
exceeding 1,500 K and 100 bar, respectively ¥, which supported the very low CH, generation
observed in the experiment.

Concerning the oxidation of B,C, the low viscosity molten materials formed by the eutectic
reaction between B,C and the stainless steel cladding flowed down between the inner surface
of the stainless steel (SS) cladding tube and outer surface of the B,C pellets, and solidified at
the lower part of the cladding tube where the temperature was 1,073—1,173 K. As a result, not
much unoxidized B,C located above the solidification point was oxidized. In addition, the Zr
control rod guide tube that surrounds the SS cladding obstructed contact between unoxidized
B,C and steam. Consequently, hydrogen generation by B,C oxidation was limited . A photo
of the radial cross-section after the heating experiment on the test zone of the BECARRE
experimental device is shown in Figure 10.

7. Other Individual Effects Tests

FZK Germany conducted QUENCH-07 and QUENCH-09 experiments, and the Boron
Carbide Oxidation (BOX) experiment during the period from 1998 to 2002 to investigate the
oxidation behavior of B,C under high temperatures in the COLOSS (core loss during a severe
accident) program*?, conducted in support of the FPT-3 experiments at the initiative of IRSN
as an EC project® 2,

In the experiment, the B,C specimens (pellets fabricated by FRAMATOME/France, CO-
DEX/Hungary, ESK/Germany, and powder by ESK/Germany) were heated in an inert atmo-
sphere, and the generated gases (H,, CO, CO,, and CH,) were measured by supplying a steam
flow after the target temperature was reached. The quantity of generation was in the order of H,
> CO, > CO > CH,. More gas was generated from the powder than from the pellets. H, gener-
ation increased in proportion to the temperature in the range of 800-1,400°C, and conversely,
CH, generation reached maximum at 800°C. According to the thermodynamic equilibrium

Figure 10 Photo of radial cross-section after heating experiment at 31.1 cm in height from bottom of
BECARRE experiment testing zone (areas surrounded by square frame are locations of EPMA
analysis) '¥
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calculation, CH, generation accelerates at temperatures below 700°C, while CO and CO, gen-
eration are predominant at temperatures above this value. The transition temperature from CH,
generation predominant to CO + CO, generation predominant was dependent on the oxygen
potential, and it shifted toward the high temperature side as the H, concentration increased. Fur-
thermore, the generation of gaseous HBO, and B,0; increased at temperatures over 1,200°C.

Nagase et al. of the former Japan Atomic Energy Research Institute (JAERI) conducted
experimental research on the eutectic reaction between B,C in the form of powder or pellets
and stainless steel (SUS304) in the temperature range of 1,073-1,623 K?¥. They discovered
that the reaction speed of B,C (MP 2,620 K) and SUS304 (MP 1,673—1,723 K) approximately
followed the Arrhenius type of reaction. The reaction speed between 1,473 K and 1,498 K
was noncontiguous due to the formation of a liquid layer on the contacting surface of B,C
and SUS304, and liquification was significantly accelerated near the contacting surface above
1,498 K. In addition, the reaction speed of powder B,C was higher than that of pellet B,C.

Furthermore, Minato conducted a thermodynamic chemical equilibrium calculation on the
chemical form of iodine and Cs in the reactor cooling system under severe accident conditions
and predicted CsBO, generation . In the Wide Range Piping Integrity Demonstration (WIND)
study, Shibazaki et al. confirmed by experiment that CsI changes to CsBO,, which has a slightly
lower vapor pressure than Csl in the presence of boric acid, and the amount of deposition in the
pipe increased compared to the experiment conducted in the absence of boric acid >.

IV. Experimental Research on Influence of S-I-C Control
Materials

In the case of S-I-C absorbers, there is a high possibility that, in the event of a severe acci-
dent, the Cd (MT 594 K, BT 1,040 K) gasifies and In (MT 430 K, BT 2,346 K) liquifies before
fracture of the cladding tube of the control rod, and when the cladding tube of the control rods
fractures (1,550-1,620 K), these elements will blow out as a liquid aerosol?. Ag (MT 1,235 K,
BT 2,483 K) is considered to be released a little later due to a slightly higher melting point?.
Figure 11 shows a picture of the blown out S-I-C that solidified in the bottom zone of the
simulated fuel bundle after a fracture of the cladding tube of the S-I-C control rod (observed
in QUENCH-13 experiment). It should be noted that the particles of Ag, In, and Cd that were
released in the reactor as aerosols captured the radioactive material and increased deposition on
the reactor cooling system piping.

Regarding the relationship with iodine, it was explained that Cd changed to Cdl, and

550 mm, AIC melt at lower edge of SG 3 -50 mm, AIC melt at upper edge of SG1

Figure 11 View of blown out Ag, In, and Cd by fracture of cladding tube for S-1-C control rod solidified in the
bottom of simulated fuel bundle (observed in QUENCH-13 experiment) ?
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condensed in the heat transfer tube of the steam generator. In addition, Ag formed insoluble
Agl and inhibited the revolatilization of iodine from the containment sump water.

Additionally, Mo that was generated through nuclear fission formed Cs,Mo0O, first, and then
increased the amount of Cs deposition in the pipe. Furthermore, the possibility of generating
CsOH, which was previously considered to be a typical chemical form of Cs, was indicated by the
reaction of Cs,Mo0Q, with water?”. On the other hand, in the case of the B,C control rod, it was
noted that not much Cs,Mo00Q, was generated due to consumption by the generation of CsBO, '®.

A comparison of the influences of S-1-C and B,C absorbers on the reactor melting process
investigated in sections III and IV are listed in Table 3.

V. Discussion
1. Weight Ratio of B,C and Stainless Steel

According to the DF-4 experiment, most of the B,C relocated to the lower part of reactor
core without being oxidized, and no reaction with iodine was observed before the relocation.
This is considered to be due to the relocation of B,C from a high temperature zone to a low
temperature zone by being captured by the molten stainless steel after the complete melting
of B,C due to a eutectic reaction with stainless steel. In the reactor core of a BWR, the ratio
of stainless steel to B,C is high. Therefore, it is highly probable that the generation of a large
amount of organic iodine that was observed in the FPT-3 experiment, in which the B,C control
rod was simulated, did not take place.

The weight ratio of B,C to stainless steel could be an important factor in the process of col-
lapse of pellet-type B,C or powder-type B,C control rod blades. The ratio of stainless steel (den-
sity 7.8 g/cm?) to B,C (density 2.5 g/cm?) is approximately 3.5 (volumes of the two are almost
equal) in the FPT-3 experiment and EPR, while that of BWRS/GE is approximately 10. Where
the percentage of stainless steel is high, based on the experience in the DF-4 experiment, most
of the B,C will melt into the stainless steel (due to the eutectic reaction) and will be relocated to
the low temperature zone in the lower part of the reactor keeping these conditions. Where the

Table 3 Comparison of influence of S-I-C and B,C absorbers on reactor melting process
PWR (S-I-C Control Rod) BWR (B,C Control Rod)

Failure Temperature

of Control Rod 1,550-1,620 K 1,520K

The control rods, consisting of B,C (MT 2,620 K)
and stainless steel (MT 1,673-1,723 K), liquify
at a temperature lower than the melting points
due to the eutectic reaction and start to collapse.
The weight ratio of B,C to stainless steel varies
depending on whether B,C is in powder or pellet
form, and B,C oxidation is influenced by steam.

HBO, generated by the oxidation of B,C

Cd (MT 594 K, BT 1,040 K) gasifies and In (MT
430 K, BT 2,346 K) liquifies inside before failure
of the cladding tube of control rod and blows out
as an aerosol when the cladded tube of the control
rods failures. Ag (MT 1,235 K, BT 2,483 K) is
released a little later.

Behavior of absorbers
immediately after
failure

Ag, In, and Cd are released into the reactor in the

Influence on source
terms

form of aerosols, the particles grow by capturing
FP and accelerate the deposition in the cooling
system piping. In relation to iodine, Cd changes
its chemical form to CdI, and condenses in the
steam generator tubes. Ag forms insoluble Agl
and inhibits the generation of volatile iodine in
the containment vessel.

combines with Cs and forms CsBO,, which
increases the quantity of Cs deposition.
Furthermore, CH, generated through oxidation
of B,C or the reaction of H, with CO or CO,
reacts with HI or I, and forms organic iodine
(CHsI), which increases the source terms (one of
the causes is the absence of Ag that inhibits the
volatilization of iodine).

Main chemical forms

Agl, CdI,, Cs,;Mo0,, Csl

CsBO,, CH,L CsI, HI'™®

353



354

INSIGHTS CONCERNING THE FUKUSHIMA DAIICHI NUCLEAR ACCIDENT Vol. 4

ratio is low, as in the FPT-3 experiment, the integrity of most of the B,C is maintained in the re-
actor core, and it is highly probable that the B,C is oxidized by steam. Furthermore, during the
oxidation process, release of iodine and Cs occurs almost at the same time, and it is necessary to
consider the influence of these releases. In the BECARRE experiment, the reason why the B,C
pellets were not oxidized to any great extent was because, in addition to the highest temperature
of 1,953 K, which was lower than that of the FPT-3 experiment, the absence of fuel rods in the
periphery also differed from the configuration of the FPT-3 experiment '),

Thus, the findings of the experiments using powder- and pellet-type B,C are different. There-
fore, great care must be taken when making predictions using different results. Furthermore,
in the FPT-2 experiments with mixed boron in steam, the generation of gaseous iodine was not
observed. This requires detailed study in the future.

2. Generation Ratio of Organic lodine

Not all of the results of the PHEBUS/FPT-3 experiment have yet been disclosed (as of Oct.
2014). An estimation was conducted on the percentage of gaseous inorganic iodine and organic
iodine in the containment vessel under severe accident conditions by using the release of almost
100% of the iodine from fuel, as in the FPT-0 experiment, and the information contained in
Table 2. Where the fractional release rate of iodine from the fuel in the FPT-3 experiment is
assumed to be 100%, the percentage of gaseous iodine in the containment vessel is 27% of
the reactor core inventory according to Table 2, and the percentage of organic iodine in the
containment vessel is approximately 30%, as shown in Figure 8. Consequently, a maximum of
about 8% (i.e., 27% X 0.3) of organic iodine and about 19% of inorganic iodine was present in
the containment vessel at the time in the FPT-3 experiment.

Table 4 shows a comparison of the “Guidelines for Safety Evaluation (hypothetical acci-
dent, loss-of-coolant accident condition)”?® in Japan with the evaluation results of the FPT-3
experiment. This table indicates that the percentage of organic iodine in the current “Guidelines
for Safety Evaluation” is slightly lower than that obtained in the FPT-3 experiment. However, it
is considered too early to adopt this comparison as a basis for making any decision, especially
in consideration of the arguments posed in section V-1 as well.

Recently, in the site evaluation guideline subcommittee of the former Nuclear Safety Com-
mission, there was an argument about changing the percentage of organic iodine in the iodine
released in the containment from 10% to 1%, with reference to the insights from E.C. Beahm,
et. al., bibliography item 10 that the percentage of organic iodine in gaseous iodine is generally
less than 1% and that of the new source terms from NUREG-1465 of USNRC?* (Organic

Table 4 Comparison of “Guidelines for Safety Evaluation (hypothetical accident, loss-of-coolant accident
condition)” and the FPT-3 experiment *®

Guidelines for Safety Evaluation (hypothetical accident, loss-of-

coolant accident condition) FPT-3 Experiment

Percentage of iodine released in the containment vessel: 50% Percentage of release from fuel 100 %
Inorganic iodine: 50% (fractional release rate) X 0.9 = 45% Not disclosed
45 % % 0.5 (deposition rate in containment vessel) = 22.5% Deposition rate in containment vessel: Not disclosed

Gaseous inorganic iodine

22.5% =+ 100 (gas-liquid partition coefficient) = 0.225% Approx. 19%
Organic iodine: 50% (fractional release rate) X 0.1 = 5% Approx. 8%
Total gaseous iodine: 0.225% +5% = 5.23% Approx. 27%

 The data from the FPT-0 experiment was adopted as a reference because the iodine release rate from the fuel in the FPT-3 experiment
had not been disclosed as of Oct. 2014.
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iodine is 3% of inorganic iodine)3?. However, while this change may be appropriate for PWRs,
further detailed studies are necessary for application to BWRs.

VI. Summary

B,C used as absorber of control rods for reactors including BWR, EPR, and VVER, causes a
phenomenon during a severe accident that is not observed in PWR, in which silver-indium-cad-
mium (S-I-C) absorbers are widely used, and may influence the reactor core melting process,
H, generation quantity, source terms, and other processes. The following insights have been
acquired from previous experimental studies:

- During the reactor core melting process, B,C causes a eutectic reaction with stainless
steel-cladding tubes, which liquefies the stainless steel at temperatures less than the melt-
ing point of stainless steel and accelerates melting of the reactor core.

- When B,C is oxidized, similar to the oxidation reaction of Zr, reaction heat and H, are
generated. Furthermore, most of the separated C changes to CO or CO,, and some to CH,,.
The observed CH, generation in the examination of individual effects was minimal, but
an unignorable quantity of organic iodine (CH;I) was observed by the combination of
CH, and iodine (HI or L,) in the FPT-3 experiment, which was an integrated experiment.
Currently, the processes that generate CH, and CH;I when the oxidation of B,C and re-
lease of iodine occur simultaneously are not sufficiently understood.

- The metaboric acid (HBO,) produced during the oxidation of B,C generates cesium boric
acid (CsBO,), which increases the deposition of Cs in the reactor coolant system.

Thus, insights have been obtained for several individual phenomena, but the real system-lev-
el behavior is not sufficiently understood. The most pressing subject we need to investigate
is how the differences in shape and surface area between powder B,C control rod blades and
pellet B,C control rods, and the difference in weight ratio of B,C and stainless steel, affect the
actual progress of melting, B,C oxidation, chemical formation of radioactive materials, and
release into the environment. It is also expected that further research in this field will provide
useful knowledge and insights for reducing uncertainty in understanding how melting of the
reactor core progresses and the source terms in the accident at Fukushima, and for establishing
the ratio of organic iodine in the safety evaluation.

The author is grateful to Dr. Dana Auburn Powers of Sandia National Laboratories (SNL)
US and Dr. Bernard Clément of the Institut de radioprotection et de streté nucléaire (IRSN)
France who kindly gave him valuable suggestions and comments regarding the differences in
the melting behavior of powder B,C control rod blades and pellet B,C control rods.
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